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Abstract Gold—platinum (AuPt) alloy particles were fab-
ricated directly on multi-walled carbon nanotubes
(MWNT)—ionic liquid (i.e., trihexyltetradecylphospho-
nium bis(trifluoromethylsulfonyl)imide, [P 6 14][NTf,])
composite coated glassy carbon electrode (GCE) by
electrodeposition method. Scanning electron microscope
image showed that they were well-dispersed nanocluster
consisting of smaller nanoparticles, and their size was
about 70 nm. X-ray diffraction experiment showed that
they were single-phase alloy nanomaterial, and the
calculated composition was consisting with that obtained
by energy dispersive X-ray spectroscopy. The resulting
modified electrode (i.e., AuUPt-MWNT—[Pg ¢ 14][NT,]/
GCE) presented high catalytic activity for the electro-
chemical oxidation of cysteine. The peak potential of
cysteine shifted to 0.42 V (versus saturated calomel
electrode) in 0.1 M H,SO,4 and the peak current increased
greatly in comparison with that on the corresponding Pt
(or Au)-MWNT—[Pg ¢.6.14][NTf,]/GCE. Under the opti-
mized conditions, the oxidation current of cysteine at
0.45 V was linear to its concentration in the range of 5.0 x
1077~4.0x10"> M with a sensitivity of 43.8 mA M.
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Introduction

Cysteine is an important amino acid and its study and
detection have received much attention [1]. Voltammetry
is a sensitive and convenient method for the determination
of many species. Unfortunately, cysteine cannot cause
good response at ordinary electrodes such as Pt, Au,
carbon paste, and graphite electrode [2]. To improve the
situation, several chemically modified electrodes were
developed for the electrochemical oxidation and detection
of cysteine [3—5]. However, the modified electrodes still
have disadvantages such as leaching of electron transfer
mediator and poor long-term stability. Furthermore, the
preparation methods are complicated [6]. Hence, it is
pertinent to explore new methods to fabricate modified
electrodes with high efficiency for the electrocatalytic
oxidation of cysteine.

Pt-based alloy nanomaterials show excellent catalytic
activity and stability, and they are widely studied in recent
years [7]. Among them, PtAu bimetallic nanoparticle (NP)
has been used as catalyst for alkane conversion [8], NO
reduction [9], CH30H oxidation [10], and glucose oxida-
tion [11]. Pt-based alloy nanomaterials can be fabricated
through different methods, such as chemical coreduction
[12], hydrogen reduction [13], and two-step pyrolysis
process [14]. Electrodeposition method is also among them.
In our previous work, well-dispersed Pt-based alloy nano-
particles were fabricated through electrodeposition, and the
resulting alloy nanoparticle-coated electrodes exhibited
excellent catalysis to the electrochemical oxidation of nitrite
and H,O, [15, 16]. As the properties of metallic nano-
particles depend on their size and shape [17, 18], the
fabrication method does influence their catalytic activity
and thus receive much attention.
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Carbon nanotubes (CNTs) have high electrical conduc-
tivity, high catalytic activity, and large specific surface area,
so they are widely used to fabricate modified electrode and
supporting material. lonic liquids (ILs) are liquid substance
composed entirely of ions. They can be used to immobilize
other materials by binding and to fabricate nanomaterial.
ILs still can promote electron transfer and accumulate
analytes [19]. Considering the characteristics of CNTs and
ILs, some researchers tried to construct electrochemical
sensors using CNT-IL composite and interesting results
were obtained. In addition, CNT-IL composite was
considered as good supporting material for electrodeposi-
tion of metallic nanoparticles [15, 16].

In this work, the electrochemical oxidation of cysteine
on AuPt alloy nanoparticles electrodeposited on CNT-IL
composite substrate is explored for the first time. Experi-
ment shows that the as-made AuPt-MWNT—[P¢¢ ¢ 14]
[NT1,)/GCE possesses high stability and remarkable cata-
lytic activity for the electrochemical oxidation of cysteine.

Experimental
Reagents and apparatus

The multi-walled carbon nanotube used (diameter: 10~
30 nm, length: 0.5~40 nm, purity: >95%) came from
Shenzhen Nanotech Port Co., Ltd. (Shenzhen, People’s
Republic of China). [P ¢6.14][NTf;] was purchased from
Sigma—Aldrich, and it was used as received. Cysteine,
H,PtCls:6H,0, HAuCly-4H,0, and N,N-dimethylformamide
(DMF) were obtained from Sinopharm Chemical Reagent
Co., Ltd. (Shanghai, People’s Republic of China). Other
reagents used were of analytical grade, and the water was
redistilled.

Electrodeposition, cyclic voltammetric (CV), and chro-
noamperometric experiments were performed with a CHI
830 electrochemical workstation (CH Instrument Company,

Fig. 1 SEM images of AuPt
alloy particles deposited on
bare FTO (a, inset), MWNT/
FTO (), [Ps 46,14 [NTEJFTO
(b, inset) and MWNT*[P6’6,6’14]
[NT£,J/FTO (b). Solution com-
position: 0.2 M H,SO,4 aqueous
solution containing

1.0 mM HAuCl, and

1.0 mM H,PtClg; deposition
potential: —0.25 V

102009 | HVY | Mag
3:13:20 PM 30.0 KV 10000x
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Shanghai, People’s Republic of China). A conventional
three-electrode system was adopted. The working electrode
was a modified GCE (3 mm in diameter) or a modified
glass substrate (10 mmx>30 mmx2.2 mm) coated with a
fluorine-doped tin oxide film (FTO: 150 nm, 20 ), the
auxiliary and reference electrodes were a platinum wire and
a SCE, respectively. The scanning electron microscope
(SEM) image was obtained using a HITACHI X-650 SEM
(Hitachi Co., Japan), with energy dispersive X-ray spec-
troscopy meter for elemental chemical analysis. The X-ray
diffraction (XRD) data were collected with a Rigaku
D/max-rA diffractometer (Japan) using Cu KR radiation
(40 kV, 200 mA) with a Ni filter. All measurements were
conducted at room temperature.

Preparation of modified electrode

Firstly, 1.0 mg MWNT was dispersed in 1.0 ml DMF with
the aid of ultrasonic agitation. Then 10.0 pl [Pe ¢ 6.14][NTf3]
was introduced to the mixture under stirring. Three micro-
liters of the suspension was dropped on a cleaned GCE or a
FTO and then dried under an infrared lamp. Thus a uniform
film-coated electrode (i.e., MWNT—[Pg 6 ¢.14][NTE,]/GCE
(or FTO)) was obtained. MWNT/GCE (or FTO) and
[P6.6.614][NT,]/GCE (or FTO) were prepared through a
similar procedure. The electrodeposition of AuPt alloy
nanoparticles on MWNT—[Pg ¢ ¢ 14][NTf,]/GCE (or FTO)
was performed in a 0.2 M H,SO,; aqueous solution
containing 1.0 mM HAuCl; and 1.0 mM H,PtClg, the
potential was —0.25 V and the time was 500 s [20, 21]. The
obtained AuPt-MWNT—[P¢ ¢614][NTL]/GCE (FTO) was
washed carefully with redistilled water and then dried at
room temperature. The AuPt/GCE (FTO), AuPt-MWNT/
GCE (FTO), AuPt—[Pg¢6.14][NTf,)/GCE (FTO), Au-
MWNT*[P6’6’6)14][Nsz]/GCE (FTO), and Pt-MWNT-
[Pe.6.6.14][NTH,]/GCE (FTO) were fabricated through a
similar method. Prior to the experiments, the solution was
deoxygenated with nitrogen gas.
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Fig. 2 XRD patterns of AuPt a b
particles deposited on MWNT— a1 Au
[Ps.6.6,14][NTf>] film (a); EDS of
AuPt particles deposited on Pt
MWNT—[P 6,6,14][NT£,] film
(b) Peak(lll) 20(°) d(A) a(A)
Pt 39.76 2265 3.9231
AuPt 39217 2299 3.9821
Au 38.18 2355 4.0786
200
@0 (220) G11)
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Results and discussion
Morphological analysis

The images of AuPt alloy deposited on bare FTO, MWNT/
FTO, [P 6.6,14][NTE,]/FTO, and MWNT—[P¢ ¢ 6.14][NT1:]/
FTO are presented in Fig. 1. Compared with the AuPt
alloy deposited on bare FTO (Fig. la, inset), the particle
density of AuPt alloy on MWNT/FTO increases and the
particle size decreases (Fig. la), demonstrating that
MWNT is favorable for the nucleation of metal. The sizes
of AuPt alloy particles deposited on the [Pg 6 6.14][NTE,]/
FTO (average diameter of 250 nm) and MWNT—[P¢ ¢ 6.14]
[NTf,])/FTO (average diameter of 70 nm) are still smaller.
Especially, the AuPt particles deposited on MWNT-
[P6.6.6.14][INTE;]/FTO are uniform and close-packed. This
means that [Pg6614][NTf,] can make the particle size
decrease and promote the particle dispersion. This phe-
nomenon can be explained as follows: [Pg ¢ 6.14][NTf;] has
high viscosity and can prevent the particles from aggre-
gating; on the other hand, [Ps¢614][NTf,] may interact
with Au and Pt, forming a protecting layer outside the
AuPt particles and making them stable.

70

10.00

4.00‘
Energy / keV

6.00 8.00

Structure and composition analysis

To estimate the structure and composition of AuPt alloy
particles, they are characterized by XRD (Fig. 2a). As
can be seen, the pattern of AuPt particles exhibits five
major peaks, which can be assigned to AuPt (111), —(200),
—(220), —(311), and —(222) planes of the face-centered
cubic lattice of AuPt alloy. These peaks perfectly fit a
single analytical function, suggesting that they are single-
phase nanomaterial, i.e., AuPt alloy [22]. Compared with
that of pure Pt (JCPDS 04-0802), the shift of the (111)
peak to lower 26 angle could be indexed to a higher d
space (d;1;=2.299 A) crystal structure. The lattice con-
stant for the fcc-type AuPt phase is @=3.9821 A, which is
measurably larger than that of pure Pt (¢=3.9231 A) but
smaller than that of pure Au (JCPDS 04-0784, a=
4.0786 A). This result confirms the formation of AuPt
alloy [22].

Based on Scherrer formula [23], L=0.9 AK,/B2c0s0g,
where L is the average size of particles, \k,; is the X-ray
wavelength, B, is the peak broadening, and 0y is the
angle of the peak maximum. Here, the mean diameter of the
AuPt alloy NPs estimated from the half-width of the (111)

Table 1 Surface area of alloy NPs calculated according to CV and XRD analysis and composition of different alloy NPs estimated from XRD,

EDS, and CV analysis

Electrode Spas (m’g ™" Scsa (m?g ") e Composition

XRD EDS Ccv
AuPt/GCE 16.1 - - All4 1 Ptsg AU44Pt56 Auzth78
Pt-MWNT-[Pg 6 .14]INTE/GCE 12.5 4.03 3.10 - - -
AuPthWNTf[P&(,’(,’H] [Nsz]/GCE 25.6 4.62 5.54 AU3gPt62 AU43Pt57 Aul5Pt35
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Fig. 3 Cyclic voltammograms of AuPt-MWNT—[P¢ ¢ 14][NTE,]/
GCE (a), Pt-MWNT—[Ps66.14] [NTH)/GCE (b), Au-MWNT-
[P6.6.6,14][NT£,]/GCE (c), Pt/GCE (d), and Au/GCE (e) in deaerated
0.1 M H,S0y, solutions. Scan rate is 100 mV s !

diffraction peak is 63 nm, which is in good agreement with
the SEM result.

The total surface area of corresponding alloy NPs can
also be estimated from the XRD peaks through the following
equation [7, 24]: Scsa=6000/pd, where d is the average
particle size (nm) and p is the density (pp=21.4 g cm °,
pau=19.32 g cm >, and Paiioy = Wri% X ppy + Wau% X p 4y,
where W% means weight percent). The calculated values
of Scga are summarized in Table 1.

Assuming the validity of Vegard’s law (the linear lattice
constant—concentration relation) [23], one can estimate the

Current / LA

0.0 ll..2 0:4 II:G II.|8
Potential / V (vs SCE)

Fig. 4 Cyclic voltammograms of cysteine at AuPt-MWNT—[P¢ 6 ¢ 14]
[NTE,J/GCE (@), Pt-MWNT—{[P¢ ¢ 6.14][NTf,]/GCE (b), Au-MWNT-
[P6.6.6.14][NTE]/GCE (c), Pt (d), and Au (e) electrodes. Solution
composition is 5.0x10™* M cysteine plus 0.1 M H,SO,; scan rate is
100 mV s~

@ Springer

composition of the alloy. The results are shown in Table 1.
The composition of the resulting alloy is also analyzed by
EDS as shown in Fig. 2b. The result is consisting with that
obtained by XRD.

Electrochemical characterization of AuPt-MWNT-
[Ps.6.6,14[NTE,)/GCE

Figure 3 shows the voltammograms of AuPt-MWNT-
[Po.6.6.14][INTEVGCE, PE-MWNT-[Pg 6.6.14][NTEVGCE,
Au-MWNT—[P¢ ¢ 6.14][NTf,]/GCE, Pt/GCE, and Au/GCE
in a deaerated 0.1 M H,SO,4 solution. The peaks
characterizing the hydrogen adsorption/desorption and
oxide formation/stripping of Pt and Au can be observed.
The integrated charge of the hydrogen absorption peak
permits an estimate of the electrochemically active surface
area (SEAS) [7]9 SEAS = Qads/Qre]'LPts where Qads is the
integrated charge of hydrogen absorption peak, Q,.r is the
hydrogen adsorption charge on a smooth platinum
electrode (0.21 mC cm ?) and Lp, is the Pt loading. Sgas
values are displayed in Table. 1. The Sgas of AuPt—
MWNT—[P¢ 6 6,14][NTE,]/GCE is much larger than that of
AuPt/GCE due to more AuPt depositing on the MWNT—
[P6’6,6,14][NTf2]/GCE. On the other hand, the SEAS of
AuPt-MWNT—[P¢ 6 6.14][NT£,]/GCE is about 2.0 times of
that of Pt-MWNT—[Pg 6 6.14][NTf,]/GCE, indicating that
Au can improve the electrochemical activity.

The charge associated with the reduction of oxide
species of the electrode surface can be used to determine
the surface composition. The peak around 0.35 V versus
SCE during negative sweep is associated with Au species,
whereas the one at 0.83 V versus SCE corresponds to Pt

2.0
20
§_ 1.5}
E
g 1.0}
15) 2
< "1 Qos
= 5.0 uM
E 0.0 ) ) ) )
g 10 0 10 20 30 40
5 Concentration/yM
&) 2.0 uM
0.5} 1.0 uM
0.5 uM l
0.0
1 i 1 i 1 i 1 i 1 i 1
0 100 200 300 400 500
Time /s

Fig. 5 Amperometric response of AUPt-MWNT—[P¢ ¢ 6 14][NTE,]/
GCE to successive addition of 0.5, 1.0, 2.0, and 5.0 uM cysteine.
Applied potential: 0.45 V; supporting electrolyte: 0.1 M H,SOy. Inset:
plot of current versus cysteine concentration
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species. For pure catalysts, the charge values of 493 and
543 uC cm ? are obtained for Pt and Au, respectively. The
atomic content of the AuPt NPs can be deduced as follows
[11]: x = S4u/S4u + Spi, where x represents the Au content,
and S, and Sp are the electrode surface covered by gold
and platinum oxides, respectively. The results obtained are
summarized in Table 1. It can be noted that there is an
inconsistency between the composition data estimated from
XRD, energy dispersive X-ray spectroscopy, and CV. This
is because XRD compositional analysis refers to the
crystalline part of the sample, while EDS characterizes the
entire sample and the CV data are related to the surface
composition.

Electrocatalytic oxidation of cysteine at AuPt-MWNT-—
[P6,6,6,14][NTT:}/GCE

The cyclic voltammograms of cysteine at AuPt-MWNT—
[P6,6,6,14][INTH]/GCE, Pt-MWNT—[P¢66,14][NTf,]/GCE,
and Au-MWNT—[Pg 6 6.14][NTf,]/GCE are displayed in
Fig. 4. It can be seen that cysteine exhibits an irreversible
anodic peak at these electrodes, but the peak potential
and peak current are different. At the conventional Au
and Pt electrodes, the oxidation peak is very small and
broad, the peak potential is above 0.6 V. Similar
phenomenon is observed for the Au-MWNT—[P¢ ¢ 14]
[NTf,]/GCE. This means that these electrodes have poor
catalysis to the electrochemical oxidation of cysteine.
However, at the Pt-MWNT—[Pg ¢ ¢.14][NTE,]/GCE the
anodic peak increases greatly and the peak potential
shifts negatively to 0.50 V, reflecting the good catalysis
of Pt nanoparticles. Cysteine exhibits still bigger peak at
the AuPt-MWNT—[P¢6.14][NTE,]/GCE, and the peak
potential lowers to 0.42 V further. It indicates that the
AuPt alloy has higher electrocatalytic activity towards
cysteine oxidation. As the eletrocatalytic activity of AuPt
alloy nanoparticles is better than that of monometallic
counterpart, the synergistic effect of Au and Pt in the
alloy nanoparticles is proposed to account for this
phenomenon.

Influence of solution pH and scan rate

The influence of pH on cysteine oxidation was also studied.
The anodic peak potential shifted negatively and the peak
current decreased dramatically with increasing pH. Further-
more, when pH exceeded 7.0, no discernable peak
occurred. Thus 0.1 M H,SO,4 was used as electrolyte in
this work. At the AuPt-MWNT—[P¢ ¢ 6.14][NTE,]/GCE, the
peak potential (£,) of cysteine shifted in positive direction
when scan rate (v) increased. The E, and logv showed a
linear relationship, the regression equation was E, =
0.522 +0.0572logv (Ey: V, v V s ', r=0.998).

Reproducibility, stability, and repeatability of AuPt
_MWNT_[P(,,(L(,’];‘] [Nsz]/GCE

The reproducibility and stability of AuPt-MWNT—
[P6.6.614][NTL]/GCE were tested. It was found that the
relative standard deviation (RSD) of current was 3.2% for
the amperometric response of 5x10°® M cysteine on five
different AUPt-MWNT—[P¢ ¢ 6.14][NTf;]/GCE electrodes at
0.45 V. The oxidation peak current of cysteine remained
more than 95% of the initial value after the modified
electrode was stored for 15 days. When cyclic scan was
repeated successively, the peak of cysteine slightly de-
creased, probably due to the accumulation of the oxidation
product of cysteine on the composite electrode. However,
under stirring this problem could be overcome. The RSD of
response current (n=5) is 2.1% for successive addition of
5x107° M cysteine. The AuPt-MWNT-[P44.14][NTE)/
GCE retains about 97% and 95% of its initial sensitivity
after being used for 30 and 60 times, respectively.

Variation of response current with cysteine concentration

Figure 5 illustrates the current variation with successive
addition of cysteine to a stirred 0.1 M H,SO,4. Under
the optimized conditions, the response time is about 3 s, the
response current is linear to cysteine concentration in the
range of 5.0x107'~4x107> M with a regression equation
of I = 0.064 + 0.044¢ (I: pA, c: uM, r=0.999).

Conclusions

AuPt alloy particles were fabricated on MWNT—[P¢ ¢6.14]
[NTf,] composite film through electrodeposition method.
The as-made AuPt alloy was a well-dispersed nanocluster
consisting of smaller nanoparticles. Multi-walled carbon
nanotube was favorable for the nucleation of AuPt; ionic
liquid could promote the electrochemical deposition and
dispersion of AuPt nanoparticles. The resulting AuPt—
MWNT—[Pg 6.6.14][NTE,]/GCE electrode presented high
stability and catalysis for the electrochemical oxidation of
cysteine.
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