Full Paper

ELECTROANALYSIS

A Simple Method to Tune Up Screen-Printed Carbon Electrodes
Applicable to the Design of Disposable Electrochemical Sensors

Ya-Ling Su, Chun-Yen Tai, Jyh-Myng Zen*

Department of Chemistry, National Chung Hsing University, Taichung 402, Taiwan

*e-mail: jmzen@dragon.nchu.edu.tw
Received: August 4, 2013
Accepted: September 15, 2013
Published online: October 31, 2013

Abstract

We report an easy method to tune up screen-printed carbon electrodes (SPCEs) for application in fabricating dis-
posable electrochemical sensors. Simply by ultrasonic polishing a bare SPCE in a y-Al,Oj; slurry, the surface rough-
ness was drastically smoothed coupled with a large increase in hydrophilicity. The as-generated micromorphology
on the surface of the SPCE was found to be ideal for the immobilization of catechol to minimize the overpotential
in the sensitive detection of nicotinamide adenine dinucleotide (NADH) and hydrazine. Physical characterization
by both XPS and AFM studies specify that the adsorption behavior is related to the carbon surface functionalities

and the trapping of y-Al,O; on the polished-SPCE.
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1 Introduction

Immobilization of catechol and its derivatives on an “acti-
vated” carbon surface has received considerable attention
for minimizing the overpotential in the electroanalysis of
nicotinamide adenine dinucleotide (NADH), penicilla-
mine, methimazole, and hydrazine [1-5]. Nonetheless,
earlier studies in this research area were conducted
mainly on glassy carbon electrodes (GCE) and hence the
results may not be able extend to disposable electrochem-
ical sensors. Besides, the main problem lies therein, that
complicated processes are necessary to activate GCEs for
catechol immobilization [6,7]. For example, in one case
the electrode was first treated with a radio frequency
plasma under O, pressure of 150 mTorr for 5 min to form
the carbonyl functionality followed by reacting with 3,4-
dihydroxybenzylamine in dicyclohexylcarbodiimide sol-
vent for 60-68 h to form an amide linkage [6]. In another
case, the GCE was first preanodized at 1.8 V vs. Ag/AgCl
for Smin in a pH 7 buffer. Then the catechol solution
(25 mM, 1 pL) was spread over the surface, dried under
hot air followed by cathodization at —1.5V vs. Ag/AgCl
for ~1 min [7]. Typical catechol immobilization can then
be electrochemically prepared in catechol solution follow-
ing the formation of an activated carbon surface. To sim-
plify the activation process, we recently reported an elec-
trochemical oxidation procedure for selective and direct
immobilization of catechol on GCE and screen-printed
carbon electrode (SPCE) surfaces in aqueous solutions
without any other external matrix [8]. However, there is
an instability problem of the activated surface, as con-
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firmed from the potential-cycling studies, to restrict its
practical applicability.

In this paper, we focus the study on disposable SPCE
and advance the adsorption of catechol with a simple ul-
trasonic polishing and preanodization process. Physical
characterization studies specify that the adsorption be-
havior is related to the carbon surface functionalities and
trapping of y-Al,O; on the polished-SPCE. With an im-
proved micromorphology on the polished-SPCE, further
progress for the direct immobilization of catechol was
achieved through preanodization of the polished-SPCE.
This catechol-immobilized electrode is cheap and hence
can be developed for use as disposable chemical sensors.
Finally, the as-prepared electrode is demonstrated for
sensitive detection of NADH and hydrazine. Since SPCE
is designated for mass production [9,10], the proposed
process opens a useful methodology in the field of elec-
trochemical sensors.

2 Experimental

All chemicals were purchased at the analytical grade
available and used directly without any further purifica-
tion. The sources were a-Al,O; (Seedchem Company Pty.
Ltd., 99%), y-ALO; (Strem Chemicals, Inc., 96 %), hy-
drazine (Sigma-Aldrich, 99.9%), NADH (Sigma-Aldrich,
HPLC grade, 97 %), Na,HPO, (Showa, 99 %), NaH,PO,
(Showa, 98%), acetic acid (ECHO Chemical Co. Ltd.,
HPLC grade, 99.9%), and hydrochloric acid (Scharlau
Chemie, 37 %). All aqueous solutions were prepared with
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Millipore deionized water (18 MQcm™). A 0.1 M, pH7
PBS was used as supporting electrolyte for electrochemi-
cal experiments. The electrode surface morphology was
examined with a field-emission scanning electron micro-
scope (SEM, JEOL JSM-6700F) with an accelerating
voltage of 3kV. The AFM images were recorded with
a multimode scanning probe microscope system operated
in tapping mode using Being Nano-Instruments CSPM-
4000 (Ben Yuan Ltd., China). The water contact angle

was measured by the static sessile drop method with
a Rame—Hart Model 100 goniometer (Mt. Lakes, NJ,
USA). Electrochemical experiments were conducted in
a standard three-electrode cell at room temperature using
a CHI 824B electrochemical analyzer (CH Instruments,
USA). The three-electrode system consists of an SPCE as
the working electrode (geometric area, 0.196 cm®), an Ag/
AgCl reference electrode, and a platinum auxiliary elec-
trode.

Disposable SPCEs were obtained from Zensor R&D
(Taichung, Taiwan). Abrasives of y-Al,O; at 50% mass
concentration mixed with 0.1 M, pH 2 acetate buffer solu-
tion was used as a slurry in the ultrasonic polishing pro-
cess with an ultrasonic cleaner (DELTA DC200H). As to
the preparation of the polished-SPCE (designated as
SPCE-P), a bare SPCE was first sonicated in the slurry
for 30 min. After washing with copious amounts of ultra-
pure water, it was sonicated again in ultrapure water for
5 min. Preanodized SPCE and SPCE-P (designated as
SPCE* and SPCE-P*, respectively) were obtained by ap-
plying a potential of 2.0 V vs. Ag/AgCl for 60s in pH7
PBS and then cleaned by the same procedure as that of
SPCE-P. Typical catechol-adsorbed SPCE-P, SPCE-P*,

Fig. 1.
the polishing process.
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and SPCE*, designated as SPCE-P-CA,, SPCE-P*-
CA,s and SPCE*-CA,,, respectively, were prepared by
continuous scanning of the respective SPCE-P, SPCE-P*,
and SPCE* in 1 mM catechol at 100 mV/s (n=25) in the
potential window of —0.4-1.0 V vs. Ag/AgCL

3 Results and Discussion

3.1 Surface Characterization of the SPCE-P

Figure 1 compares the SEM, XPS, and AFM results of
a bare SPCE before/after the polishing process. As can be
seen, both the SEM and AFM pictures clearly indicate
that the rough surface of SPCE has been smoothed
during the ultrasonic polishing process. More precisely,
the surface roughness (R,), which is the mean height as
calculated over the entire measured area, was measured
to improve from 22.5 nm to 7.15 nm after the ultrasonic
polishing treatment. We suspect that some of the abrasive
particles may become trapped at the surface layer. To ad-
dress this issue, we conducted XPS analyses for a bare
SPCE before/after the ultrasonic polishing process. The
fact that the Aly and Al,, peaks can only be observed at
the SPCE-P confirms that a trace amount of the polishing
material (i.e., y-Al,O;) is indeed trapped on the SPCE-P
surface. It is possible that the pores, holes, and defects in
the surface have been blocked/partially filled by electroi-
nactive y-AlL,O; particles. As a result, surely the surface
will appear more homogenous, due to the obstruction of
the signals from the holes and pores on the SPCE which
contain carbon in different bonding environments. Mean-
while, the ultrasonic process may also induce numerous

The SEM images (A), XPS spectra (B), AFM surface outlines (C), and images (D) of a bare SPCE before (a) and after (b)
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Fig.2. Water contact angles for different SPCEs (A) and as a function of ultrasonic polishing time in y-Al,O; and a-Al,Oj; slurries

(B).

repetitive microcuts and then to further improve the mi-
cromorphology and surface roughness of the SPCE. Over-
all, the proposed polishing technique is capable of im-
proving the micromorphology and surface roughness of
the SPCE surface.

Earlier, a 30% a-Al,O; dispersed GCE was reported
to strongly adsorb compounds such as catechols and cata-
lyze their oxidation [11,12]. With the successfully trap of
v-Al,O; on the SPCE-P surface, we anticipate that by ul-
trasonic-polishing SPCE in a-Al,O; should provide an
ideal surface for catechol immobilization. We first con-
ducted an experiment to measure the water contact angle
(0) by a goniometer since the surfaces of both SPCE-Ps
were found to become more hydrophilic than that of
a bare SPCE. As shown in Figure 2A, the value of 0 in-
creases in the order of: y-Al,O; polished SPCE (6=
67.3°)<a-AlL,O; polished SPCE (0=90.5°)< a bare
SPCE (6=115°). It is clear that the ultrasonic polishing
treatment improves the SPCE wettability, especially in vy-
Al,O;. Figure 2B further compares the value of 6 as
a function of ultrasonic polishing time in y-Al,O; and a-
AL O; slurries. The measured 6 values were found to de-
crease gradually with the increase in the polishing time
up to 30 min and reached a plateau afterwards. To im-
prove the micromorphology and surface roughness on the
SPCE, it takes time for the y-Al,O; particles to fill the
pores, holes, and defects in the surface with numerous re-
petitive microcuts during the ultrasonic process. To our
surprise, the SPCE-P prepared in y-Al,O; performs much
better in catechol immobilization than that of the SPCE-
P prepared in a a-Al,Oj; slurry. This is interesting since y-
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Al,O; is regarded as a poorer catalyst than a-Al,O; and
only a small amount of ~1.21% vy-AlL,O; was trapped on
the SPCE-P [19]. Ultimately, since good hydrophilicity is
required to integrate biological redox mediators, the as-
prepared SPCE-P is thus very suitable for bioapplica-
tions.

3.2 Voltammetric Response of Catechol on the SPCE-P*

To prove the usefulness of the SPCE-P, a model ferri/fer-
rocyanide redox couple was chosen as a probe to investi-
gate the change in electrode behavior of the SPCE-P*.
As shown in Figure 3 A, sluggish electron-transfer kinetics
with a peak-to-peak separation (AE,) value of near
290 mV was observed at a bare SPCE. Both the SPCE-P
and SPCE-P* were found to show facile electron-transfer
kinetics by improving the AE, to 150 mV and 90 mV, re-
spectively. Meanwhile, the highest redox peak current
was also observed at the SPCE-P*. We next conducted
EIS experiments to understand the chemical transforma-
tion and process associated with the SPCE-P*. Figure 3B
compares the EIS results of SPCE-P* SPCE-P, and
a bare SPCE in the presence of the redox probe. As ex-
pected, the highest charge transfer resistance (R,) of
~7.89 kQ was observed at a bare SPCE. While the R, de-
creased by 58.3% to 3.29 kQ at the SPCE-P and further
lowered to R, of 2.06 kQ for the SPCE-P*. The facile
electron-transfer kinetics of K;Fe(CN), at the SPCE-P*
validates its potential for sensing applications.

After conducting the effective EIS experiments for
probing the interfacial properties of electrodes, we stud-

2541

www.electroanalysis.wiley-vch.de


http://www.electroanalysis.wiley-vch.de

Full Paper Y.-L. Su et al.

Fig.3. (A) Cyclic voltammograms in 1 mM potassium ferrocyanide with 0.1 M KCI as supporting electrolyte at a potential scan rate
of 50 mVs™ for different modified electrode. (B) Electrochemical impedance spectroscopy (EIS) of (a) SPCE-P*, (b) SPCE-P and
(c) bare SPCE in 1 mM potassium ferrocyanide with 0.1 M KClI at a bias potential of 0.171 V.

Fig. 4. (A) Cyclic voltammograms of 500 uM catechol at a bare SPCE, the SPCE*, and the SPCE-P* at a scan rate of 50 mVs™. (B)
Cyclic voltammograms on the SPCE-P* in pH 7 PBS at different scan rates. (C) Double logarithmic plots of iy, vs. scan rate. (D) Com-
parative CV responses of a bare SPCE, the SPCE*, and the SPCE-P* at a scan rate of 50 mV/s after medium exchange to pH 7 PBS.
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ied the electrochemical response of 1 mM catechol at dif-
ferent electrodes. As shown in Figure 4 A, only one redox
peak (E”=3475mV, AE,=695.0mV) was observed on
a bare SPCE; whereas, two well-defined redox peaks of
Al/C1 (E“=43.5mV) and A2/C2 (E“=199.0 mV) were
observed on both the SPCE* and SPCE-P*. The fact that
a much smaller AE, of 41 mV for Al1/Cl than that of
110 mV for A2/C2 observed indicates that two different
electron transfer behaviors of catechol may appear at the
SPCE-P*. We thus carried out an experiment to study the
dependence of peak current (i,) on scan rate for these
two redox peaks. As shown in Figure 4B, a systematic in-
crease in the peak current (i,) upon the increase in scan
rate was observed at the SPCE-P*. Double logarithmic
plots of i,, vs. v for the respective anodic peaks show dif-
ferent slope values of 0.99 and 0.46 for Al and A2, re-
spectively (Figure 4C). Note that, to understand the exact
nature of the oxidation mechanism, a linear plot of (i, vs.
v'?) or (iy, vs. v) represents for the process of diffusion or
adsorption controlled reaction, respectively [20]. The
value of close to 1 and 0.5 indicates specific adsorption-
controlled and diffusion-controlled electron transfer
mechanism for the respective redox process. The adsorp-
tion characteristics of A1/Cl was further verified by
transferring both the SPCE* and SPCE-P* after the reac-
tion in catechol to a blank pH 7 PBS. As can be seen in
Figure 4D, sharper and more symmetry redox peaks at
the SPCE-P*-CA,,, verifies the adsorption of the A1/Cl
redox couple. Note that no such a catechol adsorption be-
havior was observed at a bare SPCE. The ~1.9 fold en-
hancement of peak current at the SPCE-P*-CA, to that
at the SPCE*-CA,, also verifies the advantage of the
simple polishing process to tune up SPCE.

Previously, similar behavior was reported earlier at
a catechol-immobilized GCE and the two major symmet-
ric peaks observed were assigned to catechol adsorbed on
the surface and the micropore surface, respectively [3]. In
our case, the A1/C1 redox peak may stand for the cate-
chol adsorption at the surface and the A2/C2 redox peak
for physically entrapped catechol within the pores of the
carbon surface at the SPCE-P*-CA,,. With a much
simple electrode activation procedure, we can achieve
catechol adsorption behavior similar to the earlier obser-
vation. Of course, the surface characteristics of the
SPCE-P* is essential to achieve such an effective catechol
immobilization. It is the presence of y-Al,O; on carbon
surfaces together with the formation of activated carbon
surface at the SPCE* largely improve the adsorption of
catechol.

3.3 Electrocatalytic Activities

It is well known that the electrochemical oxidation of hy-
drazine and NADH requires large overpotential at a bare
carbon electrode [13,14]. This is indeed the case as hy-
drazine oxidation occurs at a high potential of 0.80 V at
a bare SPCE; whereas, a very small oxidation peak cur-
rent was observed at ~0.27 V for the SPCE*-CA, . The
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Fig.5. Cyclic voltammograms in the presence (solid line) and
absence (dotted line) of 100 pM hydrazine (A) and 500 uM
NADH (B) at a SPCE (a), the SPCE*-CA, (b) and the SPCE-
P#-CA,q (c) in 0.1 M, pH 7 PBS at a scan rate of 10 mVs™.

overpotential was found to further decrease at the SPCE-
P*-CA,4 with a dramatic enhancement (~4.05 times) of
the anodic peak current compared to that at the SPCE*-
CA,4 (Figure 5A). A similar electrocatalytic behavior
was also observed for the oxidation of NADH with
a peak potential of ~0.58 V at a bare SPCE and ~0.24 V
at the SPCE-P*-CA,4 (Figure 5B). The poor electrocata-
lytic activity toward the oxidation of hydrazine and
NADH at a bare SPCE has been dramatically improved
at the SPCE-P*-CA 4

To further elucidate the reason for the good electroca-
talytic activity toward the oxidation of hydrazine and
NADH at the SPCE-P*-CA, 4, we measured the surface
coverage of catechol (I'c,). Based on I'cyx=Q,/nFA, we
observed a much higher value of 0.33 nmolcm™ at the
SPCE-P* than that of 0.036 nmolcm™ for the SPCE-P.
The fact that there is ~1.9 fold enhancement of the peak
current at the SPCE-P*-CA,, compared to the SPCE*-
CA,4 leads us to believe that both the basal plane sites
on which catechol can adsorb and the edge plane sites to
facilitate the electrooxidation are equally important [15].
To clarify the activated carbon surface, high resolution
XPS was subsequently performed to characterize differ-
ent surfaces of SPCE, SPCE-P, and SPCE-P*. As shown
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Fig. 6. The amperometric i~ curves and calibration plots of hydrazine (A) and NADH (B) at the SPCE-P*-CA,

in Table 1, an enrichment of oxygen-containing functional
groups at the SPCE-P* was confirmed from the relative
proportion of the C—C bond (283.6 eV) versus carbon-
oxygen functional groups (C=0 for 287.6 eV and C—OH
for 285.2 ¢V) in the XPS spectra [8]. Meanwhile, a cova-
lent linkage mechanism was reported for catechol immo-
bilization in terms of coupling of the C(=0)O- functional
group with the oxidized form of the catechol (i.e., o-qui-

2544  www.electroanalysis.wiley-vch.de ~ © 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Table 1. XPS results for different modified SPCE surfaces.

Electrode Ratio of functional groups

C—-OH/C-C polymer

C=0/C—-C polymer

SPCE 0.56
SPCE* 0.64
SPCE-P 0.50
SPCE-P* 0.60

0.19
0.26
0.17
0.30
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Fig. 7. Reproducibility of the SPCE-P*-CA, for the detection of 2 uM, 15 uM, and 150 uM hydrazine in 0.1 M pH 7 PBS.

none) [8]. It has also been shown previously that quinoyl
groups on GCE together with —COOH groups can in-
crease the electron-transfer rate [16-18]. Our results are
in accordance with the proposed concept since the
number of —COOH groups present is indeed in the order
SPCE-P* >SPCE* > SPCE-P ~ SPCE.

Figure 6 A shows a typical amperometric i—¢ curve of
the SPCE-P*-CA,4 upon successive addition of hydrazine
at an applied potential of 0.30 V. A linear calibration
curve over the range from 2 pM to 211 pM hydrazine
with a slope of 6.92 pA/mM and a correlation coefficient
of 0.993 was obtained. The detection limit was calculated
as 039 uM (S§/N=3). Figure 6B shows the typical am-
perometric i—t curve for NADH with a linear increase
from 5 uM to 105 uM. The sensitivity and detection limit
were 20.77 pA/mM and 0.81 uM, respectively. The repro-
ducibility of the proposed system was further checked by
5 continuous additions of 2 pM, 15 uM, and 150 uM hy-
drazine for ten different SPCE-P*-CA,,. As shown in
Figure 7, the SPCE-P*-CA,, is stable and reproducible
regarding its electrochemical mediation behavior toward
the oxidation of hydrazine and NADH. We have success-
fully demonstrated that the application of the SPCE-P*-
CA, for the detection of NADH and hydrazine and sev-
eral factors including the increase in hydrophilicity of the
carbon architecture cause the difference in sensor perfor-
mance.

4 Conclusions

We have developed a facile ultrasonic polishing method
for the immobilization of catechol on a disposable SPCE.
Compared to the conventional approaches of immobiliz-
ing catechol on carbon surfaces, our strategy has the fol-
lowing advantages: (i) the mechanical polishing process is
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capable of improving the micromorphology and surface
roughness of the carbon surface; (ii) a highly reproducible
SPCE surface can be achieved through this polishing pro-
cess; (iii) the method is cost-effective and rapid since the
carbon activation does not require expensive instruments.
The sensitivity and detection limit for NADH of
20.77 pA/mM and 0.81 uM, respectively, are better than
those of poly(thionine)-modified carbon electrodes,
carbon nanotubes chitosan/GCE, and poly(acrylic acid)-
carbon nanotubes complex [21-23]. The sensitivity and
detection limit for hydrazine of 6.92 pA/mM and 0.39 uM,
respectively, are better than those of coumestan modified
carbon paste electrode, DHsalophen/GCE, and PCV
chemically modified GCE [24-26].
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