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1 Introduction

Detecting dissolved oxygen (DO) concentration is of
great importance in chemical, biochemical, environmen-
tal, industrial and medical applications [1]. The conven-
tional method for DO detection is iodine titration [2].
However, this method is not of practical application, as it
involves several chemical reactions, being quite time-con-
suming (and chemicals-consuming as well), and cannot be
used for in situ real-time measurements [2]. Consequent-
ly, great effort has been devoted to the development of
alternative DO sensors [3–8] that are accurate and with
fast response. Most of the reported approaches are built
on the Clark electrode and its modified forms [3–5]. De-
spite popular application of the Clark electrode, it has an
especially significant drawback in that its signal is unsta-
ble due to the consumption of the silver counter electrode
[9]. As a result, Clark-type oxygen sensors need frequent
and elaborate precalibration, especially for long-term
measurements [9,10]. To overcome the problem of signal
drift, an optical and electrochemical integrated methodol-
ogy has been proposed based on total internal reflection
imaging ellipsometry (TIRIE) [11]. In this combination
system (EC-TIRIE), a gold film coated on a glass slide is
used as both the working electrode and the optical sens-
ing surface, producing simultaneous optical and electro-
chemical signals that can be easily monitored. Since the
two signals can corroborate each other, this combination
system provides a reliable method to validate the DO
readings. The initial results obtained by this combination
system confirm the feasibility of the methodology. How-
ever using only the gold film the optical signal change is
very small. From oxygen-free to oxygen-containing solu-
tion, the optical signal change is less than 2 grayscale

units [11]. To amplify the optical signal, an electronically
conducting polymer, polyaniline (PAn), is used to cover
the gold film surface due to its specific optical and elec-
trochemical properties. PAn suffers structural modifica-
tions depending on its oxidation state and the pH of the
medium, which are accompanied by color changes [12–
14]. In acidic solution, PAn can suffer two redox transi-
tions, being oxidized from its fully reduced, or leucoemer-
aldine state (benzenoid structure; pale yellow) to its par-
tially oxidized and conductive state, emeraldine (radical
cation intermediate form; combination of quinoid and
benzenoid structures; green), and further to its fully oxi-
dized, pernigraniline state (quinoid structure; blue)
[13,14]. When exposed to oxygen, PAn is spontaneously
oxidized from the leucoemeraldine to the emeraldine
state, evidenced by a change in the polymer color [14–
18].

The results obtained with the combination system using
a PAn-modified gold film (Au-PAn) confirm that PAn has
the ability to amplify the optical signal of the combina-
tion system for DO detection [11]. Nevertheless, under
optimal conditions the optical signal achieved by Au-PAn
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is about 10 units in the TIRIE grayscale, which is still
very limited.

In order to improve the sensitivity of PAn to DO moni-
toring and further amplify the TIRIE signal, an Fe(III)
coordination compound, highly responsive to oxygen, is
incorporated into the PAn matrix in this work. The inser-
tion of compounds with a high affinity for molecular
oxygen into the polymeric matrix can increase the sensi-
tivity of the modified electrode towards DO detection.
Some oxygen reduction catalysts, such as phthalocyanine
metal complexes [19] or noble metal catalysts [20,21] can
be immobilized in conducting polymer matrices to im-
prove the filmsÏ sensitivity to oxygen [19]. Transition
metal complexes, including Co and Fe-containing metallo-
porphyrins, have been extensively explored as catalysts
for electrochemical reduction of molecular oxygen [22–
25]. They have been used in hybrid structures mixed with
polyaniline derivatives [26] or as composite catalysts
along with other transition metal oxides [27].

In this paper, Fe(III) meso-tetra (4-sulfonatophenyl)
porphyrin (FeTSPP) is incorporated into PAn films to im-
prove the sensitivity of PAn to DO and further amplify
the optical signal. This compound was chosen for two
main reasons: 1) Iron porphyrins catalyze the oxygen re-
duction reaction by being themselves oxidized in a reversi-
ble process [28]; 2) due to its anionic groups and relative
(to aniline) big size, FeTSPP should be efficiently entrap-
ped into the polymeric matrix of PAn by codeposition
during its electropolymerization. It is expected that iron
porphyrin will enhance the modified electrodeÏs response
to oxygen by acting as a mediator, being oxidized by
oxygen and regenerated by the PAn matrix, resulting in
a color change of the film.

Initially, the FeTSPP is characterized electrochemically
by cyclic voltammetry (CV) in O2-containing solution to
confirm its electrocatalytic activity towards the oxygen re-
duction reaction (ORR). After that, modified electrodes
of polyaniline containing the iron-porphyrin (PAn-
FeTSPP) are prepared by doping-entrapment in the poly-
meric matrix during its electrochemical generation. The
electrochemical conditions of the synthesis of the PAn-
FeTSPP films are optimized to obtain the amplified opti-
cal signal for DO detection. The surfaces of PAn and
PAn-FeTSPP films were characterized by atomic force
microscopy (AFM) imaging in order to assess the effect
of the introduction of the porphyrin into the polymeric
matrix on film morphology. Finally, the dynamic respons-
es of the EC-TIRIE (electrochemistry-total internal re-
flection imaging ellipsometry) sensor to different concen-
trations of DO are studied and working curves for this
combination system are obtained.

2 Experimental

2.1 Chemicals

Na2HPO4 (�99.0%), KH2PO4 (�99.5 %), H2SO4 (95–
98%) (Sinopharm Chemical Reagent Co., Ltd) and ani-

line (99.7%) (J&K Scientific Ltd.) were used without any
further purification. The tetra-sodium Fe(III) meso-tetra
(4-sulfonatophenyl) porphyrin (FeTSPP, Scheme 1) was
purchased from Frontier Scientific(U.S.A.). Sodium sul-
fite (BioXtra, �98 %) was obtained from Sigma-Aldrich.
Ultrapure water was obtained from MILLI-Q purification
system (18.2 MW at the room temperature) and used to
prepare all the solutions. Nitrogen (99.9%) and oxygen
(99.9 %) were acquired from Beijing Oxygen Factory. The
polymerization and acidic solutions were de-aerated with
nitrogen before the electrochemical experiments.

2.2 Apparatus

Scheme 2 A (see [29] for further details) illustrates the
prism-based TIRIE imaging setup used for all experi-
ments described in this paper. A SF10 trapezoidal prism
was used with an expanded light beam at 633 nm wave-
length as light source and imaged with a charge coupled
device (CCD) camera. The incident light beam goes
through the polarizer, the compensator and the 658 prism
where the evanescent wave is used as optical probe to
detect structural alterations at the electrode surface. The
incident light beam is reflected at the interface between
the substrate and the tested solution and then passes
through an analyzer and is focused on a sensing area of
the CCD camera. The signal is the variation of polarized
light intensity detected by the CCD camera, due to the
change of polarization of the reflected light beam induced
by reactions on the substrate. The image signal was re-
corded in 8 bit (0–256) grayscale format. As the TIRIE
sensing surface, a 30 nm thick gold layer on a glass slice
modified with the PAn-FeTSPP film was placed on top of
the prism using index-matching oil. A custom-built elec-
trochemical cell was then placed on top of the gold film

Scheme 1. Structure of Fe(III) meso-tetra (4-sulfonatophenyl)
porphyrin (FeTSPP).
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for holding the tested solution. A wound Pt wire counter
electrode and a saturated calomel reference electrode
(SCE) were inserted into the electrochemical cell from
the top opening. A VersaSTAT 3 electrochemical system
(U.S.A.) was used for controlling the working electrode
potential and recording the potential and current.

Scheme 2B (see [11] for further information) shows the
detailed scheme of the cell used in this work. The electro-
chemical cell is separated from the sample cell by an
oxygen-permeable membrane. The electrolyte is then
filled in the space containing the three-electrode system.
DO in samples can diffuse into the supporting electrolyte
through the oxygen-permeable membrane. In addition,
a polydimethylsiloxane (PDMS) film is used to provide
a liquid-tight seal for the electrochemical cell which es-
tablished the active area of the electrode (A�0.28 cm2).
A commercial dissolved oxygen meter (TP 351, Beijing
Timepower Measurement and Control Equipment Co,
Ltd) was used to gauge oxygen concentration in samples.

PAn and PAn-FeTSPP films were also synthesized on
Arrandee thin gold film electrodes, consisting of a 200 nm
Au layer on borosilicate glass (with a pre-layer of 2–4 nm
of chromium). Film morphology was imaged by AFM
using a Nanoscope IIIa Multimode microscope (DI
Veeco) in tapping mode with silicon probes and an oscil-
lation frequency of ca. 300 kHz. The images were ob-
tained at a scan rate of ca. 1.5 Hz.

2.3 Experimental Procedure

Prior to each experiment, the gold substrate was treated
in a UV/ozone cleaner for 15 min, followed by rinsing
with deionized water and high purity ethanol several
times. (Caution: the UV/ozone cleaner is an extremely
strong oxidant and is potentially explosive, so it should be
handled with extreme caution).

PAn-FeTSPP films were grown on the gold substrate
from 0.5 M H2SO4 containing 0.1 M aniline and 0.05 mM
FeTSPP. The electrosynthesis was performed potentiody-
namically for 8 cycles at a scan rate of v=20 mVs¢1. For
the first five cycles the potential of the electrode was
scanned from ¢200 to 800 mV (vs. SCE), then the anodic
limit was lowered to 750 mV for the next three cycles in
order to avoid over-oxidation of the PAn film [18,30].

Steady-state polarization curves of the PAn-FeTSPP
film were obtained in the potential range between ¢200
and 400 mV vs. SCE, in 0.1 M H2SO4 in the presence and
absence of oxygen. Potential steps of 20 mV were applied
with a duration of 60 s each and the optical signal and
current value were recorded at the end of this period.

After the electropolymerization, the electrochemical
cell was filled with oxygen-free 0.1 M H2SO4 as support-
ing electrolyte for DO detection; a cyclic voltammogram
of the modified electrode in this solution was recorded
before each DO measurement. For DO assessment, an
electrode potential of ¢200 mV (vs. SCE) was first ap-
plied for 60 s to fully discharge the film and guarantee
the same initial conditions in all the experiments. Finally,
DO was measured under the application of a small catho-
dic current (2.5 mA) to the modified electrode, by passing
the sample solution (with different DO contents) through
the sample cell.

2.4 Preparation of Solutions with Different
Concentrations of DO

Different concentrations of DO in the sample solutions
were obtained by adding sodium sulfite into air saturated
5 mM PBS solutions, in suitable amounts, taking into ac-
count the stoichiometry of the reaction SO3

2¢+
1=2O2$SO4

2¢. The DO concentrations of these samples
were confirmed by the commercial dissolved oxygen
meter.

3 Results and Discussion

3.1 Electrocatalytic Properties of FeTSPP toward ORR

The electrochemical activity of FeTSPP was characterized
in 0.5 M H2SO4 solution and, in order to evaluate the cat-
alytic activity of this iron porphyrin towards the ORR,
cyclic voltammograms were recorded in the presence and
absence of oxygen, and compared to control CVs regis-
tered in the absence of FeTSPP. The resulting voltammo-
grams represented in Figure 1. In the relevant potential
range and in the de-aerated solution, only one current

Scheme 2. (A) Scheme of the total internal reflection imaging
ellipsometry (TIRIE) system and (B) the electrochemistry-total
internal reflection imaging ellipsometry (EC-TIRIE) combina-
tion setup.
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peak (E�0 mV (vs. SCE)) can be attributed to the iron-
porphyrin. This cathodic wave corresponds to the reduc-
tion of Fe(III) to Fe(II) in the FeTSPP [31].

The voltammogram obtained in the presence of oxygen
reveals the catalytic activity of FeTSPP toward the ORR,
as can be observed by comparing the voltammograms
registered in oxygenated H2SO4 solution with and without
the iron-porphyrin. The cathodic current generated in the
FeTSPP-containing solution has an onset potential of
E�200 mV (representing a shift of approximately
100 mV from that recorded in the absence of FeTSPP)
and a peak at E�¢130 mV (vs. SCE) (negatively shifted
by about 60 mV from that obtained without the metal-
complex). The peak corresponding to the reduction of the
iron within the porphyrin macrocycle is slightly shifted to
a more positive potential (Ep�50 mV) by the presence of
oxygen in solution.

The results confirm the catalytic activity of FeTSPP for
the ORR. It can, therefore, be expected that the insertion
of FeTSPP into the polymeric matrix of PAn will result in
an increase of sensitivity of the modified electrode to
oxygen due to a mediator-type effect, where the
Fe(II)TSPP in the PAn matrix is oxidized by the dissolved
oxygen in solution (Eonset�200 mV; Ep

red�100 mV) and
subsequently regenerated (reduced) by the PAn (Eonset�
50 mV; Ep

ox�200 mV–Figure 1A Supporting Informa-
tion). The extent of this process should be dependent on
the quantity of DO that the PAn-FeTSPP film is exposed
to, and it should be reflected in the color and refractive
index of the film, as well as in the measured potential of
the system.

3.2 Electrochemical Synthesis of PAn-FeTSPP

Figure 2 shows the cyclic voltammograms recorded
during the polymerization of aniline in the presence of
FeTSPP and the simultaneously registered TIRIE optical
response of the electrode surface. In the first potential
scan it can be noted (Figure 2 A) that the current increas-
es at potentials higher than 750 mV (vs. SCE), corre-
sponding to the monomer oxidation and formation of the
first nuclei of the polymer. It is worth of notice that this
feeble modification of the surface can be perceived by
the TIRIE optical monitoring of the electrode (Fig-
ure 2B). In the backward potential scan, a cathodic wave
with an onset potential of E�200 mV (vs. SCE) and cen-
tred at E�¢100 mV (vs. SCE) must be attributed to the
presence of FeTSPP in solution since it did not occur
during the polymerization of aniline on gold in the ab-
sence of the metal-complex [11,32]. The thickening of the
film upon repetitive potential cycling is evidenced by the
continuous increase of the height of the polymer redox
peaks in the potential range ¢100 to 300 mV (vs. SCE).
The magnitude of the optical changes displayed in Fig-
ure 2B increases accordingly with the polymer thickening,
and reveals significant differences from the oxidized to
the reduced state of the film. Those signal modifications
result from the well-known chromatic conversions of the
PAn corresponding to its actual redox state. The electro-
chemical response of the FeTSPP is masked by that of
the PAn, as evidenced by the displacement of the reduc-
tion peak potential for the typical values of the PAn
films. Nevertheless, the higher reduction charge (recorded
in the potential interval where the redox conversion of
the film takes place) compared to the oxidation charge,
indicates that the anionic organometallic complex that is

Fig. 1. Cyclic voltammograms of gold film in 0.5 M H2SO4 with and without 0.05 mM FeTSPP in O2-free and O2-containing solution;
n=20 mVs¢1.
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being incorporated as counter ion in the anodic scan, is
not completely expelled during the polymer reduction,
and part of it remains entrapped in the polymer matrix.

Figure 2 B shows clearly (see red triangles) that the op-
tical properties of the film change significantly from cycle
to cycle, namely in the negative potential range. Further
experiments (not shown) demonstrate that the magnitude
of the variation of the optical signal upon redox conver-
sion of the film did not increase significantly for films
synthesized with more than 8 growth cycles in our condi-
tions. On the other hand, for TIRIE measurements, it is
important to keep the film thickness as thin as possible
since the thickness of the film must be within the probe
depth of the evanescent wave (about 100 nm). It was
therefore decided to prepare the PAn-FeTSPP films for
DO monitoring with only eight growth cycles.

3.3 Morphological Characterization of PAn-FeTSPP

Figure 3 depicts AFM images of PAn and PAn-FeTSPP
films grown on thin layer Au surfaces under the same
electrochemical conditions. Figure 3A shows that the
electrode surface is completely covered by PAn, and that
the polymer has a globular morphology that is typical for
such materials [33]. In Fig. 3 B it can be seen that, the
presence of FeTSPP has a drastic effect on the morpholo-
gy of the film, exhibiting cylindrical shaped filaments cov-
ered by polymer growing outwards. The explanation for
this behaviour is the well-known formation of porphyrin J
aggregates in acidic aqueous solutions [34], which origi-
nates such tri-dimensional arrangement. A six-fold in-
crease in the root mean square roughness (Rq) from 2 nm
with the PAn films to 12 nm, in the presence of the por-

Fig. 2. Electrosynthesis of PAn-FeTSPP; aniline 0.1 M, FeTSPP
0.05 mM, H2SO4 0.5 M; n=20 mV s¢1: (A) cyclic voltammograms,
(B) TIRIE optical response. The red triangles in (B) correspond
to the values of grayscale registered at the cathodic potential
limit (¢200 mV).

Fig. 3. Morphology images of (A) PAn and (B) PAn-FeTSPP
films synthesized under the same conditions as described in
Figure 2.
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phyrin moiety is observed. The topography of the modi-
fied electrode strongly suggests that the interaction of the
oxygen with the catalyst should be mainly a surface phe-
nomenon due to the high exposed active area.

3.4 Electrochemical and Optical Response of PAn-
FeTSPP to DO

Steady state polarization curves of the electrode modified
by PAn-FeTSPP were registered and accompanied by
TIRIE in O2-free and O2-containing H2SO4 (0.1 M) solu-
tion.

These results, represented in Figure 4, confirm the af-
finity of the PAn-FeTSPP towards oxygen. In the pres-
ence of oxygen, the modified electrode exhibits a high
catalytic activity for the dioxygen reduction with an onset
potential of about 0.3 V vs. SCE. Due to the steady-state

conditions imposed to the system, the redox conversion
of the polymer is not evident in these experiments (see
Figure 3 Supporting Information for the curves recorded
at v=20 mV s¢1). Nevertheless, the processes correspond-
ing to the leucoemeraldine – emeraldine transition (both
the reduction and oxidation of the PAn matrix) were de-
tected by TIRIE – Figure 4 B.

This sensitivity to oxygen is a consequence of the incor-
porated FeTSPP in the PAn matrix, since it is not ob-
served with the PAn polymer (see Figure 1 Supporting In-
formation). The optical data obtained during this charac-
terization gives us important information about the maxi-
mum range of grayscale values which can be obtained
with the modified electrode and indicates the optimal po-
tential range for DO detection. Figure 4 B shows a hyste-
resis between the anodic (forward) and cathodic (back-
ward) scans, which can be attributed to the structural and
morphologic modifications that all conducting polymers
suffer during their redox processes [32,35,36]; Since the
redox conversion of any polymer film involves mechani-
cal deformation of the matrix (with simultaneous intake
and/or expulsion of solvent and counter-ions), high activa-
tion overpotentials are required both for oxidation as
well as for reduction, resulting in a significant redox hys-
teresis. In the absence of oxygen the grayscale values are
at a maximum when the modified electrode is in its re-
duced state. As the potential increases, the grayscale
values decrease with a slow slope at first, steeply as the
polymeric matrix is oxidized. After reaching a minimum
at E�200 mV (corresponding to the transition leuco-
emeraldine – emeraldine), the grayscale values rise
slowly, reaching a local maximum at the anodic potential
limit of the polarization curve as the polymer is being fur-
ther oxidised. In the cathodic sweep, the graph has a simi-
lar shape, with a slight shift to more negative potentials.
In the oxygenated solution the overall optical features
are similar with the exception of behaviour at the more
negative potential region where the grayscale value corre-
sponds to a partially oxidised state of the film caused by
the presence of the oxygen.

Based on the data obtained during the electrochemical
and optical characterization, it is evident that the ideal
potential range for the DO detection is where the steep-
est change in grayscale as a function of the applied poten-
tial occurs, i.e. between the maximum (E�0 mV) and
minimum (E�200 mV) of grayscale registered during the
anodic scan. The grayscale values registered during the
coupled electrochemical/optical experiments confirm that
there is significant change in the optical properties of the
film during its doping/dedoping process.

The modified electrode was initially extensively dis-
charged to the neutral state by submitting the film to a po-
tential of ¢0.2 V for 60 s (time large enough to the cur-
rent fall to negligible values). After this procedure the
electric and optical response of the surface was monitored
under open circuit conditions and a stabilization of the
grayscale values was achieved for t�400 s with a differ-
ence of only �4.7 units in the presence and absence of

Fig. 4. (A) Steady state polarization curve and (B) simultane-
ous TIRIE characterization of the PAn-FeTSPP film in 0.1 M
H2SO4. The O2-containing solution has a DO concentration of
ca. 12.8 mgL¢1.
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dissolved oxygen (see Figure 2 Supporting Information).
The corresponding open circuit potentials of the PAn-
FeTSPP modified electrode were about 250 mV and
330 mV in O2-free and O2-containing sulfuric acid solu-
tions, respectively. Actually, for potential values higher
than 0.2 V, the grayscale values changes only slightly with
the electrode potential. In order to negatively shift the
potential values to a more favourable region (higher var-
iation of the optical signal with the electrode potential)
and simultaneously increase the difference of the poten-
tial (and, consequently, in the chromism) exhibited by the
modified electrode in the presence and absence of
oxygen, a small cathodic current was applied to the elec-
trode after the polymer discharge.

This galvanostatic condition results in a shift of the
electrode potential to the typical values corresponding to
the oxygen reduction (according with its concentration)
in such polymer, while in the absence of oxygen the elec-
trode potential will be driven to much lower potential
values in order to maintain the imposed cathodic current.
The magnitude of the applied current was carefully opti-
mized to tune the potential values into the region where
the grayscale changes are greatest. Figure 5 shows the
evolution of the electrical potential of the PAn-FeTSPP-
modified Au electrode during the application of a cathodic
current (Iappl =¢2.5 mA) in O2-free and O2-containing
0.1 M H2SO4 solution, following the initial discharge
period (E=¢200 mV (vs. SCE); t=60 s). The data show
that both electrochemical (potential) and optical parame-
ters stabilize at t�180 s, i.e. after applying Iappl for 120 s.
The measured potential for t�180 s is 75 mV in the ab-
sence of oxygen, 250 mV in its presence (DE�175 mV).
The difference between the values in grayscale registered
for the O2-free and O2-containing solution is, approxi-
mately, 33 grayscale units.

To evaluate the suitability of the PAn-FeTSPP modi-
fied electrode to be employed in a DO sensor, its re-

Fig. 5. Real time potential and grayscale curves of PAn-FeTSPP to DO; Conditions: 0.1 M H2SO4 ; initially, E=¢200 mV was ap-
plied for 60 s followed by the application of a cathodic current of Iappl=¢2.5 mA. The O2-containing solution has a DO concentration
of ca. 16.5 mg L¢1.

Fig. 6. (A) Electrode potential and (B) grayscale variation with
time of the PAn-FeTSPP-modified electrode exposed to different
concentrations of DO; Conditions: 0.1 M H2SO4 ; initially, E=
¢200 mV was applied for 60 s followed by the application of
a cathodic current of Iappl =¢2.5 mA.
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sponse to samples with different concentrations of DO
was monitored by the coupled EC-TIRIE system. The
electrochemical and optical response of the modified sur-
face to different contents of oxygen in the test solutions
are displayed in Figure 6, and represented against the
oxygen content of the sample solution in Figure 7 (data
collected at t=300 s). The results confirm the ability of
such a modified electrode to monitor the DO content of
aqueous solutions using the combined EC-TIRIE sensor.
Both electrochemical and optical signals are significantly
increased when compared with those obtained with bare
gold or PAn [11], revealing a high sensitivity to very low
amounts of DO. Furthermore, the galvanostatic control of
the electrode rendered the detection method much faster
than when undertaken under equilibrium conditions.

Table 1 compares the sensitivities and DO ranges of ap-
plicability of different sensors reported in the literature.
Most DO sensors are amperometric, so a direct compari-

son of these sensitivities with that of the system studied
in this work is not possible. Nevertheless, among those
with potentiometric transduction, the response of the
PAn-FeTSPP modified electrode for low DO concentra-
tions is, by far, much better than the other reported
probes. Furthermore, the potentiometric approach is less
sensitive to variations of the conductivity (ionic strength)
of the sample solutions than the amperometric method.

4 Conclusions

Polyaniline films containing entrapped Fe(III) meso-tetra
(4-sulfonatophenyl) porphyrin (FeTSPP) anions (PAn-
FeTSPP) have been prepared and revealed high sensitivi-
ty towards the presence of DO, keeping the typical elec-
trochemical reversibility of PAn. Employed in an EC-
TIRIE sensor, the PAn-FeTSPP-modified Au electrode
revealed much higher sensitivity to DO than a thin gold
film or PAn-modified gold electrode, even for very low
oxygen concentrations. The galvanostatic control by the
application of a small cathodic current to the electrode
also reduces significantly the response time of the sensor
and tunes the redox state of the modified electrode to the
more responsive region of the polymeric probe. The com-
bined electrochemical and optical signals strongly corrob-
orate each other, allowing the normalization of the read-
ings in repetitive measurements using the same modified
electrode.
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centrations of DO; Conditions: 0.1 M H2SO4 ; initially, E=
200 mV was applied for 60 s followed by the application of
a cathodic current of Iappl =¢2.5 mA.

Table 1. Comparison of the sensitivity of the combination sensor with previously reported works. bCDSAuNP: b-cyclodextrin-modi-
fied gold nanoparticles; FeT4MPyP: iron(III) tetra-(N-methyl-4-pyridyl)-porphyrin; CoTSPc: cobalt tetrasulfonated phthalocyanine;
PLL: poly-L-lysine; PFeTMHPP: polymerized iron(III) tetra(3-methoxy-4-hydroxy-phenyl) porphyrin; PEDOT: poly (3,4-ethylene-
dioxythiophene); GC: glassy carbon; DPV: differential pulse voltammetry.

S. N. Modified electrode Technique DO range (mg L¢1) Sensitivity Ref

1 Nickel-salen polymer film/Pt Amperometry 3.95–9.2 13.77 mAmg¢1 Lcm¢2 [4]
2 bCDSAuNP/ FeT4 MPyP/Au Amperometry 0.2–6.5 25.5 mAmg¢1 Lcm¢2 [37]
3 CoTSPc/PLL/GC Amperometry 0.2–8.0 11 mAmg¢1 Lcm¢2 [38]

DPV 18.3 mAmg¢1 Lcm¢2

4 Pt/C/Nafion composite Amperometry 1.24–5.15 1.74 mAmg¢1 Lcm2 [39]
5 SiO2/SnO2/MnPc disk Amperometry 0–8.1 4.59 mAmg¢1 Lcm¢2 [40]
6 PFeTMHPP/Pt Amperometry 0–10 25.43 nAmg¢1 L cm¢2 [41]
7 PEDOT/iron oxalate film/Pt Amperometry 0–20 9.91 mAmg¢1 Lcm¢2 [42]
8 Cu0.4Ru3.4O7 +RuO2/Al2O3 Potentiometric 0.8–8 46 mV per decade [43]
9 PAn/Au Potentiometric 0.85–16.57 15 mV per decade [11]

2.62 G per decade
10 PAn-FeTSPP film/Au Potentiometric 0–4.63 13.39 mV mg¢1 L This work

TIRIE 4.18 Gmg¢1 L
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Natural Science Foundation of China (21305147), and the
Instrument Developing Project of the Chinese Academy of
Sciences (KJCX2-YW-M04,KJCX2-YW-M03).
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