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Abstract The kinetics of methylamine oxidation at a
gold electrode in contact with an alkaline electrolyte
solution was studied. The adsorptive behaviour of
substrate molecules was determined by changes in the
differential capacitance of the double layer at the
electrode/solution interface. The electrooxidation of
methylamine occurs only in the potential range of gold
oxide layer formation. The general reaction pathways
of methylamine oxidation on the gold electrode is
proposed.
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1 Introduction

Aliphatic amines are widely used as starting or inter-
mediate agents in the production of various chemical
compounds such as polymers, corrosion inhibitors,
pesticides as well as pharmaceuticals. In spite of the
unquestionable significance of aliphatic amines in
industrial, clinical and environmental applications [1]
their electrooxidation has been scarcely examined.
Among electrocatalysts for oxidation of aliphatic or-
ganic compounds the most active is platinum in acidic
solution and gold in alkaline medium [2-7]. For the
platinum electrode Horanyi and Rizmayer [8, 9] have
concluded that the oxidation of methylamine and
butylamine both in acidic and alkaline medium
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produces adsorbed cyanide species. This conclusion
has been confirmed by results obtained by Huerta et al.
[10, 11] on monocrystalline Pt electrodes. A dual
mechanism depending on the electrode potential has
been proposed by Mann et al. [12, 13] for the oxidation
of aliphatic amines in acetonitrilic solution. Studies on
gold have been limited only to the anodic oxidation of
ethylamine in aqueous alkaline media. The results
obtained by Johnson et al. [14-16] and Luo et al. [17]
have shown that the oxidation of ethylamine on gold
occurs concomitantly with the formation of a AuO
surface layer. The exact mechanism of aliphatic
amine electrooxidation has not been sufficiently clearly
described yet, and more work is needed.

In this study the oxidation of methylamine on a gold
electrode in an alkaline supporting electrolyte solution
was investigated. Additional information about
adsorption of the molecules under investigation was
obtained from the differential capacitance of the
electric double layer versus potential measurements.

2 Experimental

Cyclic voltammetric and differential capacitance stud-
ies were performed in a conventional three-compart-
ment cell separated by glass frits using a gold bead
(99.999% purity) of 0.3 cm? geometric area as working
electrode and a gold sheet as counter electrode. A
hydrogen electrode (RHE) in the supporting electro-
lyte was used as reference. For comparison with pub-
lished data all potentials are quoted versus the
saturated calomel electrode (SCE).

The experimental setup used to record cyclic vol-
tammograms (j—F curves) and differential capacitance
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of the electric double layer versus electrode potential
curves (C-E) was described earlier [18]. The C-E
curves were obtained by superimposing ac sinusoidal
voltage signal (15 s™', 5 mV) on a slow linear electrode
potential scan (dE/dt = 0.005 V s™'). A slower scan
rate of 0.002 Vs did not affect the observed C-E
curves. The equilibrium of adsorption/desorption was
checked in experiments at different frequencies. For
frequencies in the range from 5s' to 40 s no fre-
quency dispersion of the differential capacity was
observed in the potential range between E =-1.0V
and E = 0.1 V versus SCE, in the supporting electro-
lyte solution and between £ = 0.4 V and E = 0.1 Vin
solution containing amine of concentrations between
0.00005 mol dm™ and 0.1 mol dm™. Stirring had no
effect on the course of the C-FE curves, which indicated
that mass transport did not limit the rate of adsorption/
desorption of amine at the bulk concentrations studied.
These findings confirm that the differential capacity
data in the above mentioned potential range can be
considered at equilibrium.

Prior to each series of measurements with amines,
the working electrode was electrochemically activated
by cycling (dE/dt=0.1 V s7') in the potential range
between £ =-1.1V and E=0.1V versus SCE in
supporting electrolyte (0.1 mol dm™ NaOH), where
no electrochemical reactions occur on the gold surface.
This procedure avoids structural changes at the gold
surface. At the end of each series of experiments with
amine, the gold electrode was rinsed with water and
the j-FE and C-E curves were re-recorded in fresh
supporting electrolyte. The shapes of the j—-F and C-E
curves in each series of experiments were the same as
those taken before the measurements. This means that
the surface of the working electrode had not changed
during the experiment.

The solutions were prepared using water purified in
a Millipore Milli-Q system, methylamine of Aldrich
analytical grade quality and NaOH of Merck analytical
grade quality. All solutions under investigation were
purged with high purity argon. The measurements
were performed at 295 K.

3 Results and discussion

The set of representative cyclic voltammograms
recorded at the gold electrode in the supporting elec-
trolyte solution, 0.1 mol dm™ NaOH, and in the pres-
ence of methylamine of increased concentrations is
presented in Fig. 1. A well-defined anodic peak at
E = 0.3 V versus SCE and a cathodic peak at E = 0.08
versus SCE visible in the j—E curve of the bare elec-
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trode (curve 1) can be assigned, according to Newman
and Burstein [19], to gold oxide formation and to its
reduction, respectively.

From Fig. 1 it is clear that methylamine is inactive
on gold at low electrode potentials (curves 2-4) and its
oxidation starts at a potential above E > 0.2 V versus
SCE and proceeds irreversibly in parallel with gold
oxide formation. Similar behaviour was observed in the
case of methanol oxidation on polycrystalline gold [20,
21]. When comparing the response of the gold elec-
trode recorded in the supporting electrolyte solution
(curve 1, Fig. 1) with those obtained in the presence of
amine it was found that the charge used for reduction
of gold oxide in the presence of amine is smaller then
that consumed in the solution without the solute. This
observation points to participation of the gold oxide in
the oxidation of amine.

A characteristic feature is an enhancement in the
anodic current (j) and some shift of the cathodic peaks
negatively with increasing amine concentration (c4) in
solution. At the same time the maxima in the oxidation
peaks shift positively. Such a shift is typical of reaction
involving adsorbed molecules on the electrode surface.
An increase in the amine coverage may generate a
decrease in gold oxide coverage. This conclusion is
supported by the fact that any increase in the anodic
peak is accompanied by a decrease in the cathodic
peak.

Some insight into the mechanism of methylamine
oxidation was possible using Tafel analysis. The j-F
relationships for a few chosen amine concentrations
plotted in log j—F coordinates give straight lines in the
potential range 0.25-0.375 V versus SCE, (Fig. 2). The
value of the Tafel slope, dE/dlog j = 2.303R7/x nF,
is 0.20 £ 0.02 V per decade for the lowest organic
compound concentration and increases somewhat with
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Fig. 1 Cyclic voltammograms of the gold electrode in the
solution of 0.1 mol dm™ NaOH (1) and with increasing
concentration of methylamine: (2) 0.0005 mol dm™>; (3)
0.001 mol dm™; (4) 0.01 mol dm™. dE/dr = 0.1 V s
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Fig. 2 The dependence of the current density on the gold
electrode potential in the solution of 0.1 mol dm™ NaOH with
increasing concentration of methylamine: 0.001 mol dm™ (m);
0.01 mol dm™ (A); 0.1 mol dm™ (e). dE/dt = 0.1 V 57!

increasing amine content. Moreover, the log j versus £
curves are independent of pH in the range 11-13.7
(Fig. 3). The average Tafel slope values higher than
0.12 V decade™" support the assumption of an adsorp-
tion step preceding the first electron transfer deter-
mining the overall reaction rate (rds). Further steps
proceed so fast that they have no influence on the rate
of methylamine oxidation. In the case of the simple rds
involving the first electron transfer with no contribu-
tion of adsorption, a slope of only 0.12 V decade™
should be found [22]. The above finding is in agree-
ment with the value of the electron transfer coefficient
on =030 £ 0.02 which decreased with increase in
methylamine concentration. The conclusion about
oxidation of adsorbed amine molecules is in accor-
dance with the observation that the current density did
not decrease under stirring by bubbling with inert gas.

The decisive role of adsorption in the kinetics of
methylamine electrooxidation on gold is indicated by
the fractional reaction order with respect to the sub-
strate concentration, z. Figure 4 displays the plots of
the logarithm of current density versus the logarithm of
substrate and supporting electrolyte concentration at

constant electrode potentials, 0.3 V versus SCE. The
slopes of the straight lines of the appropriate log
j-logca relationships give the reaction order with
respect to the substrate concentration, z4 = dj/dcs and
to the hydroxyl anion concentration, zoy- = dj/dcon-,
respectively. The resulting z5 is 0.30 + 0.01 for
ca < 0.001 mol dm™ whereas zop- is 0.35 + 0.01 for
con < 0.002 mol dm™. An increase in the surface
coverage by the absorbed species is most probably the
reason for a decrease in the reaction order for the
amine concentration over 0.001 mol dm™, (see Fig. 4).

In order to obtain further insight into the mecha-
nism of methylamine oxidation, the voltammograms
were recorded at various sweep rates. A characteristic
feature is the shift of the potential of the peak oxida-
tion towards more positive values with increasing
sweep rate, confirming the irreversibility of the elect-
rocatalytic process. The log jp versus log v plots,
(Fig. 5) are linear with the resulting slope of
dlogj,/dlogvin the proximity 0.75. The magnitude of
this parameter means that the mechanism of methyl-
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Fig. 3 The dependence of the current density on the gold
electrode potential in the solution of 0.001 mol dm™ methyl-
amine at different pH: 11 (x); 11.7 (m); 12.7 (e); 13.4 (A); 13.7
(0). dE/dt = 0.1 V 57!
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Fig. 4 The dependence of the current density at £ =03V vs
SCE on: the amine concentrations in 0.1 mol dm™ NaOH (m)
and on the hydroxyl anions concentration in 0.001 mol dm™
methylamine (A). dE/dt = 0.1 V s

amine oxidation on gold is not pure from the kinetic
point of view and may indicate a mixed, i.e., diffusion—
adsorption rate control. For a pure adsorption process
the value of the dlogj,/dlogv slope should be 1, while
for a pure diffusion controlled process it should be 0.5.

Adsorption of the amine preceding its oxidation can
be supported further by the results of differential
capacitance of the electrical double layer versus
potential measurements. A representative set of C-E
curves depicted in Fig. 6 illustrates changes in the dif-
ferential capacitance of the double layer as a function
of electrode potential, in 0.1 mol dm™ NaOH elec-
trolyte and at various methylamine concentrations.

A gradual suppression of the C-E curves with
increasing amine bulk concentration takes place both
in the potential range of the characteristic minimum in
the vicinity of the potential of zero charge (E,,.) and of
the adsorption/desorption maximum on the negatively
charged electrode surface. This observation gives clear
evidence for the substitution of water with organic
substrate at the gold surface. The methylamine mole-
cule is able to form a surface complex by the coordi-
native interaction between the electrode surface and
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the electron lone pair localized at the nitrogen atom.
Relatively strong adsorption of amine at the electrode/
solution interface is manifested by the fact that the
C-E curves for the highest solute concentration at
E < -1.0 V versus SCE do not coincide with the cor-
responding C-FE curve of the supporting electrolyte.
This implies that some adsorbate molecules remain at
the electrode surface.

It should be noted that the potential range in which
methylamine molecules are adsorbed on the gold/
alkaline solution interface coincides with that in which
the adsorption of hydroxyl ions occurs [20, 23-25].
Thus a quantitative evaluation of the C-E curves is not
possible because of the competing adsorption of amine
and hydroxyl ions on the electrode. The differential
capacitance measurements with a non-adsorbing sup-
porting electrolyte solution, 0.02 mol dm™ NaClO,,
[26] have been discussed elsewhere [27]. A comparison
of the data in Fig. 6 with those obtained earlier in a
neutral medium (see Fig. 1 in [27]) reveals that the
potential range of amine adsorption as measured with
respect to E,,. does not change with electrolyte pH.
Very strong interaction between the methylamine
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Fig. 5 The dependence of the logarithm of the peak current
density on the logarithm of the potential sweep rate for
methylamine of 0.001 mol dm™ (m) and 0.01 mol dm™ (A) on
the gold electrode in 0.1 mol dm™ NaOH. dE/dt = 0.1 V 57!
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Fig. 6 Differential capacitance-potential curves recorded on the
gold electrode in 0.1 mol dm™ NaOH (curve 1) and with
increased methylamine concentration: (2) 0.00005 mol dm™;
(3) 0.0001 mol dm™; (4) 0.0005 mol dm™; (5) 0.001 mol dm™;
(6) 0.002 mol dm™; (7) 0.005 mol dm™; (8) 0.05 mol dm™; (9)
0.1 mol dm™. dE/dt = 0.005 V s~

molecule and the electrode surface is suggested by the
standard Gibbs energy of adsorption, AGY= -
30.46 kJ mol™" [27], which is considerably higher when
compared with those obtained for other aliphatic
compounds adsorbed on gold. There are no data on
AGY, for methanol adsorption on gold, but for example
AGY; determined for n-propanol reaches only about —
5 kJ mol™ [28].

4 Conclusion

From the kinetic and differential capacitance results it
is evident that amine molecules adsorb on the gold
electrode surface in the range of potentials preceding
the electrooxidation process. The process considered
always occurs only in the potential range of gold oxide
layer formation. The general reaction pathways of
methylamine oxidation on the gold electrode in alka-
line solution can be formulated as follows:

Methylamine oxidation proceeds via imine and next to
aldehyde and ammonium after hydrolysis of imine. The
gold surface does not change during both voltammetric
and differential capacitance measurements. This shows
that cyanides are not formed on the gold surface. This
agrees with the commonly known fact that on gold the
dissociative chemisorption of molecules of organic
compounds does not occur, in contrast to platinum
[8-11].
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