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An electrochemical sensor of alcohols, sulfides, and hydrogen peroxide (H,0O,) has been investigated
with hybrid composite of ruthenium hexacyanoferrate (RUHCF) and multi-walled carbon nanotubes
(MWCNT). The formed MWCNT-RuUHCF composite was examined in acidic solution and found four
characteristic redox couples revealed RUHCF redox process. It was stable and found higher current
response when RUHCF hybrid with MWCNT. It showed good electrocatalytic oxidation to alcohols
including ethanol, propanol, isopropanol, and sulfides including L-cysteine, thiosulfate, respectively.
Particularly, both electrocatalytic oxidation and reduction of H,O, can be performed by this composite.
Applied potential at -0.1 V, it showed a linear range of 0—1.2x10™* M, with a detection limit of 10° M
(S/N = 3) and a significant sensitivity of 123.2 pA mM™ cm™. Ethanol, propanol, and isopropanol were
determined at +1.05 V, +1.15 V, and +1.23 V, respectively. Linear range of 2x10™— 1.7x10% M,
4x10%—1.7x10 M, and 0—8x10™ M were estimated for these alcohols. The sensitivity was 4548.4
uA Mt ecm?, 12544.6 pA M em?, 38543.1 pA M cm™, with detection limit of 10 M, 10®° M, and
10" M (S/N = 3), respectively.

Keywords: Ruthenium hexacyanoferrate; Multi-walled carbon nanotube; Alcohol; Sulfide; Hydrogen
peroxide

1. INTRODUCTION

Polynuclear transition metal hexacyanoferrates (MeHCF) have many applications such as
chemical sensors, charge storage, electroanalysis, ion exchange, electron mediator, and electrocatalysis
[1-14]. They are usually formed by electrodeposition and coprecipitation method. Transition metal
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hexacyanoferrates are interesting materials for charge storage due to their unique structural
characteristics such as three-dimensional network and tunnel structure.

MeHCF deposits as electrode modifiers have been extensively investigated to exploit their
electrocatalytic properties for the detection of various organic and inorganic species, e.g. different
cations [15], glucose [16], hydrazine [17], and AA [18,19]. Mixed metal HCFs as electrode coatings
have also been studied and employed in improved electrochemical sensing, for example CoCuHCF in
potentiometric detection of hydrazine [20] and FeCoHCF in amperometric sensing of hydrogen
peroxide [21]. Up to now, many kinds of MHCFs prepared by electrodeposition on various electrode
substances has been reported, such as PAHCF [22,23], InHCF [24], VHCF [25], YHCF [26], RUuHCF
[27,28], COHCF [29], NiHCF [30], ZnHCF [31,32] and BiHCF [33]. The most notable advantages of
MHCEF electrode coatings are certainly their electrocatalytic activity and prolonged stability. However,
there was no report about the electrochemical behaviors of organic-inorganic hybrid composite of
multi-walled carbon nanotubes (MWCNT) and RuHCF, even the morphological study. Although the
electrochemical behaviors of MeHCFs might be similar, it is still necessary to investigate such kind of
electroactive materials, since under different organic-inorganic composite formation on electrode
surface as well as the electrochemical behaviors may be different.

Over the past few decades fuel cells have been the focus of interest to many researchers for
converting chemical energy into electrical energy [34-38]. Among the various systems reported in
literature, alkaline fuel cells involving the direct electrochemical oxidation of alcohols have been
projected to be very much useful in portable devices and transport applications [39-41]. Considerable
efforts have been directed towards the development of materials capable of performing electrocatalytic
oxidation of alcohols. These studies were essentially focused on to bring down the large overpotential
encountered in its direct electro-oxidation at most electrode surfaces and to increase the oxidation
current density.

Thiol compounds are of special significance in biochemistry and environmental chemistry, and
studies on these compounds provide critical insight into the proper physiological function and
diagnosis of disease states [42-45]. L-Cysteine (CySH) is a sulfur-containing a-amino acid that plays
an important role in biological systems because it binds in a special way and maintains the structure of
proteins in the body. In addition, it may play an important role in the communication between the
immune system cells [46]. Numerous research efforts have been performed for the determination of
CySH [47-49]. Compared with the fluorimetric and spectroscopic detection methods, the
electrochemical techniques have the inherent advantages of ease of miniaturization, high sensitivity,
and relatively low cost as well as being less sensitive to matrix effects than other analytical techniques.
In addition, these techniques can be easily electronically interfaced to a computer and, in most
instances, do not require the derivatization process. However, electrochemical detection of CySH still
remains challenging. CySH electrooxidation at the conventional solid electrodes, such as noble metals
and carbon-based electrodes, is usually plagued by sluggish electron transfer kinetics. It needs a large
over-potential for the electrooxidation process to occur at a desirable rate to attain reasonably good
sensitivity [50]. In addition, the high over-potential needed significantly reduces the detection
selectivity, especially for biological samples. On the other hand, electrooxidation of CySH on these
electrodes at highly positive potentials causes surface oxide formation as well as the fouling effect. To



Int. J. Electrochem. Sci., Vol. 7, 2012 11428

overcome these problems, some strategies have been developed and include application of pulse
electrochemical detection [51,52], the use of mercury and diamond electrodes [48,51,52] and enzyme-
based biosensors [53,54], and the design and applications of a variety of modified electrodes [48]. In
the course of modified electrodes, the immobilized modifier on the electrode surface generally
involves redox species that flip-flop between two redox states. CySH is then oxidized through an
electrocatalytic conversion. Analysis of CySH with a physiological concentration of less than 300 IM
has been improved greatly; however, the development of new modified electrodes for its determination
is needed.

Hydrogen peroxide (H,O;) is important in many biological processes and biosensor
development[55-57]. Besides, it is also an essential mediator in food, pharmaceutical, clinical,
industrial and environmental analyses [59,60]. Reliable, sensitive and rapid determination of H,O; is
of practical importance. The recent studies demonstrated that surfactant treatment of MeHCF
compounds is very effective in improving their electrochemical stability [61]. It was also reported that
functional CNTs with dyes, nano-materials, or conducting polymers could lead to the formation of
specific composites and enrich the application of CNTs [62-64].

In the current study, an efficient electrocatalytic transducer based on MWCNT-RuHCF was
employed for the electrocatalytic reaction of alcohols (methanol, ethanol, propanol, isopropanol),
sulfides (CySH, thiosulfate) and H,O,. The hybrid composite was characterized by cyclic voltammetry
(CV) and scanning electron microscopy (SEM). The electrocatalytic properties were compared
between RUHCF and MWCNT-RuUHCF. According to potential setting, it was used to determine
ethanol, propanol, isopropanol, and H,O, by amperometry.

2. MATERIALS AND METHODS

2.1. Reagents and materials

Ruthenium(111) nitrate (Ru(NO3)3), potassium hexacyanoferrate(l11) (KsFe(CN)g), multi-walled
carbon nanotube (MWCNT), potassium nitrate (KNO3), nitric acid (HNO3), methanol, ethanol,
propanol, isopropanol, L-cysteine, sodium thiosulfate, and hydrogen peroxide (H,O,) were purchased
from Sigma-Aldrich (USA). All other chemicals (Merck) used were of analytical grade (99%).
Double-distilled deionized water was used to prepare all the solutions. A nitric buffer solution of pH
1.5 was prepared using KNOs (0.1 mol L™) and adjusting with HNOs.

2.2. Apparatus

All electrochemical experiments were performed using CHI 1205a potentiostats (CH
Instruments, USA). The BAS GCE (0.3 cm in diameter, exposed geometric surface area 0.07 cm?,
Bioanalytical Systems, Inc., USA) was used. A conventional three-electrode system was used which
consists of an Ag/AgCl (3 M KCI) as a reference electrode, a GCE as a working electrode, and a
platinum wire as a counter electrode. For the rest of the electrochemical studies, Ag/AgCl (3 M KCI)
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was used as a reference. The morphological characterization of composite films was examined by
scanning electron microscopy (SEM, S-3000H, Hitachi). Indium tin oxide (ITO) glass was the
substrate of different films for SEM analysis. The buffer solution was entirely altered by deaerating
using nitrogen gas atmosphere. The electrochemical cells were kept properly sealed to avoid the
oxygen interference from the atmosphere. All electrochemical experiments were performed under
anaerobic condition to avoid the voltammetric response of oxygen reduction in the system.

2.3. Preparation of RUHCF and MWCNT-RuUHCF film modified electrodes

Since polynuclear mixed-valent films of ruthenium oxide/hexacyanoferrate and ruthenium
hexacyanoferrate (RUHCF) can be easily prepared using repeatedly cyclic voltammetry [18]. Here a
further work of the RUHCF and multi-walled carbon nanotube (MWCNT) hybrid composite is carried
out and expected to enhance electrocatalytic current response for alcohols, sulfides, and H,0..

As shown in Scheme 1, there are two procedures to prepare the film modified electrode. Firstly
the called RUHCF film was firstly prepared on electrode surface in the nitric solution (pH 1.5)
containing 5x10° M Ru(NOs); and 5x10° M KsFe(CN)s. It was taken in the potential range of -
0.3~+1.5 V, scan rate of 0.1 V s, 60 scan cycles by repeatedly cyclic voltammetry. This modified
electrode was further adhered with well-dispersed functionalized MWCNT [50] (1 mg ml™) and dried
out in the oven at 40 “C for 10 minutes. Hence the called MWCNT-RuHCF composite was prepared

on GCE or ITO electrode surface to study in this work.

functionalized

Ru'" + Fe(CN), MWCNT

(Nitric solution) RuHCF (acidic treatment) MWCNT-RuHCF

—P Electrode —_—p Electrode
(a) (¢)

Scheme 1. lllustration of RUHCF and MWCNT-RuUHCF film formation on electrode surface.

3. RESULTS AND DISCUSSION

3.1. Cyclic voltammograms of RUHCF and MWCNT-RUHCF hybrid film

The RUHCF and MWCNT hybrid composite was prepared as mentioned in section 2.3. For
convenience, the hybrid composite was briefly denoted as MWCNT-RuHCF. Fig. 1A shows the
voltammograms of RuHCF film growth in nitric buffer solution (pH 1.5) containing 5x10° M
Ru(NOs); and 5x10° M K3Fe(CN)s. There are four redox couples with obvious current development in
the cyclic voltammograms. The formal potential (E°) is found at about -0.05 V, 0.57 V, 0.87 V, and
1.07 V for redox couple 1, 2, 3, and 4, respectively. Although it is taken in more scan cycles and more
higher concentration of Ru** and Fe(CN)s%, it exhibits the same formal potential as our previous result
[18]. And the current response is almost 5 fold than the previous result. It means that the RUHCF
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formation is very stable and performed very well to contribute more current. The redox processes of
four redox couples can be expressed as follows:

Ru(I1)-O/Fe(l1)-CN — Ru(III)-O/Fe(11)-CN + ¢’ )

Ru(I11)-O-CN-Fe(II) — Ru(IIT)-O-CN-Fe(lll) + & @)
Ru(I11)-O/Fe(11)-CN — Ru(III)-O/Fe(I11)-CN + ¢ ®)
Ru(l11)-O/Fe(111)-CN — Ru(IV)-O/Fe(Il1)-CN + € 4)

Subsequently, the RuHCF/GCE or RuHCF/ITO was covered by 10 pl MWCNT drop (1 mg ml”
1) and dried out to form MWCNT-RuHCF/GCE or MWCNT-RUHCF/ITO for further study.

In order to confirm the RUHCF and MWCNT-RUHCF composites were successfully
immobilized on the electrode surface, it was transferred to blank solution for CV studies. By the way,
the influence of scan rate on the electrochemical response of RUHCF and MWCNT-RuHCF
composites were investigated and compared.

Table 1. Potentials of RUHCF and MWCNT-RuUHCF redox peaks related to scan rates.

vimV st Epﬂ!/v Epet®/V E°’1!N AEIV Epﬂ!/v Ep’/V E°‘1!/v AELSIV

10 -0.0558 -0.0998 -0.100 0.044 -0.0571 -0.0688 -0.069 0.012
20 -0.0455 -0.0957 -0.096 0.050 -0.0456 -0.0688 -0.069 0.023
30 -0.0412 -0.0935 -0.094 0.052 -0.0456 -0.0688 -0.069 0.023
40 -0.0371 -0.0935 -0.094 0.056 -0.0456 -0.0688 -0.069 0.023
50 -0.035 -0.0935 -0.094 0.059 -0.0408 -0.0688 -0.069 0.028
60 -0.0287 -0.0976 -0.098 0.069 -0.0387 -0.0688 -0.069 0.030
70 -0.0225 -0.0976 -0.098 0.075 -0.0387 -0.0688 -0.069 0.030
80 -0.0203 -0.1019 -0.102 0.082 -0.0363 -0.0688 -0.069 0.033
90 -0.0182 -0.1019 -0.102 0.084 -0.0363 -0.0733 -0.073 0.037
100 -0.0164 -0.1032 -0.103 0.087 -0.0363 -0.0733 -0.073 0.037
Average -0.098 0.066 -0.070 0.028
vimV st Epad IV Ep’IV E*SIV AEAIV Ep IV Epe’IV ESIV AESIV
10 0.6174 0.5933 0.593 0.024 0.6305 0.6174 0.617 0.013
20 0.6184 0.5912 0.591 0.027 0.6305 0.6174 0.617 0.013
30 0.6205 0.5902 0.590 0.030 0.6274 0.6174 0.617 0.010
40 0.6215 0.5881 0.588 0.033 0.6265 0.6152 0.615 0.011
50 0.6236 0.586 0.586 0.038 0.6274 0.6174 0.617 0.010
60 0.6247 0.5839 0.584 0.041 0.6289 0.6193 0.619 0.010
70 0.6268 0.5818 0.582 0.045 0.6289 0.6193 0.619 0.010
80 0.6278 0.5797 0.580 0.048 0.6314 0.6193 0.619 0.012
90 0.6288 0.5777 0.578 0.051 0.63147 0.6214 0.621 0.010
100 0.631 0.5755 0.576 0.056 0.632 0.6214 0.621 0.011
Average 0.585 0.039 0.619 0.011
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vimv s? Epea/V Epes’lV E”SIvV AEFIV Epea/V Epes’lV EvV AEFIV
10 0.9414 0.8808 0.881 0.061 0.9289 0.9162 0.916 0.013
20 0.9467 0.8704 0.870 0.076 0.9414 0.9144 0.914 0.027
30 0.9529 0.862 0.862 0.091 0.9454 0.9121 0.912 0.033
40 0.9581 0.8588 0.859 0.099 0.956 0.8996 0.900 0.056
50 0.9623 0.8526 0.853 0.110 0.9622 0.8934 0.893 0.069
60 0.9654 0.8484 0.848 0.117 0.9622 0.8912 0.891 0.071
70 0.9685 0.8411 0.841 0.127 0.9622 0.889 0.889 0.073
80 0.9727 0.8369 0.837 0.136 0.9622 0.885 0.885 0.077
90 0.9769 0.8296 0.830 0.147 0.9622 0.8806 0.881 0.082
100 0.98 0.8233 0.823 0.157 0.9622 0.8766 0.877 0.086
Average 0.850 0.112 0.896 0.059
vimv s? Eped IV Epe’IV E”AV AESIV Epad IV Epet’IV E”9V AESIV
10 1.1211 1.0292 1.029 0.092 1.1275 1.0787 1.079 0.049
20 1.1385 1.01202 1.012 0.126 1.1344 1.0603 1.060 0.074
30 1.1295 0.9956 0.996 0.134 1.1368 1.0461 1.046 0.091
40 1.1274 0.981 0.981 0.146 1.1368 1.0371 1.037 0.100
50 1.1252 0.979 0.979 0.146 1.1392 1.0323 1.032 0.107
60 1.1211 0.9706 0.971 0.151 1.1392 1.0229 1.023 0.116
70 1.1211 0.9644 0.964 0.157 1.1392 1.016 1.016 0.123
80 1.1211 0.9601 0.960 0.161 1.1392 1.0115 1.012 0.128
90 1.1211 0.956 0.956 0.165 1.1413 1.0067 1.007 0.135
100 1.1211 0.9521 0.952 0.169 1.1413 1.0067 1.007 0.135
Average 0.980 0.145 1.032 0.106
2y: scan rate in mVs™.
b Epai: @anodic peak potential of redox couple i, i = 1-4.
°Epi: cathodic peak potential of redox couple i, i = 1-4.
9EY;: formal potential of redox couple i, i = 1-4.
® AE;: peak-to-peak separation of redox couple i, i = 1-4.

Fig. 1B & C showed the cyclic voltammograms of RUHCF/GCE and MWCNT-RuHCF/GCE
examined in pH 1.5 with different scan rate. In this test, both of these modified electrodes exhibited
four redox couples. The redox peaks were measured as Table 1. By the result, it’s obvious to see that
the difference between RUHCF and MWCN-RUHCF in the average formal potential (E”) and the
average peak-to-peak separation (AE,). The redox couples were found at E” ; = -0.098 V, E”; = +0.585
V, E”; = +0.85 V, and E”, = +0.98 V for RuHCF redox couples. As compared to MWCNT-RuHCF,
four redox couples were E”; = -0.07 V, E”, = +0.619 V, E*; = +0.896 V, and E”, = +1.032 V. It
shows positive-potential shift when RUHCF modified with functionalized MWCNT. This might be due
to the mixed-valent RUHCF attracted by partial negative-charged carboxylic group to increase the
positive potential of redox peaks. When compared the AE,, the MWCNT-RUHCF exhibits the small
value to show the more close anodic and cathodic peaks. It means the electron transfer is very fast in
MWCNT-RuUHCF redox processes and proves the transfer enhanced by MWCNT. This also means that
the MWCNT-RuUHCF composite is more electroactive and reversible in the electrochemical system.

From the estimation of peak currents, both anodic and cathodic peak currents are also directly
proportional to scan rate up to 100 mV s™ (insets of Fig. 1B & C) as expected for surface-confined
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process. This also means that this process is diffusion-less controlled and stable in the electrochemical
system.

Current
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Figure 1. (A) Cyclic voltammograms of RUHCF deposition using GCE in 0.1 M KNO3; + HNO3; (pH
1.5) containing 5x10° M Ru(NOj3); and 5x10° M K3Fe(CN)g, scan rate = 100 mV s™*; Cyclic
voltammograms of (B) RUHCF/GCE and (C) MWCNT-RUHCF/GCE examined in 0.1 M
KNO3; + HNO3 (pH 1.5) with various scan rates of (a) 10, (b) 20, (c) 30, (d) 40, (e) 50,

The observation of well-defined and persistent cyclic voltammetric peaks indicates that the
RUHCF/GCE and MWCNT-RUHCF/GCE exhibit electrochemical response characteristics of redox

species confined on the electrode. The linear regressing equations of peak currents (lpa & lpc) and scan
rate (v) can be expressed as follows:

At RUHCF/GCE:
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lpar(LA) = -1.83v(mV s™) — 1.66 (R* = 0.9995) (5)
locr(pA) = 1.87v(mV s + 15.89 (R? = 0.9985) (6)
lpa2(RA) = -0.77v(mV s™') — 3.20 (R® = 0.9982) 7)
lpc2(MA) = 0.84v(mV s™) + 4.10 (R® = 0.9985) (8)
lpa3(nA) = -2.36v(mV s™') — 3.60 (R® = 0.9991) (9)
lpea(MA) = 2.18v(mV s™) + 2.18 (R? = 0.9994) (10)
lpaa(LA) = -1.64v(MV s™) — 49.16 (R? = 0.9956) (11)
loca(RA) = 5.32v(mV s + 73.84 (R? = 0.9768) (12)

At MWCNT-RuUHCF/GCE:

lpar(LA) = -1.84v(mV s™) — 2.16 (R® = 0.9998) (13)
lper(nA) = 1.96v (mV s™) + 12.70 (R? = 0.9981) (14)
lpa2(MA) = -0.88v (MV s™) — 0.37 (R? = 0.9990) (15)
lpc2(nA) = 0.86v (MV s™) + 2.23 (R? = 0.9992) (16)
lpas(MA) = -2.46v (MV s™) — 4.80 (R? = 0.9985) (17)
loea(nA) = 2.18v (mV s™) + 3.91 (R? = 0.9997) (18)
lpaa(LA) = -2.08v (MV s™) — 49.67 (R® = 0.9937) (19)
lpca(MA) = 5.93v (mV s) + 35.49 (R? = 0.9978) (20)

It shows good linearity in the regressing equations. It is also noticed that the absolute values of
slope are almost larger in redox peaks than that of RUHCF without MWCNT. This means that the peak
current is enhanced by MWCNT. Considering the occupation of electroactive species, we have
estimated, the apparent surface coverage (7), by using Eq. (21):

I, = N*F2vAT/ART (21)
p
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where, I, is the peak current of the MWCNT-RUHCF composite electrode; n is the number of
electron transfer; F is Faraday constant (96485 C mol™); v is the scan rate (mV s™); A is the area of the
electrode surface (0.07 cm?); R is gas constant (8.314 J mol* K™); and T is the room temperature
(298.15 K). In the present case, the calculated surface coverage (1) was 2.5x102 mol cm 2 assuming a
one-electron process for RUHCF. By comparison between RUHCF and MWCNT-RuUHCF, the I of
MWCNT is calculated in 6.6x10~° mol cm™2.

3.2. SEM analysis of RUHCF and MWCNT hybrid film

WD22.9mm 15.0kV x1.2k 3

SE 11-Jan-12 WD27.5mm 15.0kV x1.2k 30um

Figure 2. SEM images of (A) RUHCF/ITO and (B) MWCNT-RuHCF/ITO.

SEM was utilized to image the morphology of the active surface of the electrodeposited
RUuHCF films with/without MWCNT as shown in Fig. 2. Fig. 2A shows the RUHCF image which
exhibits the rough irregular shape due to the mixed-valent RUHCF composite. When this composite is
further adhered with MWCNT, it shows smooth surface and fiber-like shape as shown in Fig. 2B. The
fiber-like structure may be the result of MWCNT aggregation. This might mean that the rough RUHCF
composite can be filled up with MWCNT to make more compact structure.
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3.3. Electrocatalytic properties of RUHCF and MWCNT hybrid film

The RuHCF with/without MWCNT were examined for the electrocatalytic oxidation of
alcohols and sulfides, and the electrocatalytic reduction of H,O, by cyclic voltammetry. The alcohols

and sulfides including methanol, ethanol, propanol, isopropanol, L-cysteine, and thiosulfate were
individually taken for electrocatalytic oxidation.

Current

T100 pA IZOO B
D ? D’
a /\
-+ 2| —+—=
T100 pA T100 na
| I T T T T I T
-04 0 04 0.8 1.2 0 04 0.8 1.2 1.6
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Figure 3. Cyclic voltammograms of RUHCF/GCE examined in 0.1 M KNO3z + HNO3 (pH 1.5) with
various reactants of (A) methanol, (B) ethanol, (C) propanol, (D) isopropanol in the
concentration of (a) 0, (b) 1x1073, (c) 5x103, (d) 1x107, (e) 1.5x10% M, respectively. (A*)—
(D’) are the relative cases using MWCNT-RUHCF/GCE. Scan rate = 0.1 Vs™.

Fig. 3A & A’ show the cyclic voltammograms for (A) RuHCF/GCE and (A’) MWCNT-
RUHCF/GCE examined in nitric solution (pH 1.5) with different methanol concentration. In both
cases, no current increased in the redox peaks as compared with the blank signal. It means that both
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composites are not able to show the electrocatalytic activity to methanol even in the presence of
MWCNT.

Fig. 3B & B’ show the cyclic voltammograms for (B) RuHCF/GCE and (B’) MWCNT-
RUHCF/GCE examined in nitric solution (pH 1.5) with different ethanol concentration. In both cases,
one electrocatalytic oxidation peak was observed at about +1.05 V. The oxidation current increases as
the increase of ethanol concentration. One can know that the hybrid composite lowers the over-
potential for ethanol oxidation as compared to bare electrode. The electrocatalytic reaction can be
expressed as follow:

RuYHCF/GCE + CH3CH,0H — Ru""HCF/GCE + CH3;CHO + H,0 (22)

Fig. 3C & C’ show the cyclic voltammograms for (C) RuHCF/GCE and (C’) MWCNT-
RUHCF/GCE examined in nitric solution (pH 1.5) with different propanol concentration. In both cases,
one electrocatalytic oxidation peak was observed at about +1.05 V. The oxidation current increases as
the increase of propanol concentration. One can know that the hybrid composite lowers the over-
potential for propanol oxidation as compared to bare electrode. The electrocatalytic reaction can be
expressed as follow:

Ru"YHCF/GCE + CH3CH,CH,0H — Ru""HCF/GCE + CH3CH,CHO + H,0  (23)

Fig. 3D & D’ show the cyclic voltammograms for (D) RuHCF/GCE and (D’) MWCNT-
RUHCF/GCE examined in nitric solution (pH 1.5) with different isopropanol concentration. In both
cases, one electrocatalytic oxidation peak was observed at about +1.25 V. The oxidation current
increases as the increase of isopropanol concentration. One can know that the hybrid composite lowers
the over-potential for isopropanol oxidation as compared to bare electrode. The electrocatalytic
reaction can be expressed as follow:

Ru"YHCF/GCE + (CH3);CHOH — Ru'""HCF/GCE + (CH3),CO + H,0 (24)

Fig. 4 shows the voltammetric response for electrocatalytic oxidation of L-cysteine and
thisulfate by RUHCF and MWCNT-RuHCEF, respectively. Particularly, three electrocatalytic oxidation
peaks are individually recognized at +0.36 V, +0.95 V, +1.16 V, and +0.58 V, +0.95 V, +1.12 V for L-
cysteine and thiosulfate, respectively. It means that both RUHCF and MWCNT-RuHCF composite are
electroactive to these species. By estimation of current response, the MWCN-RUHCF also exhibits
much higher current response than that of RUHCF. That means the MWCNT only enhances the
electrocatalytic current instead of electro-oxidation potential in this case. The electrocatalytic reaction
oxidized L-cysteine (CySH) to L-cystine (CySSCy) can be expressed as follow:

2CySH — CySSCy + 2H" + 2¢° (25)

And, the electro catalytic oxidation of thiosulphate can be represented as follow:
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25,035 — S4067 + 2¢° (26)
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Figure 4. Cyclic voltammograms of RUHCF/GCE examined in 0.1 M KNO3z + HNO3 (pH 1.5) with
various reactants of (A) [L-cysteine] = (a) 0, (b) 1x10, (¢) 5x10™, (d) 1x107, () 1.5x10™ M;
and (B) [NazS,03] = (a) 0, (b) 1x10™, (c) 5x10™, (d) 1x103, () 1.5x10 M, respectively. (A’)
& (B’) are the relative cases using MWCNT-RUHCF/GCE. Scan rate = 0.1 Vst

The electrocatalytic reaction of H,O, was studied with different initial potential (Einitial) in the
same potential range as shown in Fig. 5. It was done in positive scan (Einitiat = -0.3 V) and negative
scan (Einitial = +1.4 V) to have the voltammetric response of RUHCF/GCE as Fig. 5A & B. These two
cases were found not only current increased at oxidation peaks of +1.05 V and +1.18 V but also at
reduction peak at -0.07 V. This means that the voltammetric peaks will not vary by different Ejjta.
The symmetric experiments were also done by MWCNT-RuHCF (as shown in Fig. 5A” & B’) with
similar reaction peaks but higher current response. Both RUHCF and MWCNT-RuUHCF have
electroactivity to oxidize and reduce H,0, in the same solution. It indicates that the activation energy
of H,O; is only dependent on modifiers on electrode surface. Although it exhibits almost the same
reaction peaks, the electrocatalytic reduction current is larger at E,c = -0.07 V. This indicates that the
H,O, is oxidized firstly to form oxygen and the impermanent O, (adsorbed on electrode surface) is
further reduced to H,O or H,0, in negative scan. The reaction formula can be expressed as follows:

2H,0, — O, + 2H,0 (27)

0O, + 2H,0 — 2H,0, (28)
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Figure 5. Cyclic voltammograms of RUHCF/GCE examined in 0.1 M KNO3; + HNO;3 (pH 1.5) with
various concentration of [H,0,] = (a) 0, (b) 1x103, (c) 5%107%, (d) 1x10% (e) 1.5x102 M,
respectively. Scan rate = 0.1 V/s™. (A) & (B) are the voltammograms with positive and negative
scan, respectively. (A”) & (B’) are the relative cases using MWCNT-RuUHCF/GCE.

Hence we can see the higher anodic peak current is found at Ey,; = +1.05 V and Eps = +1.18 V
in the negative scan. One can conclude that the current response will vary due to different oxidation-
reduction procedures. Moreover, the current enhancement to have higher current response can be
achieved by using MWCNT.

By estimation and comparison of the electrocatalytic oxidation/reduction current between
RuHCF and MWCNT-RuUHCEF in above cases, it is noticed that the MWCNT-RUHCF shows several
times than that in the absence of MWCNT. One can know that the electrocatalytic oxidation of
ethanol, propanol, isopropanol, and the electrocatalytic oxidation/reduction of H,O, can be performed
by RUHCF and further enhanced by MWCNT. The reasons to explain this behavior might be the faster
electron-transfer rate due to the modification by MWCNT-RuUHCF hybrid composite and its action as a
good electrocatalyst. For quantification, this electrode was further used to study the determination of
ethanol, propanol, isopropanol, and H,O, by amperometry.
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3.4. Amperometric response of ethanol, propanol, isopropanol, and H,0, at MWCNT-RuUHCF hybrid
film modified electrode
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Figure 6. Amperometric responses of sequential additions of (A) ethanol (10* M per time), (B)
propanol, and (C) isopropanol tested by MWCNT-RUHCF/GCE in 0.1 M PBS (pH 7) solution,
rotation speed = 1000 rpm. The working potential applied at Esp, = +1.05 V, +1.15 V, and
+1.23 V, respectively. Insets: the plots of current response vs. concentration.

Fig. 6 shows the amperometric response of MWCNT-RuHCF/GCE to ethanol, propanol, and
isopropanol by amperometry. Amperometric measurements were individually applied at a constant
potential at +1.05 V, +1.15 V and +1.23 V, taken with different concentrations of these species in
nitric solution (pH 1.5), clearly demonstrate that MWCNT-RUHCF/GCE works well as an ethanol,
propanol, and isopropanol amperometric sensor. The sensor response time was short, reaching 100%
(steady-state current) of its maximum response less than 1 s, which also demonstrates the high stability
of the signal as a function of time. Furthermore, the proposed sensor showed a linear response ranging
of 2x10-1.7x10° M, 4x10™-1.7x10° M, and 0-8x10™ M (insets of Fig. 6), with sensitivity of
4548.4 pA M* cm?, 12544.6 pA M cm?, and 38543.1 pA M™ cm™ for ethanol, propanol, and
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isopropanol, respectively. The linear regressing equation between peak current and concentration
(Cethanoh Cpropanoh Cisopropan0|) can be expressed as fO”OWS.

p(1A) = 0.0013Cethanoi(mol I') + 7 (R? = 0.9965) (29)
p(A) = 0.0035Cpropanoi(umol 1) + 5.54 (R* = 0.9954) (30)
5(1A) = 0.0109Cisopropanoi(tmol 1) + 11.13 (R? = 0.9953) (31)
120
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Figure 7. Amperometric responses of sequential additions of H,O, (10* M per time) tested by
MWCNT-RUHCF/GCE in 0.1 M PBS (pH 7) solution, rotation speed = 1000 rpm, E,pp. = -0.1
V (Inset: the plot of current response vs. H,O, concentration).

Fig. 7 shows the amperometric response of MWCNT-RuUHCF/GCE to H,0, by amperometry.
Amperometric measurements were applied at a constant potential at -0.1 V, taken with different
concentrations of H,O in nitric solution (pH 1.5). It showed a linear response range of 0—1.2x10™ M
(inset of Fig. 7), with sensitivity of 123.2 pA mM™ cm™. The linear regressing equation between peak
current and concentration (Cy202) can be expressed as follow:

lp(LA) = 0.4074C}p02(umol 1) + 35.185 (R? = 0.9957) (32)

By the results, this composite modified electrode exhibits competitive performance for ethanol
sensing when compared to some related topics [63,64]. This also indicates that both of voltammetry
and amperometry can help to determine the target species including alcohols, sulfides and hydrogen
peroxide.
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3.5. Stability study of MWCNT-RuUHCF hybrid film

The stability of the MWCNT-RUHCF redox couples were checked by performing successive
cyclic voltammograms in a potential range of -0.3 to +1.4 V and in the presence of 0.5 mM ethanol
and H,0,, respectively. After 100 scans and 50 ethanol and H,O, determinations, no significant change
was observed in the voltammetric response, indicating that the MWCNT-RuUHCF/GCE modified
electrode is very stable.

4. CONCLUSIONS

Here we report a method to form a multifunctional sensor of ethanol, propanol, isopropanol,
and H,0O, based on MWCNT-RUHCF hybrid composite. It shows good electrocatalytic oxidation and
reduction with lower over-potential and higher current response as compared with bare electrode and
RuHCF. Amperometric response of MWCNT-RuUHCF/GCE is linearly dependent on ethanol,
propanol, isopropanol, and H,O, concentration. The proposed film also shows good electrocatalytic
oxidation for L-cysteine and thiosulfate, respectively. As the results, the proposed method has
advantages of multifunction, simple method, low over-potential, and high current response. It has
potential to develop a multifunctional sensor.
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