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The electrochemical behavior of some amino acids was investigated on cobalt hydroxide nanoparticles
modified glassy carbon (CHM–GC) electrode in alkaline solution. The process of oxidation and its kinetics
were established by using cyclic voltammetry, chronoamperometry techniques, and steady-state polari-
zation measurements. The results revealed that cobalt hydroxide promotes the rate of oxidation by
increasing the peak current, so these bimolecular reactions are oxidized at lower potentials. Cyclic vol-
tammograms and chronoamperometry indicate a catalytic EC0 mechanism to be operative with electro-
generation of Co(IV) as the electrochemical process. Also, the process is diffusion controlled and the
current–time responses follow Cottrellian behavior. This result was confirmed by steady-state measure-
ments. The rate constants of the catalytic oxidation of amino acids and the electron transfer coefficients
are reported.

� 2009 Elsevier Inc. All rights reserved.
The chemical modification of electrodes with a suitable reagent
has been widely used for analytical applications. The resulting
electrodes were designed to provide desired selective sites toward
the analytes. Chemically modified electrodes (CMEs)1 have played
an important role in the studies of electrocatalysis [1–4], electron
transfer kinetics [5,6], membrane barriers [7,8], electroorganic syn-
thesis [9], and the like. One of the most important electrode modifi-
cation techniques has involved the formation of an electrocatalytic
system in which a redox species capable of undergoing a rapid and
reversible electrode reaction is incorporated onto the electrode sur-
face. These electrodes reduce the overpotential required for either
oxidation or reduction of compounds. Many mixed valent com-
pounds such as oxides, complexes, or alloys of copper [10–12], cobalt
[13–15], and ruthenium [16–18] have shown electrocatalytic
properties.
ll rights reserved.
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Immobilized cobalt ion-based materials, which can in principle
flip-flop between various valence states under the effect of exter-
nal electric field, on the one hand, and the potential reducing agent,
on the other, are of particular interest. The preparation, character-
ization, and electrochemistry of cobalt hydroxide (oxide)-contain-
ing films have been studied extensively in alkaline medium
[19,20]. Various methods of preparation, ranging from spray pyro-
lysis [21], sonication [22], and sputtering [23] to electrodepositing
from aqueous solutions containing complexion agents and at vari-
ous pH values, have been considered [24–27]. In particular, sub-
stantial efforts have been dedicated to the development of
biosensors using cobalt hydroxide nanoparticles modified (CHM)
electrode. Meanwhile, little attention has been paid to the electro-
catalytic activities of cobalt hydroxide (oxide) modified electrodes
in the electrooxidation of amino acids.

The oxidation and adsorption behaviors of amino acids on elec-
trode surfaces are relevant to the interfacial behaviors of proteins
(biological molecules) and also to the medical and industrial prob-
lems associated with the adsorption of the proteins on the surfaces
[28–30]. The problem with the application of electrochemical
methods for amino acid and protein analysis is the lack of electro-
chemically active groups in most of these compounds. Thus, a
derivatization procedure must be used prior to determination of
amino acids. Two approaches are adopted. The first approach is
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Fig. 1. (A) CVs for 4 mM CoCl2 + 40 mM Na–K tartrate + 100 mM Na2CO3 using a GC
electrode. The potential was scanned continuously at 100 mV s�1 between �250
and 750 mV. (B) CVs of a CHM–GC in 100 mM NaOH solution in the range of –200 to
690 mV/SCE with a sweep rate of 100 mV s�1.
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to derivate the analyte with an electrochemically active group
prior to determination. The second approach is to generate
in situ chemical reactions on electrode surfaces to produce electro-
chemically active products for detection [31].

The current study, a continuation of our studies on biological
molecules [31–36], was an attempt to develop and apply the mod-
ified electrodes that were aimed at inspecting the kinetics of elec-
trochemical processes [37–40]. Amino acid analysis has an
extensive impact on public health. Electrochemical techniques
have been used for the determination of a wide range of amino
acids [41–45]. The findings of this study show the results of the
anodic oxidation of amino acids on a glassy carbon surface where
catalytically active cobalt hydroxide is deposited. The study was
carried out with 100 mM sodium hydroxide solution. Therefore,
it is essential to develop simple and rapid methods for electrooxi-
dation of these biological molecules in routine analysis.

Materials and methods

Electrochemical experiments were performed at 22 ± 3 �C in a
conventional three-electrode cell using a potentiostat/galvanostat
AUTOLAB system with PGSTAT12 boards (Eco Chemie, Utrecht,
Netherlands). The system was run on a PC using GPES 4.9 software.
Doubly distilled water was used to prepare the solutions. A satu-
rated calomel electrode (SCE) and a platinum (Pt) wire were used
as the reference electrode and counter electrode, respectively.
Films of cobalt hydroxide were formed on the glassy carbon (GC)
electrode with a surface area of 0.125 cm2 by the method reported
previously by Casella [26]. The modified electrodes reproduced by
cycling the potential of the working electrode in the range of �250
to 750 mV (vs. SCE) at a scan rate of 100 mV s�1 for 70 cycles. The
surface concentration of cobalt hydroxide was controlled by the
number of cycles applied to the deposition process and was elec-
trochemically evaluated in 100 mM NaOH solution. Prior to the
modification, the GC electrode was polished with a 0.05-lm alu-
mina suspension on a polishing microcloth and rinsed thoroughly
with doubly distilled water.

Results and discussion

Fig. 1A presents 75 consecutive cyclic voltammograms (CVs) of
a GC electrode in the presence of 100 mM Na2CO3 + 40 mM NaK
tartrate + 4 mM CoCl2 at pH 11.6 recorded at a potential sweep rate
of 100 mV s�1. The CVs are similar to those reported in the litera-
ture [26,27]. Fig. 1B shows a CV of the CHM–GC electrode in
100 mM NaOH solution in the range of �200 to 690 mV recorded
at a potential sweep rate of 100/mV s�1. It consists of anodic peaks
located at 225 and 550 mV/SCE that are attributed to Co(II)/Co(III)
and Co(III)/Co(IV) redox transition associated with different cobalt
oxide species on the electrode surface [30,46]. The cathodic peaks
at 186 and 522 mV correspond to the reduction of various cobalt
oxide species formed during the anodic sweep.

Fig. 2A presents typical CVs of a CHM–GC electrode in 100 mM
NaOH solution at various potential sweep rates from 2 to
150 mV s�1. The peak currents are proportional to sweep rates in
the range of 2 to 75 mV s�1, as shown in Fig. 2B and C, pointing
to the electrochemical activity of the surface redox couple. From
the slope of this lines and using

Ip ¼
n2F2

4RT

 !
mAC�; ð1Þ

where U* is the surface coverage of the redox species and m is the
potential sweep rate [47,48]. Taking the average of both cathodic
and anodic results, U* values of approximately 1.98 � 109 mol cm–2

have been derived. In the high ranges of sweep rates, this depen-
dency is of the square root form, as shown in Fig. 2D and E, signify-
ing the dominance of the diffusion-controlled processes.

Fig. 3A illustrates CVs of 0.8 mM Cys using the CHM–GC elec-
trode recorded at different potential sweep rates. Fig. 3B indicates
that anodic peak currents increased linearly with the square root of
the potential sweep rate, indicating a mass transfer-controlling
process of oxidation via diffusion. In addition, the value of the elec-
tron transfer coefficient for the reaction can be obtained from the
following equation [47]:

Ep ¼ RT
2aF

� �
lnmþ constant: ð2Þ

This is valid for a totally irreversible diffusion-controlled process.
Using the dependency of anodic peak potential on the Neperian log-
arithm of the potential sweep rate (Fig. 3C), the value of the electron
transfer coefficient was obtained as 0.61. The Tafel slope is 40.61.
On the basis of the slopes of the linear dependency of the anodic
peak currents on the square root of the potential sweep rates
(Fig. 3B) and the Randles–Sevcik equation [47],

Ip ¼ ð2:99� 105Þa1=2n3=2AC�D1=2m1=2; ð3Þ

where Ip is the peak current, A is the electrode surface area, C* is the
bulk concentration of amino acids, and D is the diffusion coefficient.
The diffusion coefficient for Cys was calculated to be 9.05 � 10–5

cm2 s�1.
Fig. 4A presents the CVs of CHM–GC in both the absence and

presence of 5 mM Cys in 100 mM NaOH solution. At the CHM–GC
electrode, oxidation of Cys resulted in a typical electrocatalytic
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Fig. 2. Typical CVs of a CHM–GC electrode in 100 mM NaOH at the potential sweep
rates of 2, 5, 7, 10, 20, 30, 40, 50, 75, 100, and 150 mV s�1 (A) the dependency of
anodic (B) and cathodic (C) peak currents to the sweep rate at lower values (2–
75 mV s�1), and the proportionality of anodic (D) and cathodic (E) peak currents to
the square roots of sweep rate at higher values (100–900 mV s�1).
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response. In the presence of Cys, it was observed that the anodic
current and the associated anodic charge increased dramatically,
whereas the cathodic current and the corresponding charge de-
creased. In the presence of Cys, the ipa/ipc ratio was 71.36; in the
absence of Cys, this ratio was decreased to 34.21. This result indi-
cates that Cys is oxidized by active Co(IV) moiety through a cyclic
mediation redox process. Cobalt species are immobilized on the
electrode surface, and the one with a higher valence oxidizes to
Co(IV) via a chemical reaction followed by the generation of low-
valence cobalt (Co(III) species). Along this line, the high-valence
oxide is regenerated through the external electrical circuit. Accord-
ingly, Cys is oxidized via an EC0 mechanism. Finally, we noticed
that the peak current values exhibited a linear dependence on
the concentration of Cys, suggesting the utility of the modified
electrodes for analytical applications.
Fig. 4B shows that on increasing the concentration of Cys, its
irreversible oxidation develops in the region of the electrochemical
formation of Co(IV). Thus, it is likely that the electrogenerated
Co(IV) species is the active moiety that efficiently speeds up the
oxidation of amino acids. Any increase in the concentration of
Cys causes a proportional and nearly linear enhancement of the
anodic wave. It is worthwhile to emphasize that the anodic forma-
tion of Co(IV) seems to be an irreversible process. Also, plotting the
current function (peak current divided by the square root of the
potential sweep rate) against the square root of the potential
sweep rate (Fig. 4C) revealed a negative slope, confirming the elec-
trocatalytic nature of the process.

Similar CVs were recorded for Val, l-Phe, l-Arg, Gly, Ser, Tyr, Cys,
and l-Trp. The values of a and b (Tafel slope) were obtained for
these amino acids according to this method and are reported in
Table 1.

The redox transition of cobalt species present in the film is

COðIIIÞ �
K1

k�1
COðIVÞ þ e; ð4Þ

and Cys is oxidized on the modified surface via the following
reaction:

COðIVÞ þ cysteine !k2ðEÞ intermediateþ COðIIIÞ; ð5Þ

where the intermediate is further oxidized to the product through a
similar electrooxidation process:

COðIVÞ þ intermediate !k3ðEÞproductþ COðIIIÞ: ð6Þ

The oxidation process CHM–GC electrode exhibited similar electro-
catalytic responses for the amino acids Val, l-Phe, Cys, l-Arg, Gly,
Ser, Tyr, and l-Trp, thereby exhibiting its capability for selective oxi-
dation of amino acids.

Chronoamperometry and cyclic voltammetry have been em-
ployed for the investigation of the processes occurring via an ErCi

mechanism [47]. Double step chronoamperograms were recorded
by setting the working electrode potentials to desired values and
were used to measure the catalytic rate constant on the modified
surface. Fig. 5A shows double step chronoamperograms for the
modified electrode in the absence and presence of Cys over a con-
centration range of 1–25 mM. The applied potential steps were 220
and 600 mV, respectively. The plot of net current versus t–0.5,
which was obtained by removing the background current by the
point-by-point subtraction method, gives a straight line (Fig. 5B).
This indicates that the transient current must be controlled by a
diffusion process. The transient current is due to catalytic oxida-
tion of Cys that increases as the Cys concentration is raised. No sig-
nificant cathodic current was observed when the electrolysis
potential was stepped to 220 mV/SCE, indicating the irreversible
nature of the oxidation of amino acids by using the slopes of these
lines. We can obtain the diffusion coefficients of the amino acids
according to the Cottrell equation [47]:

I ¼ nFAD1=2C�p�1=2t�1=2; ð7Þ

where D is the diffusion coefficient and C* is the bulk concentration.
The mean value of the diffusion coefficients of Cys was founded to
be (8.9 ± 0.02) � 10–5 cm2 s–1. These values are in agreement with
those obtained using cyclic voltammetry (Fig. 4).

The rate constants of the reactions of Cys and the ensuing inter-
mediates with the redox sites of the CHM–GC electrode can be de-
rived from the chronoamperograms according to Eq. (8) [47]:

Icatal

Id
¼ k1=2 p1=2erf ðk1=2Þ þ expð�kÞ

k1=2

� �
; ð8Þ

where Icatal is the catalytic current in the presence of Cys, Id is the
limiting current in the absence of Cys, and k = kCt (where k, C, and
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t are the catalytic rate constant, bulk concentration of Cys, and
elapsed time, respectively) is the argument of the error function.
For k > 1.5, erf (k1/2) nearly equals unity and Eq. (8) reduces to

Icatal

Id
¼ k1=2p1=2 ¼ p1=2ðkCtÞ1=2

: ð9Þ

From the slope of the Icatal/Id plot, the value of k at a given concen-
tration of Cys can be derived. The mean value of k in the concentra-
tion range of 1–25 mM Cys was found to be (3.62 ± 0.03)
� 105 cm3 mol–1 s–1. It should be pointed out that k is either k2 or
k3, whichever is smaller. Similar chronoamperograms were col-
lected for Val, Phe, Cys, Arg, Gly, Ser, Tyr, and Trp. The values of D
and k obtained according to the method described above for these
bimolecular reactions are reported in Table 1.

The rate laws for the Reactions (4) and (5) have the forms of

m1 ¼ k1ChIII � k�1ChIV ð10Þ
m2 ¼ k2ChIVCm; ð11Þ

where C is the total number of adsorption sites per unit area of the
electrode surface, h represents the fractional surface coverages of
different cobalt valence states, and Cm is the bulk concentration of
Cys. With only the 3 and 4 valence states of cobalt prevailing, one
has

hIII þ hIV ¼ 1: ð12Þ

The rates of changes of their surface coverages, as well as those of
the intermediate compounds, are

dhIII

dt
¼ �dhIV

dt
¼ �k1hIII þ k�1hIV þ k2hIVCm þ k3hIVCi ð13Þ

dci

dt
¼ k2hIVCm � k3hIVCi; ð14Þ
where Ci is the concentration of the intermediate. Assuming that
the steady state dominates,

dhIII

dt
¼ � dhIV

dt
¼ 0 ð15Þ

dCi

dt
¼ 0: ð16Þ

One arrives at the values if the coverages

hIII ¼
k�1 þ 2k2Cm

k1 þ k�1 þ 2k2Cm

� �
ð17Þ

hIV ¼
k1

k1 þ k�1 þ 2k2Cm

� �
ð18Þ

and subsequently

m1 ¼
2k1Ck2Cm

k1 þ k�1 þ 2k2Cm

� �
: ð19Þ

On the basis of this rate equation, the faradic current will be

if ¼
2FAk1Ck2Cm

k1 þ k�1 þ 2k2Cm

� �
: ð20Þ

where A is the surface area of the electrode and the rate constants k1

and k–1 are obviously potential dependent and are of the forms

k1ðEÞ ¼ k0
1 exp

anFE
RT

� �
ð21Þ

k�1ðEÞ ¼ k0
�1 exp

ða� 1ÞnFE
RT

� �
; ð22Þ

where k0
–1 and k0

1 are the chemical rate constants measured at E/
SCE = 0, with a being the anodic transfer coefficient and other
parameters having their usual meanings. Eq. (20) is well suited for
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Table 1
Values of diffusion coefficients (D) and electrocatalytic reaction rate constants (k) obtained from chronoamperometry and k2U, k0

1U, a, and b (Tafel slope) obtained from
polarization curves.

b a k0
1U (mol s�1 cm�2) k2U (cm s�1) k (cm3 mol�1 s�1) D (cm2 s�1) Amino acid

55.05 ± 0.03 0.45 ± 0.03 5.21 � 10�9 9.39 � 10�10 (3.62 ± 0.03) �105 (8.9 ± 0.02) �10�5 Cys
49.55 ± 0.03 0.50 ± 0.02 8.42 � 10�8 4.31 � 10�9 (1.53 ± 0.02) �106 (3.2 ± 0.04) �10�5 Gly
40.61 ± 0.03 0.61 ± 0.03 9.11 � 10�7 1.34 � 10�8 (3.44 ± 0.02) �105 (8.4 ± 0.02) �10�6 Tyr
65.12 ± 0.03 0.45 ± 0.03 1.81 � 10�9 8.30 � 10�10 (2.22 ± 0.03) �106 (1.7 ± 0.03) �10�5 Ser
56.48 ± 0.03 0.44 ± 0.02 4.81 � 10�8 5.88 � 10�10 (1.02 ± 0.04) �106 (4.4 ± 0.03) �10�6 Val
61.93 ± 0.03 0.40 ± 0.04 2.53 � 10�9 6.64 � 10�11 (7.33 ± 0.02) �105 (6.9 ± 0.02) �10�5 l-Arg
60.61 ± 0.03 0.41 ± 0.03 1.03 � 10�8 8.11 � 10�10 (2.28 ± 0.04) �106 (3.0 ± 0.04) �10�5 l-Phe
41.64 ± 0.03 0.51 ± 0.03 7.49 � 10�7 1.21 � 10�8 (4.26 ± 0.03) �105 (5.3 ± 0.02) �10�5 l-Trp
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the calculation of rate constants and the validity test of the kinetics
and mechanism of the oxidation process.

The pseudo-steady-state polarization curves of the electrooxi-
dation of Cys on the CHM–GC electrode at a number of Cys concen-
trations are presented in Fig. 6A. The oxidation process was found
to begin at nearly 370 mV/SCE and to reach a plateau at 600 mV/
SCE, whereas the oxygen evolution started at still higher potentials.
In the course of reaction, the coverage of Co(IV) increases and
reaches a saturation (steady-state) level and the oxidation current
follows accordingly. According to Eq. (23), the plots of the inverse
of current against the inverse of Cys concentration should be
linear:

i�1
f ¼ ðFAk1CÞ�1 þ k1 þ k�1

2FAk1k2C

� �
C�1

m ð23Þ
Fig. 6B presents the i–1 versus Cm
–1 dependency where straight lines

at various potentials have been obtained. Both the intercepts and
slopes of the straight lines appearing in this figure were potential
dependent. The slopes are plotted against exp(_nFE/RT) with n = 1,
and the graph is presented in Fig. 6C. Using this graph along with
Eq. (23) reveals that the rate constant of Reaction (5), k2U, and the
ratio of k0

–1/k0
1 are 9.39 � 10–10 cm s–1 and 6.78 � 109, respectively.

Fig. 6D presents the variation of the intercepts of the lines in
Fig. 6B with the applied potential on a semilog scale.

Using this graph and Eq. (23), the magnitudes of k0
1U and the

anodic transfer coefficient of 5.21 � 10–9 mol s–1 cm–2 and 0.45 have
been obtained. From the above findings, the value of k0

–1U was
worked out to be 3.41 � 101 mol s–1 cm–2. Similar pseudo-steady-
state polarization curves were collected for Val, l-Phe, l-Arg, Gly,
Ser, Tyr, and l-Trp. The values of k2U, k0

1U, a, and b (Tafel slope) ob-
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tained according to the method described above for these amino
acids are reported in Table 1.

The calibration curve for Cys concentration in 100 mM NaOH was
obtained by differential pulse voltammetry (DPV). Fig. 7A shows typ-
ical DPV curves for different concentrations of Cys in alkaline solu-
tion. The dependency between peak current and Cys concentration
was rectilinear for peak a1 within the range of 0.01 to 15 mM (with
a regression equation of y = 10.048x + 4.384, R2 = 0.9968, n = 6
(Fig. 7B). The limits of detection (LODs) and limits of quantitation
(LOQs) of the procedure were calculated according to the 3 SD/m cri-
terion, where SD is the standard deviation of the blank and m is the
slope of the calibration curves [49]. The LODs and LOQs were found
to be 4.34 � 10–5 M and 8.52 � 10–5 M for peak a1. Precision and
accuracy were assessed by performing replicate analyses of Cys sam-
ples. The precision of the method was calculated as the relative stan-
dard deviation (RSD). The procedure was repeated on the same day
on the same solutions at concentrations in the range of the standard
series. The intraassay RSD of the proposed method determined on
the basis of peak current for 10 replications was 3.4% for peak a1
and showed good repeatability. The analytical parameters obtained
for the analyzed samples are summarized in Table 2. Similar DPV
curves were collected for Val, l-Phe, l-Arg, Gly, Ser, Tyr, and l-Trp.
The values of LODs (lM), LOQs (lM), and linear ranges (lM) ob-
tained according to the method described above for these amino
acids are reported in Table 3.

Conclusion

This work has presented the reproducing and usefulness of co-
balt hydroxide (oxide) modified glassy carbon electrodes for amino
y = -17.432x + 9.634
R2 = 0.9825
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Table 2
Results obtained for Cys analysis from 100 mM NaOH.

10–15,000 Linear range (lM)
0.010048 Slope (A�M�1)
4.384 � 10�3 Intercept (M)
3.40 RSD (%)a

4.34 LOD (lM)
8.52 LOQ (lM)

a Each value was obtained from 10 experiments.

Table 3
Results obtained for some amino acid from 100 mM NaOH.

RSD (%) LOQ (lM) LOD (lM) Linear range (lM) Amino acid

3.40 8.52 4.34 10–15,000 Cys
1.30 17.44 10.02 20–1500 Gly
1.05 11.00 5.21 13–6000 Tyr
5.21 9.54 5.31 100–1000 Ser
5.00 18.00 9.86 25–10,000 Val
2.71 7.89 4.44 10–1500 l-Arg
1.44 25.51 13.70 30–2000 l-Phe
3.90 4.22 1.10 3–12,500 l-Trp
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acid electrooxidation in alkaline solution. The electrode was elect-
rocatalytically active around 550 mV/SCE where the GC electrode
possessed no activity. Chronoamperometric work showed a large
anodic current at the oxidation potential of low-valence cobalt
hydroxide (oxide) in further support of the mediated electrooxida-
tion. Using cyclic voltammetry and chronoamperometry tech-
niques, the kinetic parameters of these bimolecular reactions,
such as the charge transfer coefficient, catalytic reaction rate con-
stant, and diffusion coefficient for oxidation, were determined. The
kinetics of the reaction based on the above mechanism was devel-
oped, and the magnitudes of the rate constants and anodic transfer
coefficient of the electrooxidation reaction were obtained.
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