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Abstract

Electrochemical oxidation of ethanol has been studied at nickel and RuQ-modified nickel electrodes in 1 M KOH using

electrochemical impedance spectroscopy. Equivalent circuits have been worked out from simulation of impedance data to
model oxidation of ethanol as well as the passivation of the electrode. The charge-transfer resistances for oxidation of
these electrodes became smaller in the presence of ethanol than in its absence. The nickel substrate facilitated ethanol
oxidation at RuO,-modified nickel electrodes. We also describe the performance of nanosized electrocatalysts of the
same composition in comparison to those of the bulk electrodes. The nanosized electrodes were obtained by electrode-
positing the alloy from complexed form of these metal ions with fourth and fifth generation polyamidoamine dendrimers.
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1. Introduction

RuOs-coated electrodes have been utilized as anodes in
chloroalkali industries due to their excellent corrosion resis-
tance and electrocatalytic activity! RuO,-coated Ti electrodes
have also been used as electrodes for both hydrogen’ and
oxygen®® evolution. The loss of anode activity may be
related to the loss of RuQ, from the coating that may lead to
the formation of a poorly conducting oxide or an insulating
TiO, layer on the thermally prepared RuO,-coated Ti electrode.

Thermally prepared RuO,-modified Ni electrode was used
as a cathode for hydrogen evolution reaction”® Iwakura et
al>¥ concluded that this electrode diplays enhanced electro-
catalytic activity of the cathode due to the increase in active
sites or the content of RuQO, particles. Also, studies on the
surface adsorbed species were investigated by the ac imped-
ance spectroscopy on the modified electrodes’'?

In our previous work, we demonstrated effects of the Ni sub-
strate for oxidation of ethanol on the RuO,-modified Ni elec-
trode surface.!! Redox couples of RuQ,, i.e., ruthenate (Ru(VI)y
perruthenate (Ru(VII)), and nickel, i.e., nickel hydroxide
(Ni(OH),)/nickel oxyhydroxide (NiOOH), were shown to be
involved in the electrooxidation of ethanol at the thermally
prepared RuQO,-modified Ni electrodes in alkaline media.
Therefore, the impedance responses of oxidation of the elec-
trode itself, as well as ethanol, are important in understand-
ing the mechanism of a direct ethanol fuel cell (DEFC)
utilizing the RuO,-modified nickel electrode. In this work, we
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carried out a study of the impedance responses for oxidation
of ethanol. The reactions of ethanol oxidation as well as the
passivation of the electrode were modeled using equivalent cir-
cuits, and interpretations were made with the parameters used
to fit the observed electrochemical impedance spectroscopic
(EIS) behavior.

2. Experimental

A nickel wire (Johnson Matthey, 99.99%, 1.0 mm dia.)
was used to prepare RuO;-modified nickel as a working
electrode. Preparation of RuO,-modified nickel electrode was
similar to that described in elsewhere'” Doubly distilled
water and reagent grade chemicals were used for the prepara-
tion of the solutions. Each solution was purged with nitrogen
for 10 min before measurements. The geometric area of the
electrode was 0.17 cm®. Cyclic voltammograms were recorded
using an EG&G model 283 potentiostat/galvanostat, which was
controlled by 270 M electrochemistry software. An Ag/AgCl
(in saturated KCl) electrode was used as the reference and a
platinum wire spiral was used as a counter electrode. The EIS
experiments employed an EG&G model 283 potentiostat/gal-
vanostat in conjunction with a Solartron SI 1255 HF fre-
quency response analyzer, which was driven by EG&G M398
electrochemical impedance software. The ac amplitude was 5
mV peak-to-peak for all frequency ranges. The measure-
ments were made at a rate of ten points per decade between
100 kHz and 0.01 Hz at a stationary electrode. Impedance spec-
tra were measured at a stabilized electrode cycled in 1M
KOH until a steady-state cyclic voltammogram was obtained.
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Fig. 1. Schematic diagram for the preparation of nanoparticles by
electrochemical deposition and/or chemical reduction of Ru, Ni, or
Ru-Ni ions complexed within G4(NH;) and/or G5(OH) PAMAM
dendrimers. '

For an analysis of impedance data, a software program,
“Equivalent Circuit”, provided through EG&G by the Univer-
sity of Twente'? was used. The program simulated a variety
of electrical circuits to numerically fit the measured imped-
ance data. Details of circuit analysis using this program and
their application to the interpretation of electrode/electrolyte
interfaces have been described elsewhere!*'¥

Ru, Ni, and Ru-Ni binary nanoparticles were prepared by first
preloading an amine-terminated poly(amidoamine) (PAMAM)
dendrimers (G4(NH,), where G4 represents the 4 generation),
and/or hydroxyl-terminated PAMAM (G5-OH) dendrimers
with these metal ions, followed by electrochemical deposition
and/or chemical reduction of these composites (Fig. 1). The
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Fig. 2. Cyclic voltammogram of a RuO,-modified nickel electrode
(0.17 em?) in 1 M KOH at 10 mV/s. Impedance measurements were
made at potentials marked.

04 0.5

Ru-Ni binary nanoparticles are prepared by a potentiostatic
method in a mixed solution containing G4(NH,) dendrimers
with Ru(IIl) ions and Ni(0) ions loaded into G5(OH) den-
drimer pre-reduced with 10° M NaBH,.

3. Results and Discussion

A steady-state cyclic voltammogram acquired for the RuQ-
modified Ni electrode in 1 M KOH at 10 mV/s is shown in
Fig. 2. The anodic and cathodic peaks appear at 0.43 and 0.30
V vs. Ag/AgCl, respectively.

The electrochemical impedance spectra for oxidation of the
RuO,-modified Ni electrode in 1 M KOH were recorded
between 0.32 and 0.50 V vs. Ag/AgCl at the potentials
marked on the cyclic voltammogram shown in Fig. 2. The
potential was stepped anodically and impedance spectra were
recorded from 0.32 V to a point of interest. The equivalent
circuits were derived from the simulation of the experimental
data. All the parameters obtained from the simulation are
listed in Table 1.

A typical complex impedance spectrum recorded at 0.32 V
is shown in Fig. 3. In all potential ranges, the value of Rg
(solution resistance) was 3.9+0.2Q The equivalent circuit

Table 1. Parameters Used for Equivalent Circuits for Electrode Oxidation

Egm Ri Ry Ry Q Q Qs Qs Qs Qs Q; Thigh  Tow X

V) (° (° (Q° Yox10° n Yox10* n Yox10? n Yox10* n Yox10® n Yox107 n YoxI0# n (8 (8 (x107F
0321379544 — 87 041 155 074 13 083 35 08 - - 40 -1.00 66 08001949 — 041
0394151561 - 215 081 - - 14 051 22 077 - - 639 -1.00 302 08100412 — 335
040 123 403 - 62 093 - - 28 049 79 069 - - 402 -100 184 07700109 — 188
042 - 116 18723 - - - - - - 212 065 51 091 331 -1.00 171 073 0.002014.05 1.97
043 - 1721375%0 - - - - 71 049 155 065 15 08 - - - - 000383854 324
045 - 165111990 - - - - 226 043 240 062 13 081 - -  —  — 000593493 14.60
046 - 51102220 - - - - 42 045 78 072 17 08 - - -  — 000394186 37.10
050 — 21 19746 - - - - 146 020 294 062 14 08 — - —  — 00040 587 1170

?Rg values are not listed as they are almost constant at 3.9+0.2Q for measurements made between 0.32 and 0.50 V.

bRp-values were taken as Rj+R; or Rs.

© Thigh is a time constant at high frequency region.

9 7,0 iS @ time constant at low frequency region.

° Chi square values for the equivalent circuits fitting.
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Fig. 3. (a) Complex impedance responses for oxidation of the
RuO;-modified nickel electrode at 0.32 V in 1 M KOH; (b) an
equivalent circuit used in the CNLLS fitting procedure.

having two parallel RC networks connected in parallel with
Q; as shown in Fig. 3b represents two faradaic reactions tak-
ing place at this potential with charge-transfer resistances of
R, and R,. The use of constant phase elements (CPEs) is
proper for the RuO;-modified Ni electrode instead of double-
layer capacitance, considering the surface roughness of the
porous electrode and the formation of various oxides. CPEs
Q and Q4 appear to be related to the pseudo-capacitance
with n-values close to 1.0 (0.74 and 0.88) due to the adsorp-
tion, which is not affected by the porosity of the passive
films in the inner pores in a high frequency range, while Q
is a pseudo-capacitor developed in the outer pores of the
films. A Warburg component with an # value close to 0.5
(the element with a symbol ; in the circuit) is observed in
most of the potential ranges except at 0.32 V, indicating that
the kinetics of the oxidation process is limited by the diffu-
sion of the oxidation products into the inner pores of the pas-
sive film. CPEs, Qs and Q;, in Table 1 represent the inductor
and pseudo-capacitor in the low frequency range withn val-
ues of -1.00 and 0.80, respectively. The low frequency
inductive response may indicate that the rapid transformation
of ruthenate to perruthenate in the potential range, where
nickel oxidation does not occur, is impeded at the electrode/
electrolyte interface by the inductive current of the nickel
electrode itself flowing in the opposite direction. The low
frequency capacitive response may be related to the adsorbed
intermediate species generated during the oxidation process.
The reaction taking place at 0.32 V is most likely the oxidation
reaction of ruthenate to perruthenate.

Current densities were calculated using Ohm’s law from the
overpotentials applied and Re values. A plot of current den-
sity vs. overpotential shown in Fig. 4 was obtained using the
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Fig. 4. (a) Current density calculated from R, + R; vs. overpotential
in 1 M KOH. The line drawn is from nonlinear least squares (NLS)
fitting using Butler-Volmer equation for the data between 0.32 and
0.50 V; (b) current density vs. overpotential for R; in 1 M KOH with
the NLS line drawn for the data between 0.42 and 0.50 V.

data listed in Table 1. The current density vs. overpotential in
the medium frequency region shown in Fig. 4a should be
due to oxidation of ruthenate to perruthenate, whereas the
result in the low frequency region shown in Fig. 4b should
be due to oxidation of nickel hydroxide to nickel oxyhydrox-
ide on the passive film. The nonlinear least squares regression
was used to evaluate kinetic parameters for the oxidation of
ruthenate using the equation i=ig(exp(-omfn)—exp((1-o)nfh)),
where iy is the exchange current, o, is the transfer coefficient,
f is F/RT, and m is the overpotential. From the regression, the
exchange current density, ip, for the rate limiting one-elec-
tron charge-transfer reaction was calculated to be 1.1x107*
A/cm? at the equilibrium potential, 0.226 V vs. Ag/AgCI!®
with a transfer coefficient, o, of 0.17. From the regression
between 0.43 and 0.50 V shown in Fig. 4b, the kinetic
parameters for the oxidation of nickel hydroxide at the
RuO,-modified nickel electrode can be calculated as having
an ip value of 3.8x107”7 A/cm? at the equilibrium potential of
0.284 V vs. Ag/AgCL'? with the o value of 0.12. These values
may be compared with iy and o values of 7.0x107> A/cm?
and 0.25, respectively, obtained by our previous work at the
nickel electrode.'® The kinetic parameters of the nickel at
the RuO,-modified nickel electrode may be small due to the
different electrode conditions and the area of the active site.
A typical steady-state cyclic voltammogram obtained for
oxidation of 0.20 M ethanol at the RuO,-modified nickel
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Fig. 5. Cyclic voltammogram for oxidation of 0.20 M ethanol at a

RuO,-modified nickel electrode (0.17 cm?) in 1 M KOH at 10 mV/s.
Impedance measurements were made at potentials marked.
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electrode in 1 M KOH is shown in Fig. 5. The electrode
appears passivated as evidenced by the nucleation loop
observed around 0.40 V, although the passivation is not as
severe as at the platinum electrode!® The electrochemical
mmpedance spectra for oxidation of 0.20 M ethanol in 1 M
KOH were recorded between 0.30 and 0.49 V vs. Ag/AgCl
at the potentials marked on the cyclic voltammogram. All
the parameters obtained from the complex nonlinear least
squares (CNLS) fitting are listed in Table 2.

The complex impedance spectra recorded at 0.30 and 0.33
V are shown in Fig. 6. In all potential ranges measured, the
solution resistance, Rg, was 4.8+£0.6 £ The introduction of
ethanol raised the Rg value by about 1 Q The high frequency
response at 0.30 V is essentially the same as that at 0.32 V
in 1 M KOH. The resistance R, may be representing that for
adsorption of reactant corresponding to a CPE (Q) with an
n value of 0.75. The low frequency spectrum at 0.33 V may
be a response caused by ruthenate oxidation limited by mass-
transfer having a Warburg response (Qy).

Plots of current density vs. overpotential shown in Fig. 7
were obtained using the data listed in Table 2. The current
density vs. overpotential for R; shown in Fig. 7a should be
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Fig. 6. (a) Complex impedance responses for oxidation of ethanol at
RuO;-modified nickel electrode at 0.30 and 0.33 V in 1 M KOH
containing 0.20 M ethanol; and (b) An equivalent circuit used in the
CNLLS fitting procedure.

due to oxidation of ruthenate to perruthenate, whereas the result
in the low frequency region shown in Fig. 7b should be due
to oxidation of ethanol on the oxide films. From the nonlin-
ear regression of the data between 0.33 and 0.45 V, the
exchange current density, i, for the rate limiting one-electron
charge-transfer reaction was calculated to be 5.1x10* A/cm’
at the equilibrium potential of 0.226 V vs. Ag/AgCl'® with o
of 0.34. From the regression between 0.30 and 0.49 V the
kinetic parameters for ethanol oxidation at the RuQ-modified
nickel electrode can be calculated as having an iy value of
2.7x107'% A/em? at the equilibrium potential of -0.967 V vs.
Ag/AgCI™?) with an o value of 0.92. These values present
that the RuO,-modified nickel electrode improves ethanol
oxidation comparing with iy and o values of 2.7x107" A/cm?

-and 0.82, respectively, obtained at the nickel electrode!® Also,

the o-value may be compared with that obtained by Shich

Table 2. Parameters used for equivalent circuits for oxidation of 0.20 M ethanol in 1 M KOH

Faica (V) R @ Re (@)° R0 (@ < — OS‘ - YQXIO‘4Q2 P 04Q’ T Vod 08“ — T Tow (20 (<107Y
0.30 1.29 28461.0 - 6.14 1.00 4695 0.27 4.96 0.75 - - 0.0182 130.19 8.93
0.33 755.98 16478.0 - 23.35 0.40 5.59 0.75 7.32 0.87 - - 0.1502 87.96 4.40
0.39 44.53 635.6 4226.1 - - 9.00 0.95 9.10 0.70 12.45 0.87 0.0245 30.50 1.32
0.41 8.10 1527 9311 - - 10.21 0.87 20.97 0.62 18.43 0.79  0.0081 1.45 0.30
043 10.98 3478 3837 - - 14.54 0.77 22.51 0.62 28.82  0.89 0.0045 0.95 0.33
0.44 9.09 2779 3069 - - 23.55 0.71 30.72 0.86 27.00  0.62 0.0017 0.68 0.45
045 8.56 2797 3221 - - 27.19 0.69 28.84 0.63 28.03 084 0.0016 0.54 424
0.47 14.50 85.0 553.6 - - 31.59 0.62 44.43 0.68 1824 080  0.0020 0.71 0.60
0.49 293.76 220 4617 - - 19.24 0.75 36.31 0.60 2986 092  0.0061 0.61 0.66

2R values are not listed as they are almost constant at 4.8+0.6Q for measurements made between 0.30 and 0.49 V.

bRp was taken as R, at all applied potentials.

°Rp was taken as Ry+R; at all applied potential.

4 Tygn i8 @ time constant in the high frequency region.
®Tiow 1S a time constant in the low frequency region.
Chi square values for the equivalent circuits fitting.
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Fig. 7. (a) The current density vs. overpotential for R, for oxidation
of 0.20 M ethanol in 1 M KOH. The line drawn is from the nonlinear
least squares fitting for the data between 0.33 and 0.45 V; (b)
Current density vs. overpotential for R,. The nonlinear least squares
curve fitting is drawn for the data obtained between 0.30 and 0.49 V.

and Hwang (0.75) for ethanol oxidation at the thermally pre-
pared RuO; on titanium in 1 M KOH?? Their value of 0.75
was derived from rotating-disk electrode and polarization
studies at the RuO,/Ti electrode.

Finally, the results obtained at the nanosized electrocatalysts
are described. The proton diffusion coefficient at the bulk nickel
hydroxide electrode was reported to be 10! cm%s for irre-
versible reaction from cyclic voltammetric studies® and
impedance measurements.® The proton diffusion coefficient
obtained at Ru/G4(NH,)-Ni/G5(OH) nanoparticles is about two
orders of magnitude larger, at about ~10°° cm?%/s. The exchange
current density at 1.9x10”7 A/cm? observed at templated Rw/
Ni electrode indicates that oxidaton of the templated nano-
particle electrode is very fast due to the surface reaction.
Dendrimer templated metal nanoparticles show improved elec-
trochemical properties due to their well segregated aggregates
between particles, resulting in increases of surface areas.

4. Conclusion

The exchange current for the ruthenate/perruthenate transi-
tion was estimated to be 1.1x10™ A/cm? with an o-value of
0.17, while it is 3.8x10”7 A/cm? with an o-value of 0.12 for
the nickel hydroxide/nickel oxyhydroxide transition. The
redox couples of the Ru(VI)Ru(VII) and Ni(OH)/NiOOH
pairs at the RuO,-modified nickel electrode were shown to
act as effective electron transfer mediators for ethanol oxida-

tion. The exchange current for the ruthenate/perruthenate
transition with ethanol present was estimated to be 5.1x107
A/em? with an o-value of 0.34 and the exchange current for
the ethanol oxidation was estimated to be 2.%107'° A/cm?, with
an o-value of 0.92.

The catalytic activity for ethanol oxidation was improved by
about four orders of magnitude as the exchange current was
observed to be 1.9x1077 A/em?, when RuO,-modified nickel
nanosized particle electrode was used. The performance was
much improved for single component electrodes when the
metal electrodes of nanosized particles were used. The cata-
lysts of nanosized particles offer promises for many energy
conversion devices.
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