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u–Pt bimetallic monolayer on
nanoporous gold film electrode and its application
as an ultrasensitive sensor for determination of
methionine

Nahid Tavakkoli, * Nasrin Soltani and Elahe Khorshidi

We report here the fabrication of ruthenium/platinum (RuPt) bimetallic monolayer coated on a nanoporous

gold film electrode (RuPtNPGF) by underpotential deposition of copper (UPD) with the Cu layer then

replaced spontaneously by Ru and Pt. The present method could provide a very low RuPt-loading

electrode and the results demonstrated that ultra thin RuPt coating behaved efficiently as a bimetallic

nanostructure RuPt for electrocatalytic oxidation of methionine. The structure and morphology of the

catalyst were defined by using energy dispersive X-ray spectroscopy (EDX) and scanning electron

microscopy (SEM), respectively. The RuPtNPGF electrode displayed good performance along with low

working potential, high selectivity, and a low detection limit for the oxidation of methionine. Whereas at

the surface of the bare electrode a redox peak for methionine cannot be observed, a sharp anodic peak

at a potential of 0.73 V (vs. Ag/AgCl) in pH ¼ 7.0 is obtained using the prepared RuPtNPGF electrode.

Under optimized conditions differential pulse voltammetry (DPV) of methionine showed two linear

ranges for the determination of methionine: 6–105 nmol L�1 and 3–102 mmol L�1 with a detection limit

of 2 nmol L�1. Finally, the proposed sensor was successfully applied for the determination of methionine

in human urine, with satisfactory results.
Introduction

Noblemetal nanoparticles (NPs) have a very important effect in the
improvement of new biosensors on nanotechnology to fulll the
demand for highly sensitive bio-molecular diagnostics.1 Metallic
nanoparticles are known to exhibit unique advantageous proper-
ties over macro (or bulk) materials, such as increasing their cata-
lytic properties, mass transport, and surface area with high
performance, when used in electrochemical applications.

Recently it has been shown that bimetallic nanoparticles
(BMNP), composed of two metal elements in a particle, exhibit
much higher catalytic activity than single metals because of
synergistic or new bifunctional effects.2 Bimetallic nano-
particles are superior to monometallic nanocrystals due to
improved catalytic, electrical and optical effects.3,4 BMNP oen
increase the selectivity of the reaction and may provide new
properties by changing the composition of metals.5 Reactions
that are catalyzed in the surface are enormously sensitive to the
details in the atomic level of the catalytic surface.6 Specically,
bimetallic systems based on Pt with different structures of NPs
such as mixed monometallic NPs, alloyed NPs, and core–shell
NPs have shown themselves to be new architectures with
sity, 19395-4697 Tehran, Islamic Republic

; Fax: +98-313-7381002

hemistry 2017
extremely enhanced activity in catalysis and electrocatalysis;7

and, they are widely employed as electrodes for the oxidation of
methanol and reduction of oxygen8–11 in fuel cell technology.
However, their application in sensor development has been
more limited. Bimetallic Pt–Ru catalysts stand in a very inter-
esting and well-studied class of materials because of their
excellent catalytic effects in methanation, hydrogenolysis, and
methanol fuel cells.12,13 A biosensor for glucose was reported at
carbon-paste enzyme electrodes dispersed with PtRu-on-Vulcan
XC-70 carbon and illustrated signicantly better sensitivity
relative to a dispersion of pure metals.14

Methionine (Met), (a-amino-g-methyl mercaptobutyric acid),
CH3SCH2CH(NH2)COOH, is a sulfur-bearing monocarboxylic
amino acid. Met was discovered in 1921 by Mueller.15 Met is
a supply of sulfur in the body with an essential responsibility in
biological methylation reactions and also prevents disorders in
nails and hair or skin. As an essential amino acid, methionine is
not synthesized in the body; it can be simply obtained from food
supplies and pharmaceuticals are commercially available. Met
is signicant in the formation of blood proteins, albumins and
globulins. Moreover, it helps to reduce cholesterol levels by
enhancing lecithin production in the liver and maintains
normal growth of cells.16 It is useful in the cure of AIDS asso-
ciated myelopathy17 and also cancer.18 Human uids like blood
plasma,19,20 urine and serum contain Met.21 An abnormal
RSC Adv., 2017, 7, 21827–21836 | 21827
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Fig. 1 Cyclic voltammograms for (a) SG electrode and (b) a NPGF
electrode in 0.5 mol L�1 H2SO4 solution. Scan rate 10 mV s�1.

Fig. 2 Cyclic voltammogram for CuNPGF electrode in 0.5 mol L�1

H2SO4 solution. Scan rate 10 mV s�1.
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concentration of Met leads mainly to coronary artery disease in
the human body22 and hyper methioninemia and hyper-
homocysteinemia in infants.23 Moreover, the variation in Met
concentration in human uids is related to several critical
diseases and, thus, the determination of Met from human uids
is required for critical disease diagnosis.24,25 Levels of Met for
a healthy human were determined to be �30.4 mM in human
plasma,19 �25.5 mM in human serum21 and �5.9 mM in human
urine.21 A number of methods to detect Met have been described,
including gas chromatography-mass spectrometry,19,20 HPLC
detection,26 spectrophotometry27 and conductometry.28 However,
limitations such as advanced devices, long time analysis and
technical expertise are mentioned in connection with these
methods. Whereas electrochemical methods have various bene-
ts, such as being less expensive, more convenient and extremely
sensitive and selective. So far, few reports for themeasurement of
methionine using modied electrodes have been noted in the
literature.29–32 However, these electrodes have major limitations,
including poor selectivity, low sensitivity and tedious
preparation.

Here we explain the preparation of a RuPt bimetallic coated
nanoporous gold lm electrode for application as an electro-
chemical sensor for the determination of methionine. The paper
involves electrode fabrication via underpotential deposition of
Cu at the nanoporous gold lm surface and its replacement with
Ru and Pt at open circuit potential. The electrochemical activity
of the RuPt bimetallic catalyst for oxidation of methionine was
investigated and compared with that of Ru and Pt monometallic
catalysts. Moreover, the parameters affecting the deposition of
the RuPt monolayer, including different ratios of Ru : Pt and
codeposition or layer by layer deposition of RuPt, were optimized
for a maximum electrocatalytic effect of bimetallic RuPt for the
oxidation of methionine.

Experimental

An electrochemical cell with three-electrodes including
a Compact Disc (CD) with a thin lm gold as the working
electrode, platinum wire as the counter electrode and an Ag/
AgCl electrode as the reference electrode were employed. An
electrochemical instrument (Autolab PGSTAT12) was used for
all electrochemical experiments. In previous articles the cell
structure and use of a CD as a working electrode have been
explained.33,34 The smooth gold (SG) lm electrode was oxidized
by applying constant potential in phosphate buffer solutions
(PBS) with pH ¼ 7.0 to prepare the nanoporous gold lm elec-
trode (NPGF). Then the layer of gold oxide was reduced to gold
atoms by ascorbic acid (AA). So a gold oxide lm was rst
prepared by anodizing the SG at 5 V versus Ag/AgCl for 180 s in
0.1 M PBS, followed by rinsing with ultrapure water, and then
transferred to 1M AA solution for 3min at open circuit potential
(OCP). The pore formation and structural evolution have been
revealed by scanning electron microscopy.

The Cu UPD layer was formed by holding the potential at
0.25 V for 30 s in 0.1 M H2SO4 as the supporting electrolyte
including Cu ions (1 mM CuSO4). An aqueous solution con-
taining 5 mM Pt and 20 mM Ru, as the Pt and Ru metal ion
21828 | RSC Adv., 2017, 7, 21827–21836
sources, was used in the Cu UPD layer replacement reactions.
The Cu UPD layer coated nanoporous gold lm was put in
a solution containing Pt and Ru metal ions for an optimal time
of 10 min to carry out the replacement reactions. Variation in
the morphology of the surface of the electrode was distin-
guished by using scanning electron microscopy (SEM) with
a Vega-Tescan model.

All reagents of analytical grade were applied as received. The
methionine was purchased from Sigma.

Result and discussion

The electrochemically effective surface area of the NPGF elec-
trode was characterized by cyclic voltammetry in 0.5 M H2SO4.35

Fig. 1 shows cyclic voltammograms (CVs) for SG and NPGF
electrodes in 0.5 M H2SO4 solution at a scan rate of 10 mV s�1

from 0.5 V to 1.5 V (versus Ag/AgCl). In the CV of SG an oxide
layer was formed at a positive potential of 1.2 V during the
anodic scan. On the subsequent cathodic scan, the oxide layer
was stripped and a sharp peak was seen at a potential of 0.86 V
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 SEM image of NPGF and RuPtNPGF electrodes.

Fig. 4 EDX pattern of RuPtNPGF electrode.

This journal is © The Royal Society of Chemistry 2017
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in the voltammogram. The increase in anodic and cathodic
peak current in the CV of NPGF conrms an enhancement in
the effective surface area of the NPGF electrode. The area under
the reduction peak is proportional to the charge required to
reduce the gold oxide monolayer and this is associated with the
surface area of the gold lm.36 A specic charge of 386 mC cm�2

is required for gold oxide reduction,37 and the effective surface
area of the NPGF electrode exhibits a 17.5 fold increase in
comparison to an SG electrode.

To perform the replacement deposition of Pt and Ru on the
NPGF electrode surface, Cu as a precursor adlayer was deposited
on the NPGF electrode in the UPD region. The redox replacement
step occurred aer the UPD process; this is a method for
depositing sub-monolayer to a monolayer of metal on foreign
substrates. The nanoporous gold lm served as the cathode in
the Cu UPD process. An ultrathin copper layer was formed by
maintaining the potential at 0.25 V in a 0.1 M H2SO4 solution
containing copper ions, which acts as the supporting electrolyte.

The CV of 0.5 M H2SO4 solution was recorded on an NPGF
electrode aer deposition of Cu to investigate the surface elec-
trochemistry of a CuNPGF electrode (Fig. 2). As can be seen, the
oxidation and reduction of Cu were observed at 0.31 V and
0.25 V versus Ag/AgCl, respectively. This evidence proves the
existence of Cu on the surface of the NPGF electrode aer
underpotential deposition.

To achieve RuPt deposition, the CuNPGF electrode was
immersed into Pt and Ru solution to allow monoatomic surface
Cu atoms to react with Pt(IV) and Ru(III) ions. The redox
replacement of Cu with Pt and Ru can result in the formation of
a mono- or sub-monolayer of PtRu, depending on the stoichi-
ometry of the reaction. Assuming that all of the UPD Cu is
oxidized to Cu2+, the stoichiometry of the reaction between
Ru(III) and monolayer Cu is 2 : 3 and between Pt(IV) and Cu
monolayer is 1 : 2, resulting in the deposition of a sub-
monolayer of RuPt on the NPGF surface, dened as
RuPtNPGF. Therefore, the CuNPGF electrode was immersed
into a solution containing 5 mM Pt and 20 mM Ru for an
optimum time of 10 min at open circuit potential. The SEM
image of the RuPtNPGF electrode is shown in Fig. 3. Based on
RSC Adv., 2017, 7, 21827–21836 | 21829
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this gure, it can be concluded that even aer the UPD of Cu
and replacing the Cu by Ru and Pt, the electrode porosity is
preserved. The relevant EDX spectra (Fig. 4) of the RuPtNPGF
electrode surface qualitatively conrmed the presence of Ru
and Pt (where expected) and quantitative (or close to) replace-
ment of Cu by Pt as well as Ru during the simultaneous
replacement reaction. According to the EDX results of 4 : 1
Ru : Pt (Table 1), it seems that the amount of deposited Ru is
higher than the deposited Pt on the surface of electrode.

To investigate the electrochemical behavior of NPGF,
PtNPGF, RuNPGF, and RuPtNPGF electrodes, the CV method
was used. Representative CVs obtained at a potential range from
0 V to 1.5 V at scan rate 10 mV s�1 for the above electrodes in
0.5 M H2SO4 solution are shown in Fig. 5. For the CV of the
NPGF electrode a broad, double-layer region below ca. 0.6 V, the
anodic oxide formation peak above 1.2 V in a positive scan
direction, and the cathodic removal of oxide at 0.86 V in
a negative scan direction are well-known features of gold elec-
trochemistry.33 The CV of the PtNPGF electrode was obtained
aer deposition of an ultrathin Pt layer on the NPGF electrode.
In the positive scan direction of CV, Pt oxidation is apparent
from �0.61 V and shows an ascending aspect, which leads to
a signicant enhancement in current at the anodic potential
limit. In the negative scan direction, the reduction peaks at
Table 1 EDX quantification of the RuPtNPGF electrode

Element Line Int W% A%

Ru K 12.35 11.46 20.14
Pt L 3.56 3.30 3.01
Au L 91.81 85.23 76.85

Fig. 5 Cyclic voltammograms for NPGF, PtNPGF, RuNPGF and
RuPtNPGF electrodes in 0.5 mol L�1 H2SO4 solution. Scan rate 10 mV
s�1.

21830 | RSC Adv., 2017, 7, 21827–21836
0.9 V and 0.3 V are related to gold oxide and platinum oxide,
respectively. A signicant decrease and shi to more positive
potential in the negative scan direction of gold oxide indicate
the deposition of an ultrathin platinum layer on an NPGF
electrode such that only a few gold sites remain exposed. Such
an electrochemical action has been presented previously for
Pt.38–40 A rapid increase in oxidation current on the surface of
the RuNPGF electrode is observed in the range of 1.0 and 1.2 V
that conforms with the electrochemical formation of surface
RuO2, considered a reversible oxide at E < 1.3 V (vs. Ag/AgCl), as
noted elsewhere.41 Moreover, a signicant observation is the
enhancement in the double-layer charging current, due to
a common feature of polycrystalline Ru bulk electrodes;38 also
the Au oxide reduction prole becomes weak for the RuNPGF
electrode. This observation conrms the presence of ruthenium
on the NPGF electrode surface. The CV of RuPtNPGF shows
a reduced peak in the potential region between 0.4 V and 0.8 V,
which is attributed to reduction in surface oxide formed during
the anodic scan between 1 and 1.4 V.

The electrochemical performance of SG, NPGF, and
RuPtNPGF electrodes was investigated by CV using the Fe
(CN)6

3�/4� system as a benchmark redox reaction for various
modied electrodes. CVs recorded at a scan rate of 10 mV s�1

for a 5 mM Fe (CN)6
3� and 5 mM Fe (CN)6

4� mixture contained
in 0.1 M NaNO3 solution in the potential range between �0.4 V
to 0.8 V are displayed in Fig. 6. The SG, NPGF, and RuPtNPGF
electrodes show DEP as �345, 291, and 245 mV, respectively. In
the RuPtNPGF electrode both the anodic and cathodic peak
current of Fe (CN)6

3�/4� increased considerably, as compared
with that of the NPGF and SG electrodes. Thus, the RuPtNPGF
electrode improved the electron and mass transfer due to the
increased surface area and lower electric resistance of the
surface that are desirable for an electrochemical sensor.
Fig. 6 Cyclic voltammograms for SG, NPGF and RuPtNPGF electrodes
in 5 mM K3[Fe(CN6)] + 5 mmol L�1 K4[Fe(CN6)] contained in 0.1 mol L�1

NaNO3 solution. Scan rate 10 mV s�1.

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 Cyclic voltammograms of RuPtNPGF electrode (a) without and
(b) with 100 mmol L�1 Met solution in 0.1 M phosphate buffer (pH ¼ 7)
solution. Scan rate 10 mV s�1.
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The electrochemical behavior of Met in the surface of the
RuPtNPGF electrode was investigated in 0.1 M PBS pH ¼ 7 by
cyclic voltammetry in the potential ranges�0.5 V to 1 V at a scan
Fig. 8 (a) Cyclic voltammograms (b) the effect of pH on anodic peak curr
mmol L�1 Met at the surface of the RuPtNPGF electrode at various pH (5

This journal is © The Royal Society of Chemistry 2017
rate 10 mV s�1. Fig. 7 compares the cyclic voltammogram of the
RuPtNPGF electrode in PBS without (curve a) and with (curve b)
100 mM Met. In the absence of Met, the voltammogram of the
RuPtNPGF electrode shows the characteristic features of Ru and
Pt. Upon addition of Met, the voltammetric characteristic of the
RuPtNPGF electrode changes signicantly and shows a sharp
anodic peak for oxidation of Met in the range from 0.5 V to
0.85 V vs. Ag/AgCl. This anodic peak starts at 0.5 V and reaches
a maximum height at a potential of 0.73 V. The RuPtNPGF
electrode does not shows any redox peak in the presence of Met
in the negative scan. Such a behavior implies an irreversible
chemical reaction during the electro-oxidation of Met.

The solution pH was varied from 5.0 to 9.0 to determine its
effect on the catalytic oxidation of Met at the RuPtNPGF elec-
trode. Fig. 8a shows the electrochemical behavior of Met in
0.1 M PBS with various pH, in the pH range 5.0–9.0, at the
RuPdNPGF electrode using cyclic voltammetry. It was observed
that the anodic peak current of Met reaches amaximum value at
pH ¼ 7.0, and decreases gradually as the pH increases (Fig. 8b).
Also, the anodic peak potential of Met at the surface of the
RuPtNPGF electrode shis to a less positive value with
increasing pH of the buffer solution (Fig. 8c). Therefore, pH ¼
7.0 was selected as the optimum pH for the following electro-
chemical detection of Met.

The irreversible oxidation process of Met which is pH
dependent could be due to the oxidation of Met which has
ent (c) the influence of pH on anodic peak potential for oxidation of 100
–9) in 0.1 mol L�1 phosphate buffer solution. Scan rate 10 mV s�1.

RSC Adv., 2017, 7, 21827–21836 | 21831

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra01192j


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
A

pr
il 

20
17

. D
ow

nl
oa

de
d 

on
 1

/1
8/

20
26

 3
:3

5:
59

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
a sulfur atom in an intermediate position to a sulfone as the
nal product, as described as in eqn (1).32

R–S–CH3 + 2H2O / R–SO2–CH3 + 4H+ + 4e� (1)

Met has four electrons involved in an irreversible process.42,43

The slope 0.049 V/pH of curve E/pH (Fig. 8c) indicated that
electron transfer was accompanied by an equal number of
protons in the electrode reaction of Met. This result conrms
that the above-proposedmechanism is correct for Met oxidation
at the surface of the RuPtNPGF electrode.

The effect of scan rate on the oxidation of Met was also
studied (Fig. 9). The effect of scan rate was explored over the
range 5.0 to 60.0 mV s�1 using a xed concentration of Met. We
have checked the relationship between the peak current and the
scan rate. A linear correlation between the scan rate and the
Fig. 10 Cyclic voltammograms for oxidation of 100 mmol L�1 Met at
the surface of SG, NPGF, PtNPGF, RuNPGF and RuPtNPGF electrodes
in 0.1 mol L�1 phosphate buffer (pH ¼ 7) solution. Scan rate 10 mV s�1.

Fig. 9 Cyclic voltammograms of RuPtNPGF electrode in the presence
of 100 mmol L�1 Met in 0.1 mol L�1 phosphate buffer (pH ¼ 7) solution
at various scan rates 5–60 mV s�1.

21832 | RSC Adv., 2017, 7, 21827–21836
peak currents was gained with the equation I (mA) ¼ 1.6023n
(mV s�1) + 20.194 and R2¼ 0.9908. This indicated that the redox
process was adsorption controlled. As the potential scan rate
increased, the oxidation peak potential changed to more posi-
tive values, conrming the limitation of the kinetics of the
electrochemical reaction.

To demonstrate the special effect of the bimetallic RuPt
catalyst in the RuPtNPGF electrode for the oxidation of Met, the
CV characteristics of the oxidation of 100 mM Met at the SG,
NPGF, PtNPGF, and RuNPGF electrodes were also studied and
compared with those obtained at the RuPtNPGF electrode in
PBS (0.1 M, pH 7.0) with 100 mMMet (Fig. 10). As can be seen in
the CV of the SG electrode, at the surface of this electrode no
Fig. 11 Cyclic voltammograms for electro-oxidation of 100 mmol L�1

Met at the surface of RuPtNPGF electrodes with different ratio of
Ru : Pt. Scan rate 10 mV s�1.

Fig. 12 Cyclic voltammograms for electro-oxidation of 100 mmol L�1

Met at the surface of RuPtNPGF, Ru–PtNPGF and Pt–RuNPGF elec-
trodes at scan rate 10 mV s�1.

This journal is © The Royal Society of Chemistry 2017
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electrochemical activity for methionine oxidation can be
observed.

At the surface of the RuPtNPGF electrode, the onset potential
of Met oxidation was 0.5 V, which is the lowest value compared
with that on NPGF, PtNPGF, and RuNPGF electrodes (0.7 V).
While the anodic peak potential for Met oxidation at the NPGF,
RuNPGF and PtNPGF electrodes were 889, 882 and 868 mV,
respectively, the potential at RuPtNPGF was 730 mV. Also, it is
obvious that the electrocatalytic current at the RuPtNPGF elec-
trode is ca. 3.13, 2.79 and 1.49 times those obtained for NPGF,
RuNPGF and PtNPGF electrodes, respectively. It is observed that
the combination of RuPt bimetallic catalyst and NPGF signi-
cantly improved the performance of the electrode for Met
oxidation and, also, the electrocatalytic activity of bimetallic
RuPt catalyst electrodes for Met oxidation was higher than for
either monometallic Ru or Pt catalysts or the NPGF electrode.
Obviously, the synergistic effect of the RuPt and NPGF cumu-
latively decreased the overvoltage as well as promoted the
Fig. 13 (a) Differential pulse voltammograms of Met under optimum cond
shows plot of 3, 18, 33, 45, 63, 75, 90, 102 mmol L�1 of Met in phosphat

This journal is © The Royal Society of Chemistry 2017
electron transfer of the Met, which is signicant for the detec-
tion of Met.

The inuence of different ratios of Ru/Pt on the Met electro-
oxidation reaction was investigated by cyclic voltammetry. So, in
the presence of different molar ratios of Pt and Ru ions, the
replacement reaction was conducted in order to control the
surface Ru/Pt composition. Fig. 11 shows CVs of oxidation of
100 mM of Met in PBS (pH ¼ 7, 0.1 M) at the surface of
RuPtNPGF electrodes with different ratios of Ru : Pt of 1 : 1,
1 : 4 and 4 : 1 at a scan rate of 10 mV s�1. This gure shows that
the ratio Ru : Pt has a marked inuence on the electrochemical
activity of the RuPtNPGF electrode for oxidation of Met, with
a clear maximum for Ru : Pt ¼ 4 : 1. The current values of the
anodic peak of Met oxidation decrease in the following order:
Ru : Pt ¼ 4 : 1 (18.80 mA) > Ru : Pt ¼ 1 : 1 (8.32 mA) > Ru : Pt ¼
1 : 4 (6.10 mA). Moreover, the oxidation of Met at Ru : Pt ¼ 4 : 1
occurred at a lower potential (730 mV) compared to Ru : Pt ¼
1 : 1 (800 mV) and Ru : Pt ¼ 1 : 4 (0.826 mV). Thus, the
itions; (b) shows plot of 6, 33, 51, 66, 78, 93, 105 nmol L�1 of Met and (c)
e buffer solution (pH ¼ 7, 0.1 mol L�1).

RSC Adv., 2017, 7, 21827–21836 | 21833
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RuPtNPGF electrode with a higher amount of Ru showed
a superior performance toward Met oxidation.

According to the literature,44,45 RuPt materials with different
ratios showed about 50% Ru alloyed with Pt when the materials
have higher amounts of Ru, while for materials with lower
amounts of Ru only 10% Ru was alloyed with Pt. Thus, the
increase in electrocatalyst activity of the RuPtNPGF electrode
with a ratio of Ru : Pt¼ 4 : 1 for Met oxidationmay be attributed
to an increase in the degree of Ru alloyed with Pt. Similar
behavior has been reported for RuPt catalysts toward methanol
and co electro-oxidation.46,47

To compare the electrocatalytic properties of codeposition or
layer by layer deposition of the Pt/Ru layer that formed on the
NPGF electrode for Met oxidation, the cyclic voltammetry
method was used. For this purpose, we fabricated an Ru-
PtNPGF electrode (by repeated replacements, rst forming
a Pt monolayer-coating, followed by a Ru monolayer-coating),
a Pt–RuNPGF electrode (by repeated replacements, rst form-
ing a Ru monolayer-coating, followed by a Pt monolayer-
coating) and an RuPtNPGF electrode (codeposition of Ru and
Pt). Fig. 12 shows CVs of Met oxidation in PBS (0.1 M, pH ¼ 7.0)
on the surface of the Ru–PtNPGF, Pt–RuNPGF and RuPtNPGF
electrodes. It can be seen from Fig. 12 that the three catalysts
have very different electrochemical behaviors. This observation
indicated that the electrocatalytic activity of the RuPtNPGF
electrode is much higher than the electrocatalytic activity of the
Pt–RuNPGF and Ru–PtNPGF electrodes for Met oxidation.

The differential pulse voltammetry (DPV) method, a very
sensitive method, was used to estimate the linear calibration
range of Met and the lower range of detection. DPV waves for
Met were obtained in 0.1 M PBS (pH ¼ 7.0) in the surface of the
Table 3 Comparison of different modified electrodes for the determina

Electrode
Linear range
(mmol L�1)

Limi
(mm

Ru(II)Den CP 0.0064–10 0.00
Pt–TiO2/CNT/GCE 3–100 1
p-4a-CuIITAPc–GC 50–500 0.02
nAu-Cyst-CPE 1–100 0.59
RuPtNPGF 0.006–0.105 and 3–102 0.00

a GCE: glassy carbon electrode, CPE: carbon paste electrode.

Table 2 Use of the RuPtNPGF electrode for the measurement of
methionine concentration in urine samples

Sample
Methionine
added (mmol L�1)

Methionine founded
(mmol L�1)

Recovery
(%)

1 — — —
10 10.20 � 0.3 102.00
20 29.4 � 0.7 98.01

2 — — —
30 29.6 � 0.9 98.66
50 78.3 � 1.4 97.88

21834 | RSC Adv., 2017, 7, 21827–21836
RuPtNPGF electrode (Fig. 13a). The calibration curves for these
determinations, which are displayed in Fig. 13b and c, exhibit
two linear range segments with different slopes for Met
concentration: for 6 to 105 nmol L�1 Met and 3 to 102 mmol L�1

Met. The detection limit for determination of Met using this
method was 2 nmol L�1.

The effect of various interfering foreign species such as
glucose, captopril, ascorbic acid, uric acid, cysteine and sodium
chloride, on the oxidation peak of the Met was studied using the
DPV method at a range of potential from 0.0 V to 1.2 V. It is
observed that there was no response to any of these compounds
on the surface of the RuPtNPGF electrode. Moreover, no change
in the anodic peak of Met oxidation was observed for 100 mmol
L�1 Met in the presence of these species (400 times), indicating
that the RuPtNPGF electrode possessed high selectivity for Met.

The practical application of the RuPtNPGF electrode for
electro-oxidation of Met was demonstrated by measuring the
concentration of Met from human urine samples. The samples
of human urine were obtained from volunteers against an
informed consent and used without any dilution. Determina-
tion of Met was performed using the standard addition method.
We added a known concentration of Met to the urine sample.
The recovery results of different additions of Met in human
urine samples are summarized in Table 2. As can be seen from
Table 2, the proposed method showed good recoveries for the
spikedMet in human urine samples, indicating that the present
method could be applied to determine Met in real samples.
Therefore, this sensor can be used as a very highly sensitive
detection device for Met in the clinical laboratory.

The long-term stability of the RuPtNPGF electrode was tested
over a three week period. Aer this, DPV recorded for RuPtNPGF
showed a peak potential for Met oxidation that was unchanged
and the current signal showed a less than 2.7% decrease relative
to the initial response. The oxidation peak current remained the
same with a relative standard deviation of 1.9% for 15 repetitive
DPV measurements in BPS (0.1 mol L�1, pH ¼ 7), indicating
that this electrode has better repeatability.

The reproducibility of the Met sensor was evaluated by
a comparison of the currents of different electrodes constructed
under the same conditions. The DPV response of the 5 RuPtNPGF
electrodes to 100 mmol L�1 Met was examined, the results
providing an RSD of 2.3%. Good stability and reproducibility
showed that the catalyst layer on the surface of the electrode was
structurally stable, free from morphological change, and not
tion of methionine with an RuPtNPGF electrodea

t of detection
ol L�1)

Potential of anodic
peak (V) vs. Ag/AgCl Reference

2 +1.0 29
+1.1 30

7 +1.26 31
+0.95 32

3 +0.789 This work

This journal is © The Royal Society of Chemistry 2017
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signicantly affected by repeated measurement under rigorous
conditions.

To estimate the performance of the proposed electrode as
a sensor for the determination of Met, the results of this study
were compared with results reported by other research groups
for the electrocatalytic oxidation of Met at the surface of
chemically modied electrodes (Table 3).
Conclusion

The preparation of an electrocatalyst consisting of an RuPt
monolayer coating on a nonporous gold lm (RuPtNPGF) elec-
trode has been demonstrated. The RuPtNPGF electrode was
applied to the electro-oxidation of Met in aqueous media.
Outstanding features, such as a low onset potential for oxida-
tion, low detection limit, wide linear range, and high repro-
ducibility and repeatability, demonstrate the successful
application of the RuPtNPGF electrode for the determination of
Met. Also, we have shown that the electrocatalytic activity of the
RuPtNPGF electrode is much higher than the electrocatalytic
activity of PtNPGF and RuNPGF electrodes for Met oxidation.
Therefore, the electronic interactions between the Ru and Pt
atoms play a main role in promoting Met electro-oxidation. The
results suggest that the method developed in this study
provides a comfortable, cheap and fast way to form a bimetallic
sensor with excellent performance for electrocatalytic oxidation.
Finally, the RuPtNPGF electrode indicated good recovery for
Met in human urine samples, which showed that the present
method may be used for practical applications.
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