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Electrospun carbon nanofibers modified with Pd sensors have been developed for O, sensing with high
sensitivity. The average diameter of carbon nanofiber and Pd particle is about 251 and 20.5 nm,
respectively. The sensing performances of the Pd decorated carbon nanofiber (Pd-CNF) electrode
towards reduction of O, were evaluated. The Pd-CNF electrode with a Pd loading of 4.7 mg/cm?
shows maximum sensitivity of 2.6 pAppm™cm™ in the O, concentration region of 100-1000 ppm. The
response and recovery times are less than 32 and 48 s, respectively. The high sensitivity, wide linear
range and rapid response and recovery times make the Pd-CNF electrode a promising candidate for
amperometric O, sensors.
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1. INTRODUCTION

Detection of environmental oxygen content is important in various fields including the
medicine, aquaculture, farming, chemical industries, fuel combustion and military [1-2, 24-26]. The
ambient oxygen concentration is also considered to be a safety factor for industrial applications.
Electrochemical gas sensors are the most promising among all the possible replacements because of
their compact structure, low cost and the ability to monitor continuously [3]. Based on the working
signal produced by the electrochemical cell, electrochemical gas sensors can be divided in two main
categories of sensors including amperometric and potentiometric sensors. Amperometric sensors with
linear relationship of the current response have received great attention due to their high sensitivity,
wide detection range and short response time [4-5]. It has been reported that Pt, Pd and Au can be used
as materials for amperometric oxygen sensors [6-8].
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Electrospinning is a manufacturing process that can produce ultra fine fibers with diameter
ranging from 50 to 500 um [9]. Nanofibers fabricated via electrospun possess much higher specific
surface and relatively larger porosity than flat films, making them excellent candidates for potential
applications in sensors. Carbon nanofibers (CNFs) are good supporting material for catalytic metal
particles (NPs). Many types of metal NPs, such as Pt, Pd, Au, Ag, Co and Cu have been assembled on
carbon nanomaterials by using different methods [10]. Smaller particle morphology gives a better
sensing capability as surface area and active reaction sites increase [11-12]. The metal NP/CNF
nanocomposites have shown great promises in sensing applications [13]. Pd NPs are widely used for
O, reduction in fuel cell applications [14-15]. CNFs used as supports to disperse Pd NPs could enhance
their catalytic efficiency. This paper describes the application of the Pd decorated electrospun carbon
nanofiber electrode as an amperometric sensor for oxygen determination.

In this work, a novel Pd decorated carbon nanofiber electrode was successfully prepared by a
two step procedure which consists of electrospinning and chemical reduction method. Field-emission
scanning electron microscopy (FE-SEM) and X-ray photoelectron spectroscopy (XPS) were applied to
investigate the morphology and chemical state of the as-prepared sample. The Pd decorated carbon
nanofiber electrode exhibits good morphological and structural stability at room temperature and
shows high sensitive, reversible and fast response towards O,.

2. EXPERIMENTAL SECTION

2.1 Preparation of CNFs

Polyacrylonitrile (PAN) with molecular weight of 150000 g/mol purchased from the Scientific
Polymer Products, Inc. was used as a carbon source. N, N-dimethylformamide (DMF) was adopted as a
solvent. In order to prepare a homogenous PAN solution, 8 wt% PAN powders were added to a DMF
solvent and vigorously stirred for 12 hours. The polymer solution was pour into the spinning tank for
electrospun. Electrospinning was performed using a homemade needless system. The elecrospinning
process was carried out under the following conditions: 30° C temperature, 50% humidity, 50 kV
supplied voltage and 15 cm working distance. The PAN nanofibers were then dried in oven for 24
hours to ensure that the solvent was completely evaporated. The stabilization of the PAN nanofibers
was carried out in air by heating up to 320°C temperature at a heating rate of 1°C/min, and sample was
kept at 320°C for 1 hr. Carbonization process of the stabilized PAN nanofibers was carried out under a
nitrogen flow at 900°C for 1 hr at a heating rate of 5°C/min in a tube furnace. The carbon nanofibers
(CNFs) were then obtained.

2.2 Preparation of the Pd-CNF electrode

PdCl; (0.1 mol), CNFs (0.1 g) and distilled water (10 ml) were loaded into a three-necked flask
while stirring. The mixture was heated to 70°C and kept at this temperature for 20 min, after which
methanol (20 ml) was injected into the solution. The mixture was incubated at 70°C for 5 h. After
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cooling down to the room temperature, the black precipitate was centrifuged and washed several times
with distilled water. The Pd-CNFs (0.1 mg) were the mixed with Nafion solution (0.6 mg, 5 wt%) and
distilled water (0.6 mg) by ultrasonic for 20 min. The obtained suspension (100 ul) was deposited on
the Nafion membrane. The sample was then placed in a hot-press and heated at 135°C with 25 kg/cm?
for 90 s. The resulting Pd-CNF electrode was stored in air at room temperature before use.

2.3 Characteristics of the Pd-CNF electrode

The surface morphology was examined by means of a Hitachi S-2500 FESEM with an
accelerating voltage of 20 kV. The chemical states of the surface were studied by XPS measurements
conducted on a Phi5000 spectroscope (ESCA system, Ulvac-Phi Co.) using a monochromated Al Ka.
X-ray source (1486.6 eV) operating at 15 kV. The electrochemical measurements were performed on a
potentiostat/galvanostat (Model VersaSTAT 3, AMETEK Scientific Instruments, USA) with a typical
three-electrode system composed of a platinum foil as counter electrode, an Ag/AgCI/KCI (sat.) in
aqueous solution as reference electrode and the Pd-CNF electrode as working electrode. Nafion
membrane not only played as a substrate but also a separator to divide the electrochemical cell into a
gas chamber and a liquid chamber. Cyclic voltammograms (CVs) were carried out in a quiescent
solution. Amperometric experiments were performed in a continuous stirring 0.5 M HCIO,4 aqueous
solution using a magnetic stirrer. In the case of O, experiments, the electrolyte solution was
deoxygenated by passing through highly pure nitrogen for 10 min. A flow of nitrogen was maintained
over the solution during experiments.

3. RESULTS AND DISCUSSION

3.1 Morphology and Chemical States of the Pd-CNFs
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Figure 1. SEM image of surface morphology of Pd-CNF (a), XPS spectra of Pd-CNF corresponding to
(b) C 1Is (c) O Is and (d) Pd 3d.

The surface morphology of the electropun Pd-CNFs by SEM is shown in Fig. 1(a). The CNFs
are randomly oriented while the Pd nanoparticles are filled in the interstices of CNFs. The averages
diameter of CNF and Pd nanoparticles is approximately 251 and 20.5 nm, respectively. X-ray
photoelectron spectroscopy (XPS) measurements were used to elucidate the chemical binding energy
state of the Pd-CNF electrode and results are shown in Fig. 1(b-c). All spectra are calibrated using the
C 1s peak of carbon present at 284.2 eV. Fig. 1(b) shows the C 1s spectrum, which is fitted into two
individual component peaks at binding energy (BE) of 283.8 and 285.7 eV, respectively. These peaks
represent graphite carbon with C-C and C-O-C bonds [16]. The O 1s spectrum is shown in Fig. 1(c).
The broad peaks for O 1s are asymmetric and can be fitted as two peaks. The peak at about 530.8 eV
and the relative higher BE peak at 532.2 eV may be assigned to C=0 and C-OH [16]. The Pd 3d
spectrum can be deconvoluted into two pairs of doublets as shown in Fig. 1(d). The binding energies of
334.3 and 339.4 eV are respectively ascribed to Pd 3d5/2 and Pd 3d3/2, which indicates the presence
of metallic Pd [10]. The higher binding energies at 335.9 and 340.6 eV are attributed to Pd*", which
could be PdO [17]. The ratio of the areas under the curves for Pd and Pd*" is approximately 68:33 for
the Pd-CNF electrode.

3.2 Cyclic Voltammograms of the CNF and Pd-CNF Electrodes in the Absence and Presence of
Oxygen

Figure 2 shows cyclic voltammograms of the CNF and Pd-CNF electrodes in 0.5 M HCIO,
solutions with and without 1000 ppm oxygen. No obvious redox peaks can be observed on CNF
electrode indicating CNF is stable in the selected potential region without any redox reaction. However,
the CNF electrode displays very low electrocatalytic activity for oxygen reduction. In the absence of
oxygen, the Pd-CNF electrode exhibits a typical behavior of Pd metal and presents a peak between
0.28 and 0.3 V, corresponding to hydrogen adsorption and desorption. The region between 0.3 and
0.53 V indicates a clean Pd surface in the Pd-CNF electrode. We also found the formation of Pd oxides
when scanned potential is above 0.53V. The oxygen reduction peak on the Pd-CNF electrode appeared
at 0.4V on the reverse scan. The reduction current increased with a negative potential from 0 to -0.4V.
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The remarkable electrocatalytic activity of Pd-CNF toward the reduction of oxygen may be attributed
to the distribution of Pd nanoparticles in CNF matrix may provide large catalytic surface area.
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Figure 2. Cyclic voltammograms of the CNF and Pd-CNF electrodes in the presence and absence of
1000 ppm Oz in 0.5 M HCIQ, solutions.

3.3 Determination of potential window

The polarization curves for the Pd-CNF electrode with and without 1000 ppm O, in 0.5 M
HCIQO, solutions were shown in Fig. 3. In the absence of 1000 ppm O, (label as N,), the background
current of the Pd-CNF electrode increased from 0.001 to 7.22 mA when the applied potential was
scanned from 0 to -0.3 V; this indicated proton absorption in this potential range.. In the presence of
1000 ppm O, the response current increased from 0.1 to 9.26 mA as the applied potential was
scanned from 0.4 to -0.3 V. Fig. 3 also shows the net current of polarization curve calculated by the
difference of Pd-CNF electrode with and without 1000 ppm O, . The response current increased from
0.04 to 3.45 mA as the applied potential was scanned from 0.4 to -0.2 V, and decreased to 1.73 mA
when the applied potential was continued scanned to -0.4 V.Thus, an applied potential of -0.2 V was
selected as the voltage for O, detection with the Pd-CNF electrode in 0.5 M HCIO, solutions.
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Figure 3. The polarization curves of the Pd-CNF electrode in the presence and absence of 1000 ppm
0.

3.5. Amperometric Measurement
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Figure 4. Amperometric responses of the Pd-CNF electrode in 0.5 M HCIO, solutions at an applied
potential of -0.2 V for various concentration of O, from 100 to 1000 ppm. Sensing conditions:
applied potential, -0.2 V vs. Ag/AgCl; gas flow rate, 300 ml/min.
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Figure 4(a) shows typical current-time responses of the Pd-CNF electrodes at an applied
potential of -0.2 V in 0.5 M HCIO, solutions. After obtaining a stable background current, O, was
injected into the cell for increasing the O, concentration in the container from 0 to 100 ppm. The
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cathodic current rose promptly until a stable value in the O, addition. After a certain time, the N, was
again injected into the cell to purge the residual O,. This procedure was repeated for measuring the
current-time responses of the Pd-CNF electrodes at various O, concentrations of 200, 400, 600, 800
and 1000 ppm. Figure 4(b) plots the steady state values of the response currents versus different O,
concentrations. The linear range was between 100 and 1000 ppm. The sensitivities of the Pd-CNF
electrode was 2.34 pAcmppm™.

3.6 Response and Recovery Times

The effect of O, concentration on the response and recovery times of the Pd-CNF electrode is
illustrated in Fig. 5. The response time is defined as the time required for the current increasing to
90% of its final value, measured from the onset of concentration change. The recovery time is defined
as the time when the sensing current recovers to 90% of the background current. The response time of
the Pd-CNF electrode is shorter than the recovery time. Both response and recovery times of the Pd-
CNF electrode increase as the O, concentration increases. When the concentration was too high, many
O, molecules penetrate the depth of sensing layers to react, which increases response time. The
response and recovery times of sensor to O, are less than 32 and 48 s. In general, the electrode’s pore
volumes and active surface areas could strongly affect the response and recovery times of gas sensors
[18-20]. The electrocatalysts with small pore volume and large active surface area lead to a fast
response and a short recovery time. The Pd-CNF electrode exhibits short response and recovery times
at room temperature, indicating that it possesses an optimal ratio of pore volumes to active surface
areas.
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Figure 5. Response and recovery times for various concentration of O, on the Pd-CNF electrode.
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3.7 Effect of Pd-CNF loading on Sensitivity

Fig. 6 shows the effect of the Pd-CNF loading on the sensitivity of the O, sensor. The
sensitivity increased from 0.92 to 2.6 pAppm™*cm™ by increasing the Pd-CNF loading from 1.8 to 4.7
mg, and the further increasing the Pd-CNF loading, the sensitivity decreased from 2.6 to 2.3 pAppm’
em™. The results showed that the sensitivity reached a maximum value 2.6 pAppm™cm?at the Pd-
CNF loading of 4.7 mg. The surface area of the Pd-CNF electrode increases with an increase in Pd-
CNF loading. However, the electrodes become more compact and effective diffusivity decreases when

the Pd-CNF loading increases.
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Figure 6. Effect of Pd-CNF loading on the sensitivity. Sensing conditions: applied potential, -0.2 V vs.

Ag/AgCl; gas flow rate, 300 ml/min.

3.6 Interference Studies
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Figure 7. The selectivity of the Pd-CNF electrode for O,, CO,, CO and SO,. Sensing conditions:
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Table 1. Comparison of sensing performances for oxygen sensors with different modified electrodes.

Sensing Applied Range Response  Recovery Sensitivity Ref
materials potential (ppm) time (s) time (s) (pA/cm2 ppm) ’
. -0.15V
Pt/Nafion 0.0538
: (vs. 0-5000 60 [18]
Pd/Nafion Ag/AgCl) 0.0198
-0.10V
Au/Nafion® (vs. 100-1000 100 90 0.2676 [21]
Ag/AgCl)
-0.2V
Pt/Nafion (vs. 58 0.164 [22]
Ag/AgCl)
Cr 0.148 V (vs.
IPt/Nafion SHE) 1000-5000 142 147 0.533 [23]
-0.2V Thi
Pd-CNF (vs. 100-1000 32 48 2.34 worls<
Ag/AgCl)

The potential interfering species, such as CO,;, CO and SO, are used in this study. The
interference test was performed at an applied potential of -0.2 V in a 0.5 M HCIOy4 solution and
evaluated by switching the gas between N, and a certain concentration of testing gas. Figure 7 displays
the response current of the Pd-CNF electrode to the introduction and removal of testing gases. The
continuous response-recovery current of the Pd-CNF electrode toward O,, CO,, CO, SO; and O; in
sequence is recorded. When O, is injected to the system, the response current increases with the
oxygen concentration increases. After N is injected to the system, the response current quickly returns
to the background current.

When the CO; is introduced, the response current decreases obviously, however, the current
keeps constant even N is injected to the system again. It suggests that CO, molecules adsorb on the
surface of electrode and change the background current value. When CO is injected to the system, the
response current drops again. The current stays constant after N, is injected to the system. It implies
CO molecules also adsorb on the surface of electrode, changing the background current value. When
SO, is injected to the system, the reduction current increases rapidly and the current declines when N
is injected to the system again. It indicates SO, molecules can be reduced on the surface of the
electrode. When O; is injected to the system, the response current drops by 80% compared to fresh
electrode, indicating that the electrode surface has been poisoned by interfering species. Thus, it is
concluded that the Pd-CNF sensor is not specific for O, in the present of the SO, atmosphere. The
selectivity may be improved by combination with selective pre-concentration schemes.

Table 1 displays the comparison of the amperometric oxygen sensors in literature [18, 21-23].
The Pd-CNF electrode has the highest sensitivity, fast response and recovery times for oxygen sensing
when compared with other modified electrodes.
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4. CONCLUSIONS

The Pd-CNF electrodes prepared by a two step procedure which consists of electrospinning and
chemical reduction method were employed for oxygen detection. This sensor exhibits high sensitivity
of 2.6 pAppm~cm™ to O, at room temperature. A linear relationship between sensing response with O,
gas concentration has been demonstrated in the concentration range of 100 to 1000 ppm. The sensor
also shows fast response and recovery times with the durations of less than 32 and 48 s, respectively.
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