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Abstract: A highly sensitive electrode was prepared based on gold
nanoparticles/nanotubes/ionic liquid for measurement of Hydrogen peroxide.
Gold nanoparticles of 2025 nm were synthesized on a nanotube carbon paste
electrode by cyclic voltammetry technique while the coverage was controlled
by applied potential and time. The gold nanoparticles were modified to form a
monolayer on CNT, followed by decoration with ionic liquid for determination
of hydrogen peroxide. The experimental conditions, applied potential and pH,
for hydrogen peroxide monitoring were optimized, and hydrogen peroxide was
determined amperometrically at 0.3 V vs. SCE at pH 7.0. Electrocatalytic
effects of gold deposited CNT were observed with respect to unmodified one.
The sensitivity obtained was 5 times higher for modified one. The presence of
Au particles in the matrix of CNTs provides an environment for the enhanced
electrocatalytic activities. The sensor has a high sensitivity, quickly response
to H,O, and good stability. The synergistic influence of MWNT, Au particles
and IL contributes to the excellent performance for the sensor. The sensor
responds to H,O, in the linear range from 0.02 uM to 0.3 mM. The detection
limit was down to 0.4 M when the signal to noise ratio is 3.
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Introduction

Since the discovery of the carbon nanotubes (CNTs) in 1991, there are tremendous
interesting aspects on their characterization and potential application in various fields [1-9].
At the same time, due to a large specific surface area and good electronic properties, it can
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be used as a new support for catalysts [10,11]. Many attempts have been conducted to
deposit various metal particles onto the surface of CNTs, some metals and their compounds,
such as platinum, palladium, copper, nickel, ruthenium and so on, have been deposited on
the CNTs successfully [12—16]. Chemical treatments are common methods to generate acid
groups on CNTs. However, previous attempts to prepare metal nanoparticles on CNT
surface have not often obtained size-similar and highly dispersed nanoparticles. One of the
reasons is that metal nanoparticles are spontaneously formed at the defect sites on the
surface of CNTs. Nanoparticles, especially the noble-metal nanoparticles, have attracted
considerable attention in constructing electrochemical or optical sensors due to their small
sizes and correspondingly unique electronic [17], optical [18], and catalytic properties [19].
Recently, electrochemical sensors based on nanomaterials such as gold [20], silver [17],
platinum [21], copper [22], and metal oxide [23] have been widely used in environment,
food and clinical fields owing to the inherent properties such as inexpensive, portable, high
sensitivity, and high selectivity [24]. The use of ionic liquids that are solid at room
temperature such as n-octyl-pyridinium hexafluorophosphate (nOPPF6) is shown to be
advantageous in the fabrication of new form of biocomposite materials with attractive
performance over other types of composites and pastes involving non-conductive binders.
Carbon nanotubes (CNTs) based modified electrode exhibited excellent electron transfer
capabilities for the oxidation of biomolecules [25-28]. CNTs could be combined with Au
nanoparticles and the nanohybrids exhibited improved electro catalysis [29-32]. ILs
possesses unique properties like wide potential windows, high thermal stability, viscosity,
good conductivity and solubility. IL can be easily incorporated into carbon materials[33],
chitosan [34], CNT [34].To the best of our knowledge, the combination of CNT—metal
particle composite along with IL composite has not been explored as the matrix for the
construction of a sensor for hydrogen peroxide determination. The modification condition in
aqueous solution instead of organic anhydrous solution can much simplify the operating
process, the electrostatic interaction between substrate and metal can make distribution
better on the surface and electrochemistry is a powerful technique being both rapid and
facile, and thus allowing to easily controlling the nucleation and growth of metal
nanoparticles on the CNT substrate [35]. The electrocatalytic activity of an
AUW/MWNT/OPPF6 electrode for hydrogen peroxide oxidation was also investigated in detail
in this work.

Experimental

Materials and reagents

Apparatus and electrodes voltammetric studies were performed in a three-electrode Teflon
cell (volume of the solution employed 4 mL). The cell was hooked up to a potentiostat
system (Autolab, PGSTAT30/ GPES, Netherlands). A nanotube carbon paste electrode was
used as the working electrode. A BAS MF 2030 Ag/AgCl reference electrode and a Pt wire
counter electrode were also employed. Potential values are expressed against NHE in this
study. The electroactive surface area of the CPE electrode was measured by the
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chronoamperometry in the deaerated 1 mM Fe(CN)s in KCl (0.1 M) according to the
Cottrell equation. The ionic liquid 1-n-octyl-pyridinium hexafluorophosphate was prepared
according to a modified version of the procedure described by Safavi [36]. The AFM image
of Au nanoparticle has been recorded.

Pretreatment of carbon nanotubes

Electrode fabrication

MWNTs were thiol (—SH) functionalized (MWNT(SH) using 4-aminothiophenol as the
linker [37]. The required amount of the ionic liquid or mineral oil was mixed using pestle
and mortar with the needed amount of above CNT for 30 min. Although this IL is a solid
powder, it has a sticky nature, and once it is mixed with graphite using pestle and mortar it
tends to interact strongly and forms a very solid and mechanically stable composite. The
surface of the composite can be polished very well and shows features similar to solid
surfaces. Exactly 9.4 mm® of the resulting paste was then packed firmly into the electrode
cavity (2mm diameter and 3mm depth) of a glass sleeve. Electrical contact was established
via a copper wire. The paste surface was smoothed on a weighing dish and rinsed carefully
with double-distilled water prior to each measurement. The schematic of electrode
preparation has been shown in figure 1.
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Figure 1. Schematic of MWCNT/Au/IL preparation.

Preparation of Au nanoparticles on MWNT surface

The electrochemical synthesis of Au nanoparticles on MWNT surface, has been done as
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regular electrochemical procedure which described by other researchers, briefly, Au
particles were electrochemically deposited onto the CPE/MWNT/IL from a solution of
HAuCl, (5.5 x10™* M) by multiple cycling at the potential range of 1.10 and 0.0 V (vs.
Ag/AgCl as reference electrode) with a scan rate of 100 mV/s. The modified electrodes were
washed thoroughly with PB solution (pH 7.0) and stored at 4°C. The AFM image of the
nano-structure has been shown in figure 2.

Result and Discussion

Electrochemical properties of Au/MWNT composites

Electrochemical performances of the electrodes, MWNT(SH) (bare), MWNT(SH)-Au,
MWNT (SH)-Au/ IL , were investigated using Fe(CN)6 *7* system as a redox marker
(Fig.3). Well defined redox characteristics of Fe(CN)6 *"* were observed for all the
modified electrodes but with variations in the values of difference between the anodic and
cathodic peaks (Ep). CV of Fe(CN)s ** redox probe at MWCNT(SH) (bare) exhibits peaks
with AEp as ~50mV. Presence of Au’ on the surface of MWNT caused an increased
electrocatalytic activity. Also, peak current noticed at MWNT(SH)-Auw/IL is much higher
than the bare electrode. CVs of MWNT(SH)-Aw/IL and MWNT(SH) electrodes were
recorded at different scan rates in 1mM [Fe(CN)6]* ™" (pH 7.0). The anodic and cathodic
peak current values increased linearly with scan rates in the range of 10-100 mV/s. This
infers that the electron transfer at these electrodes is a surface confined process. AEp is
lower for MWNT(SH) electrode as compared to MWNT(SH)-Aw/IL. The existence of IL
and Au provides a favorable potential window and electrocatalytic behavior for the
hydrogen peroxide electron transfer to the electrode.

Figure 2. SEM images of MWNT(SH)—Au (a) and (b) MWNT(SH)-Auw/IL.
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Figure 3. Cyclic voltammograms of different modified electrodes: a) MWCNT b)
MWCNT(SH), c)MWCNT(SH)Au and ) MWCNT(SH)Aw/IL. Supporting electrolyte=0.1M
KCl containing 1mM of (FeCN)¢>"*; scan rate=80mV/s.

Optimization of the IL-carbon composite ratio

The attractive behavior of the new ionic liquid (n-octylpyridinium PF6) towards the
fabrication of ionic liquid/Carbon type biocomposite electrodes has been illustrated. This
was made in connection to amperometric detection of the liberated hydrogen peroxide in
comparison to a MWCN-based mineral oil electrode with a similar loading. Initial
experiments aimed at the optimization of the ionic liquid loadings using ferricyanide as a
probe. Fig. 4 displays the effect of different ionic liquid loadings upon cyclic
voltammograms in a phosphate buffer solution (A), and in a 4mM ferricyanide solution (B).
Ten percent loading of the ionic liquid shows very large background current. An increase in
background current upon repetitive cycling (data not shown) was also observed at this
loading indicating low stability of this composition. On increasing the loading from 10% to
50%, a dramatic decrease in background current was observed along with improved stability
upon repetitive cycling.
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Figure 4. The current comparsion obtained from the cyclic voltammograms for phosphate
buffer 0.05M pH7.0 and 4mM of Fe(CN)¢>"* using IL/MWCNT paste electrode in different
ratio. Scan rate of voltammogram for this diagram was 50 mV/s.



Functionalized Carbon Nano-tubes with Gold Nano-particles 2545

The composites with loadings less than 40% were highly unstable in solution and were
showing slow increase in background current while in solution. That is why there is a slight
difference in background current between blank phosphate buffer and ferricyanice solutions,
since in most experiments, the sequence of experiments was first single blank measurement
followed by CV in ferricyanide, and finally capacitance measurement in blank phosphate
buffer. Loadings of 50% and higher showed nearly the same low background currents and
stability. Low loadings show larger background currents with larger peak-to-peak
separations as shown for 20%, and 40% loadings. On increasing the loading to 60%, and
80% ionic liquid resulted in a significant decrease in the background currents. As the
loading of IL increases, it leads to a better filling between the MWCNT particles and hence
higher mechanical stability. This further leads to lower background currents since less water
will be penetrating through the composite. As the background current decreases, the
analytical current to background ratio increases. A voltammetric comparsion has been taken
for the 50% n-octylpyridinium IL were compared with another ionic liquid (1-butyl-3-
methylimmidazolium hexafluorophosphate) that is liquid at room temperature and the result
shows the selected IL is more suitable by presenting high current and lower redox potential.
The peak-to-peak separation followed a similar decreasing trend up to 70%, but started to
increase afterwards as can be clearly seen for the 80% loading. Further optimization of the
composition was performed by measurement of capacitance, resistance, cathodic currents,
and peak-to-peak separation using cyclic voltammograms for SmM ferricyanide. The
capacitance of the IL-based electrode decreases greatly above 20% and levels off at 50%.
This behavior contradicts that for carbon paste electrodes utilizing ionic liquids that are
liquid at room temperature such as I-butyl- 3-methylimmidazolium hexafluorophosphate
where the capacitance of the IL carbon paste electrode jumps greatly above 40% and levels
off at 50%. The exact reason for this is not fully understood. Loadings of ILs above 50%
show dramatic increase in resistance, but this is much lower than that for the mineral oil
based electrodes. After optimizing the electrode and condition the cyclic voltammogram of
H,0, at different concentration has been recorded which is shown in figure 5.
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Figure 5. Cyclic voltammogram of H,O, at different concentration, in phosphate buffer
0.05M pH7.0 and scan rate 50mV/s. Concentration of H,O, are a) 0, b) 0.05, ¢) 0.1, d) 0.15,
e) 0.2, f) 0.3 respectively.
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Amperometric response

Fig. 6 displays the amperometric response of MWNT(SH)Au/IL biosensor for the successive
step changes of hydrogen peroxide concentrations in PBS (pH 7.0 ) at an operating potential
of 0.3 V. For a comparative purpose, the current—time curve at the MWNT(SH) electrode
was recorded (Fig. 6, curve b). At the MWNT(SH)-Au/IL electrode, a small current
response was noticed as compared to MWNT(SH). This clearly This clearly demonstrates
the importance of the presence of IL over the surface of MWNT(SH) on augmenting the
current response to hydrogen peroxide. MWNT(SH)-Au/IL sensor exhibited a linear
response to hydrogen peroxide in the concentration range of 0.02—0.3mM with a correlation
coefficient of 0.9981. The sensitivity of MWNT(SH)-Auw/IL sensor was 110 uAM 1 as
compared to SOUAM 1 for MWNT(SH). The higher sensitivity for MWNT(SH)-Auw/IL
electrode documents the importance of the modification of electrode by gold nano particles.

Reproducibility and stability of the H,O, sensor

The repeatability of the current response of the IL/AW/MWCNT electrode was examined at
an H,O, concentration of 0.5 mM. The relative standard deviation was 2.9% for ten
successive assays, showing a fairly good repeatability. The electrode-to-electrode
reproducibility of six sensors, prepared under the same conditions independently, shows a
good reproducibility with a relative standard deviation of 4.4%. The IL/Au/MWCNT
electrode was dry stored at 4°C when it was not in use. The sensor retained 95% of its initial
current response after 25 day storage. The sensor did not lose its sensitivity in the period of
the storage. Therefore, the IL/AuMWCNT composite is an efficient matrix to retain
activity. The excellent stability of the sensor can be attributed to three points as follows. For
the existence of IL, improved better potential range and help to get better electrocatalytic
property of paste which has been deposited by Au nano-pa rticles.
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Figure 6. A) Chronoamperometric current response of electrode a)yMWCNT(SH)Aw/IL and
b)MWCNT(SH) for successive addition of 0.05mM H,0,(0.02-0.3)Applied potential, 0.3
mV (vs. Ag/AgCl).B) the calibration curve obtained from Fig6A.
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Interference study

The influence of chemical interferences was also evaluated in the PBS (pH 7.0) containing
0.02 mM H,0, in the presence of ethanol, glucose, sucrose, oxalic acid, uric acid and
ascorbic acid with the same concentration. It was found that ethanol, glucose, sucrose, oxalic
acid and uric acid didn’t cause any interference in the design concentration of H,0.,.
Ascorbic acid showed a slightly interference. The results were similar to those reported
before.

Recovery

The recovery tests of hydrogen peroxide ranging from 3.0 x107- 2.0x10*M were
performed. The results are listed in Table 1. The recoveries varied on the range from 96.6 to
103.3% and the R.S.D. was 3.2%.

Tablel. The recoveries of peroxide hydrogen using present method.

Added (mol L) Found (mol L™) Recovery%
3.0x10 7 2.90x107 96.6
5.0x10 ¢ 5.15%10° 103
2.0x10°° 2.05x10° 102.5
5.0x10 ¢ 4.92x10° 98.5
3.0x10 7 3.1x10°¢ 103.3
5.0x10°7° 5.06x10° 101.2
2.0x10 1.96x10° 98
Conclusion

In the present work, Au nanoparticles were electro-crystallized on MWNTs by a potential-
step method and then covered by ionic liquid. The size range of these particles was about
20-25 nm. Additionally, AuMWNT composites exhibit a high catalytic activity for the
oxidation of hydrogen peroxide. The application of carbon nanotubes functionalized with
metal, also alloy, metal oxide, compound semiconductor, and other nanoparticles is likely to
expand greatly in the future. The reliability and stability of the CPE modified by Au NPs
offered a good possibility for extending the technique in analysis.
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