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Abstract Composites of Nafion, COOH-capped CdSe, and
self-doped polyaniline (SPAN) were used to prepare novel
chemical modified glassy carbon electrodes (Nafion/CdSe/
SPAN/GCE). The electrocatalytic activities of the modified
GCE to the redox reactions of dopamine (DA), uric acid (UA),
and ascorbic acid (AA) were investigated by cyclic voltammetry
(CV). CV curves revealed that the electrocatalytic activities of
Nafion/CdSe/SPAN/GCE to oxidations of the analytes in solu-
tion of pH 7 were in the order of DA>UA>AA. This order was
consistent with the strong-to-low extent of interactions between
the modified GCE and the analytes. These interactions were
consistent with the observations that the oxidation rate of DA
followed a diffusion-controlled process whereas that of UA
followed a surface adsorption-controlled process. The compos-
ites of casting at higher pH levels were found to exhibit better
CdSe and SPAN dispersions in films and higher electrocatalytic
activities. CdSe and SPAN exhibited insignificant synergistic
effects on the oxidations of DA when cast from Nafion solutions
of both low and high pHs whereas CdSe and SPAN exhibited
much synergistic effects on the oxidations of UA when cast from
the Nafion solution of high pH at 12.
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Introduction

The rapid and accurate determination of dopamine (DA)
concentration in body fluid is important to diagnose schizo-
phrenia and Parkinson's disease. Ascorbic acid (AA) largely
coexists with DA in the body fluid. Since the oxidation
potential of AA is similar to that of DA due to homogeneous
catalytic effect, it is of importance to distinguish DA from AA
or eliminate the interference of AA during the detection of
DA. Uric acid (UA) is main final products of purine metabo-
lism in the human body. UA and AA coexist in blood and
urine. It is not easy to selectively detect UA in the presence of
AA, due to similar oxidation potentials of UA and AA at bare
electrodes. There have been many investigations in the devel-
opment of methods for the selective detections of DA, UA,
and AA via modifications of the working electrodes [1-14]. In
previous studies [15, 16], interactions between temperature-
responsive modified electrodes and the three analytes were
varied with temperature so that different extents of interac-
tions between the modified electrodes and the analytes could
be obtained by varying temperature to achieve the selective
detection ability for the three analytes. One of the interactions
for achieving selective detection abilities for a mixture of
analytes can be the ionic interaction which is demonstrated
in this study.

To increase the electrocatalytic activity of a modified work-
ing electrode, conducting polymers have reportedly been used
to modify electrodes [17-22]. For this goal, self-doped
conducting polyanilines (SPAN) were previously prepared
by the method of cyclic voltammetry (CV) on indium tin
oxide (ITO) electrodes in aniline (AN) and o-aminobenzene
sulfonic acid (OSA) mixed monomer solutions to obtain
SPAN-modified ITO electrodes [23, 24]. The electrocatalytic
activity of the SPAN to the Fe(CN)¢> "~ probe, a redox
couple, was significantly pH-dependent. In this study, SPAN
was prepared by the chemical oxidation polymerization of AN
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in HCI aqueous solution to obtain polyaniline emeraldine salt
(ES), followed by sulfonation of the de-doped emeraldine
base (EB) to obtain the self-doped sulfonated polyaniline.
Nanoparticles have been employed as modifiers in the
fabrication of chemically modified electrodes [25-27]. Car-
bon nanotubes (CNT), for example, reportedly exhibited good
electrocatalytic activities [28—34] ascribed to the porous char-
acteristic of CNT films on the surfaces of electrodes that
exhibited a "thin film" effect leading to the enhanced currents
and/or lowered potentials [35-37]. The CdSe colloidal quan-
tum dots are II-VI semiconductor nanoparticles and exhibit
unique size-dependent optical properties and are of great
interest for applications in optoelectronic and photovoltaic
devices. CdSe/ZnS quantum dots were reportedly used as a
sensitive "indicator" for glucose analysis [38]. In this study,
water-soluble COOH-capped CdSe quantum dots were syn-
thesized by an aqueous process and were investigated as
semiconductor nanoparticles on their electrocatalytic proper-
ties. For the goal of developing a selective sensor, the com-
posites of SPAN, COOH-capped CdSe, and a commercial
available Nafion solution were used to modify glassy carbon
electrode (GCE) to investigate interactions between the mod-
ified electrodes and the three analytes described above and
correlate these interactions with the electrocatalytic activities
of the modified electrodes to the three analytes in this study.

Experimental
Preparation of hydrophilic COOH-capped CdSe powders

Sodium selenosulfate (Na,SeSO;) was first produced by
reacting sodium sulfite (Na,SO;, reagent grade, 98 % purity,
supplied by Aldrich) with selenium (Se, 99.5 % purity, sup-
plied by Aldrich) powders at a mole ratio of 3/1. In a typical
experiment, a 50-ml deionized water was first heated at 90 °C
in N, for 30 min with constant stirring, followed by the
additions of 3.78 g of sodium sulfite (0.6 M) and 0.79 g of
Se (0.01 mol) powders. The solution was refluxed for about
3.5 h allowing the solution to become clear to obtain sodium
selenosulfate. After cooling down to room temperature and
filtration, the clear sodium selenosulfate solution was stored in
the dark for the preparation of the hydrophilic COOH-capped
CdSe powder. In the experiment, a 150-ml deionized water
was heated at 90°C in N, for 30 min, followed by the additions
0f0.24 g of CdCl, (98 % purity; Sigma-Aldrich) and 3.3 ml of
mercaptoacetic acid (MAA, 98 % purity, Aldrich) aqueous
solution (1 M) under stirring in N for 3 h, followed by adding
NaOH solution (1 M) to adjust pH to 11 at which 3.3 ml of the
sodium selenosulfate solution was added and kept stirring for
20 min to obtain a yellow solution. A 300-ml methanol was
added to precipitate the COOH-capped CdSe, followed by
centrifuging at 6,000 rpm for 15 min to collect the COOH-
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capped CdSe. The COOH-capped CdSe powders can be
obtained after drying in a vacuum oven at room temperature.
The so-prepared COOH-capped CdSe powders were water
soluble. Without mercaptoacetic acid added in the final stage
of the CdSe preparations, the CdSe nanoparticles were found
to settle down in water and the dried CdSe powders could not
dissolve in water. Ultraviolet—visible (UV—Vis) spectropho-
tometer (Perkin-Elmer Lambda 35) was used to determine the
particle size of the CdSe colloid in solution. The particle size
was determined to be 2.4 nm.

Preparations of SPAN

Polyaniline (PANI) was synthesized via the chemical oxida-
tion method. In a typical experiment, 2.421 g of AN was
dissolved in 1.2 M HCI aqueous solution, followed by adding
6.1484 g of ammonium persulfate under N, with constant
stirring in an ice bath for 3 h. The reacted mixture was filtered
to remove unreacted AN by washing with the HCl aqueous
solution. The obtained ES form of PANI was then soaked in
1 M ammonium aqueous solution for 1 day to obtain the
dedoped PANI EB form. It was then converted to SPAN by
sulfonation of the EB. The EB (0.5 g) was sulfonated by
dissolving in 40 ml of fuming sulfonic acid with constant
stirring in an ice bath for 2 h. The resulting dark purple
solution was then precipitated with 200 ml methanol followed
by 100-ml acetone, the temperature being held between 10 °C
and 20 °C by an ice bath. The precipitate was then washed by
a large amount of methanol until the filtrate had a pH of 7. The
product was vacuum-dried at room temperature for 24 h to
obtain SPAN. UV-Vis spectrophotometer (Perkin-Elmer
Lambda 35) was used to analyze the formation of SPAN.

Preparations of Nafion/CdSe/SPAN dispersions

A 40 pl of 5 wt.% Nafion solution (perfluorinated resin
solution in lower aliphatic alcohols and water, supplied by
Aldrich) was added into 1 ml of deionized water to prepare a
solution containing 0.2 wt.% Nafion. One milligram of the
hydrophilic COOH-capped CdSe powder and one mg of
SPAN were then added into the Nafion solution. The
Nafion/CdSe/SPAN dispersion having a pH between 4 and 5
can be obtained after 10 min of sonication. Without the
addition of CdSe or SPAN, the dispersion of Nafion/SPAN
or Nafion/CdSe can also be prepared.

Preparations of Nafion/CdSe/SPAN modified GCE

An amount of 10 pl of the Nafion/CdSe/SPAN dispersion
without adjusting its pH was cast on a prepolished GCE to
obtain Nafion/CdSe/SPAN/GCE. The cast film was allowed
to dry in ambient air. The same amount (10 pl) of Nafion,
Nafion/SPAN, and Nafion/CdSe was also cast on the
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prepolished GCE to obtain Nafion/GCE, Nafion/SPAN/GCE,
and Nafion/CdSe/GCE for comparisons. For the preparations
of Nafion-pH/CdSe/SPAN modified GCE, ammonium aque-
ous solution (0.5 M) and acetic acid aqueous solution (0.5 M)
were used to adjust pH of the dispersions to pH 2, 7, or 12
before casting on GCE. Thus, to give two examples,
Nafion-12/CdSe/SPAN modified GCE denotes that GCE
was cast from the Nafion/CdSe/SPAN dispersion of
pH 12. Nafion-2/SPAN modified GCE denotes that
GCE was cast from the Nafion/SPAN dispersion of
pH 2. Each dispersion was also cast on an ITO glass
for analysis of surface morphology of the film using an
optical microscopy (OM, Nikon Eclipse LV 100) and a
field emission scanning electron microscopy (FESEM;
Hitachi S-4800) at an operating voltage of 1 keV.

Electrochemical measurements

A potentiostat (CH611D, CH Instruments) was used to per-
form CV analyses at 25 °C in a conventional three-electrode
system with GCE as working electrode, a platinum wire as
auxiliary electrode, and Ag/AgCl/3 M KCl as reference elec-
trode. The phosphate buffer solution (PBS) of pH 7 was used
as the background electrolyte in experiments. The modified
GCE was immersed in 2 mM DA, UA, or AA (Sigma-
Aldrich) in PBS of pH 7 containing 0.1 M KCl to investigate
the electrocatalytic activities of the various cast films on GCE.
The GCE has a round active area with 3 mm in diameter. CV
was conducted between —0.4 and 0.8 V at a scan rate of
50 mV/s. The second CV cycle was used for the investigations
on electrocatalytic activities of the films.

Results and discussion

Characterizations of CdSe and SPAN and their dispersions
in Nafion

Figure 1a shows the UV—Vis absorption spectrum of the as-
prepared CdSe colloids in water. As can be seen in Fig. 1a, the
optical absorption threshold for the CdSe colloids appears at
near 508 nm corresponding to the band gap of the CdSe
particle. According to Brus's model [39], the excited energy
of nanocrystals is in reverse of their particle size. If the excited
energy of nanocrystal is higher, the maximum absorption peak
of its UV-Vis spectrum is blue-shifted. To obtain a more
accurate optical band gap of the CdSe nanoparticles, the
fundamental equation ahv=B(hv—E,y)" developed in the
Tauc relation [40] was used, where « is the absorption coef-
ficient, v is the energy of absorbed light, n is equal to 1/2 for
the direct allowed transition, and B is the proportionality
constant. The optical band gap (£ ) calculated by this equa-
tion is 2.55 eV, as shown in Fig. 1b. Based on this band gap,
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Fig. 1 UV-Vis spectroscopy of a the COOH-capped CdSe colloidal
aqueous solution and b plot of (ahv)? versus hv for the COOH-capped
CdSe colloids

the estimated size of CdSe nanoparticles was approximately
2.4 nm by the potential morphing method [41].

Figure 2 shows UV—Vis spectra for the three types of
PANIs. Spectrum a in Fig. 2 has a peak at near 350 and
450 nm corresponding to 7~ transition of the benzenoid
rings in the PANI and to the polaron band transition in the ES
of PANI, respectively [42]. The broad peak centered at near
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Fig. 2 UV-Vis spectroscopy of various forms of polyanilines: a
emeraldine salt (ES), b emeraldine base (EB), and ¢ sulfonated
polyaniline (i.e., self-doped polyaniline [SPAN])
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900 nm corresponds to the exciton transition of the quinoid
rings in the ES form of PANI. After dedoping of the ES by
adding ammonium aqueous solution, the absorption at near
450 nm disappeared and the broad peak that centered at near
900 nm blue-shifted to near 700 nm as can be seen in spectrum
b of Fig. 2, an indication that the ES form was successfully
changed to the EB form in PANI. The broad peak at near
850 nm in spectrum ¢ of Fig. 2 can be assigned to polaron
band transitions for the SPAN according to Chen and Hwang
[42] who reported that, before neutralization by adding
NaOH, the aqueous self-acid-doped sulfonic acid ring-
substituted polyaniline (SPAN) in the doped state exhibited
absorbance at 830 nm due to polaron band transitions. As the
level of neutralization of SPAN was increased, the polaron
band disappeared gradually and a strong absorption due to
exciton transition of the quinoid rings at 570-600 nm grew at
the same time. It was evident from Fig. 2 that SPAN was
successfully prepared.

Figure 3 shows OM and FESEM images for the COOH-
capped CdSe powders and the cast films of three composites.
From the FESEM image in Fig. 3a, the particle size of the
CdSe powders was roughly in between 15 and 20 nm, indi-
cating that aggregation of CdSe powders occurred during
drying, as compared with 2.4 nm that was determined by the
UV-Vis spectroscopy for the CdSe colloids in aqueous solu-
tion. The OM image in Fig. 3b showed that CdSe particle was
quite uniformly dispersed in Nafion, whereas in Fig. 3¢ the
SPAN appeared to have relatively large aggregates in Nafion.
The FESEM image in Fig. 3d clearly shows a uniform disper-
sion of CdSe particles and relatively big size of SPAN aggre-
gates in Nafion. The observations from the OM images were
consistent with those from the FESEM images.

Fig. 3 OM and FESEM images
of a COOH-capped CdSe
powders, b Nafion/CdSe cast
film, ¢ Nafion/SPAN cast film,
and d Nafion/CdSe/SPAN cast
film
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Electrochemical properties
of the Nafion/CdSe/SPAN-modified GCE

Figure 4 shows CV curves recorded at various modified GCE
in 2 mM DA aqueous solution of pH 7. The anodic peak for
the oxidation of DA appeared at near 0.4 V as recorded at the
bare GCE. The Nafion/GCE and Nafion/SPAN/GCE en-
hanced the anodic peak current for DA but shifted the peak
to a higher potential at near 0.55 V, an indication that Nafion
alone or the Nafion/SPAN composite both electrocatalyzed
the oxidation reactions of DA. The Nafion/CdSe/GCE en-
hanced the anodic peak current even higher than the Nafion/
GCE, an indication that CdSe exhibited high electrocatalytic
activity to the oxidation of DA. The Nafion/CdSe/SPAN/GCE
enhanced the anodic peak current not much higher than the
Nafion/CdSe/GCE, an indication that CdSe and SPAN exhib-
ited insignificant synergistic effects on the oxidation reactions
of DA.

Figure 5 shows CV curves recorded at various modified
GCE in 2 mM UA aqueous solution of pH 7. The anodic peak
for the oxidation of UA appeared at near 0.5 V as recorded at
the bare GCE. The Nafion/GCE and Nafion/SPAN/GCE ex-
hibited no electrocatalytic activity for the oxidation of UA
because of very low anodic currents. The Nafion/CdSe/GCE
and the Nafion/CdSe/SPAN/GCE both exhibited low electro-
catalytic activity because the two modified GCE did not
exhibit higher anodic currents than the bare GCE. Figure 6
shows CV curves recorded at various modified GCE in 2 mM
AA aqueous solution of pH 7. The anodic peak for the
oxidation of AA appeared at near 0.5 V as recorded at the
bare GCE. The four modified GCE all exhibited no electro-
catalytic activity to the oxidations of AA because the anodic
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2 mM DA aqueous solution in the phosphate buffer solution (PBS) of
pH 7. Scan rate 50 mV/s
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2 mM AA aqueous solution in PBS of pH 7. Scan rate, 50 mV/s

peak currents recorded at the four modified GCE were all
much lower than the bare GCE.

The observations from Figs. 4, 5 and 6 can be explained by
the interactions between the modified GCE and the individual
analyte. As schematically presented in Fig. 7, at pH 7, DA was
positively charged because pK, of DA is 8.89 so that DA has
strong attractive interactions with the negatively charged
sulfonated Nafion, sulfonated SPAN, and carboxylated CdSe,
leading to the appearance of the electrocatalytic activity of
Nafion, CdSe, and SPAN to the oxidations of DA as can be
seen in Fig. 4. UA has a pK, of 5.4 and thus has a low level of
negatively charged anions at pH 7 so that weak repulsive
interactions were present between UA with the Nafion/GCE,
and with the Nafion/SPAN/GCE, leading these two modified
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Fig. 7 Schematic presentation of interactions between the surface of the
Nafion/CdSe/SPAN/GCE and the three analytes in PBS of pH 7
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GCE to no electrocatalytic activity to oxidations of UA
(Fig. 5). The incorporation of CdSe into the two modified
GCE exhibited an increased anodic peak current of UA, an
indication that CdSe was able to electrocatalyze the oxidations
of UA. AA has a pK, of 4.1 and thus has a relatively high level
of negatively charged anions at pH 7 so that repulsive inter-
actions were strong between AA and any of the four modified
GCE which were all negatively charged, leading to no or very
low eletrocatalytic activity of the modified GCE to the oxida-
tions of AA (Fig. 6). The evidence of strong repulsions can be
also clearly seen in curve b of Fig. 6, where negligible current
was recorded by the Nafion modified GCE in AA aqueous
solution of pH 7. The CdSe and SPAN in the Nafion matrix
which had strongly repulsive interaction with AA were seen to
exhibit low anodic currents (curves ¢ and d of Fig. 6), an
indication that CdSe and SPAN had low electrocatalytic abil-
ity for the oxidation of AA. CdSe and SPAN had, however, no
synergistic effects on the oxidation of AA (curve e of Fig. 6).

Figures 8a and 9a show the variations of CV curves re-
corded at Nafion/CdSe/SPAN/GCE with scan rates. If the
anodic peak current densities are linearly a function of the
square root of the potential scan rate, the electron transfer rate
on the modified electrode during the oxidations of an analyte
is controlled by the diffusion step [43, 44]. If the anodic peak
current densities are linearly a function of the potential scan
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(a) 10, (b) 20, (c) 50, (d) 70, and (e) 100 mV/s
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rate, the electron transfer rate on the modified electrode during
the oxidations of the analyte is controlled by the surface
adsorption step [43, 44]. Figure 8b shows linear relationship
between the anodic peak current densities of DA and the
square root of potential scan rates as recorded at Nafion/
CdSe/SPAN/GCE, indicating that the oxidation rate of DA
was in a diffusion-controlled process, whereas in Fig. 9b the
linear relationship found for UA was between the anodic peak
current densities and the potential scan rates, indicating that
the oxidation rate of UA was in a surface adsorption-
controlled process. The findings from Figs. 8 and 9 were
consistent with the previous discussion on the extent of inter-
action between the modified GCE and DA, and that between
the modified GCE and UA. The strong attractive interaction
that was present between the modified GCE and DA at pH 7,
as discussed previously, would result in a faster rate in
the surface adsorption than in the film diffusion during
oxidations of DA. The overall oxidation rate of DA was
therefore in a diffusion-controlled process, as confirmed
in Fig. 8b. The weak repulsive interaction that was
present between the modified GCE and UA at pH 7
would result in a slower rate in the surface adsorption
than in the film diffusion during oxidations of UA. The
overall oxidation rate of UA was thus in a surface
adsorption-controlled process, as confirmed in Fig. 9b.
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In addition, to confirm that the interactions between the
modified GCE and the analytes played an important role in the
detections of the analytes, the effects of basic media of pH 12 in
which the analytes were dissolved on the anodic peak currents of
analytes were investigated by CV recorded at Nafion/CdSe/
SPAN/GCE. Although we did not show these CV curves in this
paper, we found no redox signals at all for DA which was found
to exhibit strong anodic peak current in PBS of pH 7 as shown in
Fig. 4. This can be attributed to deprotonations of the phenols in
DA at pH 12 resulting in negatively charged DA and repulsive
interactions with the modified GCE.

Electrochemical properties of the Nafion-pH/CdSe/SPAN
modified GCE

Figure 10 shows the FESEM images for the Nafion-2/CdSe/
SPAN, Nafion-7/CdSe/SPAN, and Nafion-12/CdSe/SPAN
films which were cast from the Nafion/CdSe/SPAN solutions

Fig. 10 FESEM images of a Nafion-2/CdSe/SPAN, b Nafion-7/CdSe/
SPAN, and ¢ Nafion-12/CdSe/SPAN cast films

of pH 2,7, and 12, respectively. As can be seen in Fig. 10a, the
Nafion-2/CdSe/SPAN film cast from the solution of pH 2 was
brittle and exhibited significant phase separation. The visual
observation that CdSe was poorly dispersed in the solution of
pH 2 prior to casting suggested that the COOH-capped CdSe
colloids had coagulated in the solution and were separated by
the sulfonated Nafion and SPAN, leading to phase separation
in the cast film. In Fig. 10b, Nafion-7/CdSe/SPAN film, as
cast from the solution of pH 7, exhibited a decreased CdSe
phase separation in the cast film due to the improved CdSe
dispersion in the colloidal solution. In Fig. 10c, Nafion-12/
CdSe/SPAN film, as cast from the solution of pH 12, exhibited
uniform CdSe dispersion in the cast film due to the homoge-
neous CdSe dispersion in the colloidal solution as can be
visually observed on the colloidal solution before casting.
Figure 10c suggests that the COOH groups surrounding the
CdSe colloids had become negatively charged due to the
production of carboxylate anions (COO ) at pH 12 and the
repulsive interactions among the anions had led to homoge-
neous dispersion in the colloidal solution and thus uniform
CdSe dispersion in the cast film.

Figure 11 shows the CV curves for DA, UA, and AA
solutions of pH 7 as recorded at the Nafion-pH/CdSe/SPAN/
GCE. In curve d of Fig. 11a, the anodic and cathodic peaks at
near 0.1 and —0.05 V, respectively, recorded at the Nafion-12/
CdSe/SPAN/GCE can be assigned to oxidation and reduction
reactions of SPAN. The Nafion-12/CdSe/SPAN/GCE ap-
peared to have much higher anodic and cathodic currents than
the Nafion-2/CdSe/SPAN/GCE and Nafion-7/CdSe/SPAN/
GCE in Fig. 11a. This indicates that the homogeneity of the
cast film helped enhance redox reactions of SPAN on the
modified GCE, since the cast film of the Nafion-12/CdSe/
SPAN exhibited the better dispersion than that of the Nafion-
7/CdSe/SPAN and of the Nafion-2/CdSe/SPAN according to
Fig. 10. In curve d of Fig. 11b, in addition to the peak at near
0.1 V for oxidation reaction of SPAN, the Nafion-12/CdSe/
SPAN/GCE gave an anodic peak at near 0.38 V which can be
assigned to the oxidation reaction of DA based on the obser-
vation in curve ¢ of Fig. 4 where the anodic peak appeared at
near 0.38 V for DA. The homogeneity of the cast film was
found to enhance the electrocatalytic activity of the modified
GCE to the oxidation reactions of DA since the Nafion-12/
CdSe/SPAN/GCE exhibited much higher anodic peak cur-
rents for DA than the Nafion-7/CdSe/SPAN and the Nafion-
2/CdSe/SPAN as can be seen in Fig. 11b, in addition to the
more negatively charged surface of the film as cast at higher
pH to result in stronger ionic interactions with DA as
discussed earlier. In curve d of Fig. 11c, in addition to the
peak at near 0.05 V for oxidation reaction of SPAN, the
Nafion-12/CdSe/SPAN/GCE gave an anodic peak at near
0.58 V which can be assigned to the oxidation reaction of
UA based on the observation in curve e of Fig. 5 where the
anodic peak appeared at near 0.6 V for UA. The homogeneity
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Fig. 11 CV curves recorded at (a) bare GCE and at Nafion-pH/CdSe/
SPAN/GCE, which were cast from solutions of (b) pH 2, (¢) pH 7, and
(d)pH 12, in PBS of pH 7 containing a control, b 0.2 mM DA, ¢ 0.8 mM
UA, and d 1 mM AA. Scan rate, 50 mV/s

of the cast film also played an important factor in the electro-
catalytic activity for the oxidation reactions of UA since the
Nafion-12/CdSe/SPAN/GCE exhibited much higher anodic
peak currents for UA than the Nafion-7/CdSe/SPAN and the
Nafion-2/CdSe/SPAN as can be seen in Fig. 11c. In Fig. 11d,
the Nafion-12/CdSe/SPAN/GCE exhibited the only anodic
peak at near 0.1 V for SPAN without an anodic peak for AA
which could occur at near 0.5 V as recorded at bare GCE as

@ Springer

shown in curve a in Figs. 6 and 11d. Figure 11d clearly shows
that all three Nafion-pH/CdSe/SPAN/GCE as cast from solu-
tions of three pHs exhibited no anodic peak of AA. This
indicates that an increase in homogeneity of the cast film on
GCE was not able to change the incapable detection of AA by
the Nafion/CdSe/SPAN/GCE to the capable detection by the
Nafion-pH/CdSe/SPAN/GCE.

The solution of higher pH (pH 12) gave also the better
dispersion in the individual Nafion-pH/CdSe and Nafion-pH/
SPAN colloidal solution and thus the higher anodic peak
current for the Nafion-pH/CdSe/GCE and Nafion-pH/SPAN/
GCE (see Fig. S1), although Nafion-2/SPAN/GCE was slight-
ly higher than Nafion-7/SPAN/GCE. Without the presence of
SPAN, the anodic peak of DA appeared at near 0.2 V
(Fig. Sla); with the presence of SPAN, the anodic peak of
DA appeared at near 0.45 V (Fig. S1b). The characteristic
anodic peak of SPAN at near 0.05 V that was observed for the
Nafion-12/SPAN/GCE disappeared for the Nafion-2/SPAN/
GCE and Nafion-7/SPAN/GCE. This can be perhaps attribut-
ed to the less doping effect by the sulfonated Nafion (as a
dopant for SPAN) at pH 2 than at pH 7.

The incorporation of CdSe into Nafion-12/SPAN did not
give much an increase in the anodic peak current for DA (see
Fig. S2), an indication that CdSe and SPAN did not exhibit
much synergistic effects on the oxidations of DA, agreeing with
the observation in Fig. 4. The anodic peaks at near 0.1 V were
characteristic oxidation peaks for SPAN (curves a and b in
Fig. S2b) while the anodic peak at near 0.5 V corresponded to
the oxidation of UA (curve d in Fig. S2b). The Nafion-12/
CdSe/GCE and the Nafion-12/SPAN/GCE both exhibited en-
hanced anodic peak currents at near 0.5 V, indicating that both
modified GCE were able to electrocatalyze the oxidations of
UA. The Nafion-12/CdSe/SPAN/GCE enhanced the electrocat-
alytic activity even higher, an indication that CdSe and SPAN
exhibited much synergistic effects on the oxidations of UA.
This synergistic effect was not seen when the modified GCE
was prepared at low pH as can be seen in Fig. 5.

Conclusions

CdSe and SPAN were dispersed in a commercially available
Nafion solution to prepare the Nafion/CdSe/SPAN-modified
GCE for the detection of DA, UA, and AA. CV curves have
found that the Nafion/CdSe/SPAN/GCE exhibited the highest
electrocatalytic activity to oxidations of DA and the least
activity to oxidations of AA, in solution of pH 7. This could
be attributed to strong attractive interactions between the
modified GCE and DA, weak repulsive attractions between
the modified GCE and UA, and strong repulsive interactions
between the modified GCE and AA. The findings that the
oxidations of DA followed a diffusion-controlled process and
the oxidations of UA followed a surface adsorption-controlled
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process were consistent with the attributed interactions be-
tween the modified GCE and the analytes. If cast at a higher
pH, the composite was found to exhibit better CdSe and SPAN
dispersions in the cast films and higher electrocatalytic activ-
ities. CdSe and SPAN exhibited insignificant synergistic ef-
fects on the oxidations of DA as cast from solutions of both
low and high pHs, whereas CdSe and SPAN exhibited signif-
icant synergistic effects on the oxidations of UA as cast from a
solution of high pH at 12.
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