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Abstract

In this paper, an integrated optical fiber optoelectrode based on Fabry—Perot (F-P) cavity
functionalized by ITO is first proposed to simultaneously realize the function of electrochemical
working electrode and the function of fiber sensing. In the experimental prototype, the redox reaction
of Ks3[Fe(CN)s] system in electrochemical reaction was token as an example. Simultaneous monitoring
of the electrochemical and optical responses of the optoelectrode at different scan rates is discussed.
The results show that the electrochemical behavior of Ki[Fe(CN)s] and K4[Fe(CN)s] on the surface of
the F-P-ITO optoelectrode can be successfully monitored. As the electrochemical process proceeds,
local refractive index changes around the optical fiber F-P-ITO optoelectrode dominated by diffusion
control will induce an obvious shift in the interference spectrum. Significantly, this novel structure of
integrated F-P optoelectrode functionalized by conductive ITO based on fiber interferometer has great

potentials in the fields of electrochemistry systems and biomedical applications.



1. Introduction

Electrochemical analysis is an emerging and powerful analytical method in the fields such as
chemistry, environment, biology and energy [1-8]. Electrochemical analysis methods can usually
accurately analyze the chemical reactions occurring on the surface of the working electrode,
especially the redox reactions. In recent years, to fully describe the details and complete
information of the reaction process, electrochemical analysis processes based on real-time optical
detection (such as real-time fluorescence, on-line Raman and other means) provide important
process information for electrochemical reactions [9-11]. However, most of these systems are
mechanical combinations of individual systems, the working electrode and light detection are
separated structures. Then, it is difficult to realize structural integration and limits their practical
application. Therefore, the integration of working electrode and high-sensitivity optical probe is an
urgent problem to be solved.

On the other hand, with the rapid development of optical fiber technology, micro-nano
structured optical fibers are widely used in the field of sensing [12-20]. Among them, the fiber F-P
cavity probe with high quality interference spectrum has the characteristics of simple structure,
small size, strong plasticity, and high sensitivity. It has attracted more and more attention [21-26].
Moreover, integrating functional materials of inorganic materials such as nanoparticles and
organic molecules such as biological enzymes with optical fiber can realize the aim of optical fiber
sensing in different fields [27-30]. Among them, Indium tin oxide (ITO) has excellent
transparency and it is a narrow-bandgap semiconductor material, which gives it metal-like
electrical conductivity. Compared with metals such as Au and Ag, the integration of ITO and fiber
is more stable. (The metal film of Au and Ag integrated optical fiber is easy to fall off after the
voltage is applied in the solution many times, which will affect the actual use effect.) Therefore,
ITO is expected to realize the conductive function of optical fiber and be used to build
photoelectric devices based on optical fiber.

In this paper, a novel optical fiber F-P optoelectrode for online real-time simultaneous
electrochemical and optical monitoring is proposed for the first time. The optoelectrode was
prepared by integrating a transparent conductive ITO film with an optical fiber F-P probe. The
optoelectrode was used as the working electrode of the electrochemical analysis system to
participate in the reaction, and at the same time, it was used as a sensing probe to detect the redox
process in real-time online. In this experiment, [Fe(CN)s]> / [Fe(CN)s]* couple were taken as
examples to monitor the redox reaction [31,32]. In the electrochemical process, local refractive
index around the optoelectrode will change, which results in a shift in the interference spectrum.
Through the integration of ITO with the fiber F-P probe, the novel fiber F-P optoelectrode can
simultaneously monitor the information of the electrochemical and describes the changes of the
environment around the optical fiber in real time. It is worth noting that the integrated ITO-fiber
structure of this new optoelectrode realized the electrode function of the optical fiber F-P probe
and will have wider range of applications and great potentials in photoelectric integrated system
and electrochemical analysis such as energy -electrochemistry systems and biomedical
applications.

2. Experiment

2.1 Chemicals and Preparation process of optical fiber F-P-ITO cavity optoelectrode

KClI and ethanol were purchased from Zhiyuan Chemical Reagent Co. LTD. K3[Fe(CN)s] and
K4[Fe(CN)s] were purchased from Aladdin reagent Company. The 3 dB coupler and single-mode
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fiber used to make the interferometer were purchased from Yangtze Optical Fibre and Cable Joint
Stock Limited Company. The optical fiber F-P cavity probe was fabricated by the fiber largely
offset misalignment fusion splicing method [33]. Fig. 1 shows the manufacturing process of the
F-P-ITO optoelectrode. Firstly, the 3 dB coupler and the single-mode fiber were fusion spliced
with largely offset misalignment. The offset distance was 73 pum. Secondly, the single-mode fiber
was cut to 150 pum (that is the length of the F-P cavity). Thirdly, the cut fiber and the single-mode
fiber were fusion spliced with largely offset dislocation again. Finally, the fabricated optical fiber
FPI was ultrasonically cleaned in water and ethanol and then it was sputtered twice by a
commercially available RF magnetron sputtering system (JGP 450B) [34]. And, the optical fiber
and the target are kept at an angle of 30° during sputtering to ensure that the continuous ITO film
is integrated on the end face of the FPI. Here, the thickness of ITO film about 75 nm, which is
measured by the 3D surface profiler (zygo), as shown in Fig. 2. When measuring film thickness,
the sample surface is first pretreated and then coated with a gold film to increase reflection. As
shown in Fig. 2(a), it is the 3D topography of the sample surface; Fig. 2(b) is the vertical section,
and the difference between the maximum value and the minimum value is the ITO film thickness.
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Fig. 2 Thickness of the ITO film measured on the upper surface of the fiber FPI. (a) The morphology of the
film, (b) the thickness of the film.

2.2 Characterization of the optical fiber F-P-ITO optoelectrode

Fig. 3(a)-(b) shows the scanning electron microscope (SEM, Thermo Fisher Apreo C) images
of different magnifications. It can see that the overall structure of the optical fiber F-P-ITO cavity
optoelectrode and the smooth surface of the ITO film. Fig. 3(c)-(f) is an X-ray energy-dispersive
spectroscopy (EDS, Oxford) of the optical fiber F-P-ITO cavity optoelectrode. In the figures, the
distribution of Au, O, In and Sn elements on the surface of the optical fiber F-P-ITO optoelectrode



is shown, respectively. Au is sprayed over the entire sample surface as a conductive medium, so
the Au element is distributed over the entire sample surface. Of which, O, In and Sn elements are
distributed almost exclusively on the fiber F-P-ITO optoelectrode surface. The EDS elemental
analysis spectrum is presented in Fig. 3(g). It can be seen from the figure that various elements on
the surface of the fiber F-P-ITO optoelectrode are uniformly distributed. Fig. 3(h) presents the
X-ray diffraction (XRD) spectrum of ITO film. The figure shows that the diffraction peaks of ITO
correspond to PDF#39-1058. And the 30.272° 35.164°, 50.976° and 59.938° correspond to (222),
(400), (441) and (622) diffraction planes, respectively [35]. The optical fiber F-P cavity probe has
been smoothly and uniformly modified by the ITO.
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Fig. 3 Characterization diagram of fiber F-P-ITO optoclectrode. (a)-(b) The SEM images at different
magnifications of the optical fiber F-P-ITO optoelectrode. (c)-(f) The EDS mapping images of Au, O, In, and Sn
elements in the image (b). (g) EDS elemental analysis spectrum. (h) X-ray diffraction pattern of ITO film.

2.3 Construction of the optical fiber F-P-ITO cavity optoelectrode sensor

The experimental setup of the optical fiber F-P-ITO cavity optoelectrode sensor is shown in
Fig. 4. An amplified spontaneous emission (ASE) light source was used as the experimental light
source. An optical spectrum analyzer (OSA, AQ-6370) and monochromator were used as optical
signal detectors. An electrochemical workstation (CHI 660E, Chenhua Instrument Shanghai Co.,
Ltd, China) was used for cyclic voltammetry and chronoamperometry measurements. In the
electrochemical working system, the optical fiber F-P-ITO optoelectrode was used as the working
electrode. Meanwhile, a piece of Pt foil and Ag/AgCl (saturated KCI) electrodes were used as
counter and reference electrodes, respectively. The optoelectrode was connected with the light
source and the detection device through a 3 dB coupler. The redox reaction between [Fe(CN)g]>
and [Fe(CN)s]* is used as the reaction in the electrochemical reaction cell. KCI was used as the
supporting electrolyte.



Monochromator

Fig. 4 Sensing device diagram of optical fiber F-P-ITO optoelectrode. Inset: microscope image of optical

fiber F-P-ITO optoelectrode.

3. Results and discussion

3.1 RI sensitivity characteristics of the optoelectrode

First, the RI sensitivity of F-P-ITO optoelectrode was characterized and the results are shown
in Fig. 5. Here, the fiber MZI was immersed in NaCl solutions with various RI at room
temperature. The RI of the NaCl solution varies from 1.3320 to 1.3333, measured with an Abbe
refractometer. The inset in Fig. 5 is the interference spectrum at different refractive indices. The
inset clearly shows that the fiber F-P probe spectrum shifts significantly to the long-wavelength
direction with RI increases. As shown in Fig. 5, the RI sensitivity of the fiber F-P-ITO
optoelectrode was approximately 917 nm/refractive index unit (RIU) by fitting to the offset. The
optoelectrode has great RI sensitivity, the phase shift has a favorable linear relationship with the

refractive index change, and the correlation coefficient is higher than 0.99.
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Fig. 5 Refractive index response of the optical fiber F-P-ITO optoelectrode. Inset: The interference spectrum
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3.2 Spectral analysis at potentiostatic

In the experiment, [Fe(CN)¢]*- / [Fe(CN)s]* couple were taken as examples to monitor the
redox reaction. Since the redox reaction between [Fe(CN)]*- / [Fe(CN)q]* pairs is one of the most
classical reversible reactions in electrochemical reactions. Also, the reaction has an accurate redox
potential and is often used as a standard reaction. Here, the optical fiber F-P-ITO optoelectrode
was used as the working electrode and optical sensing probe for simultaneous electrochemical and
optical measurements of electrochemical reactions. The electrochemical reaction solution
contained 5 mM Ki[Fe(CN)g], 5 mM K4[Fe(CN)s], and 0.1 M KCI. In this configuration, the
potentials were controlled at 0.5 V to -0.5 V for an extended period to stabilize the potential and
record the interference spectrum. The interference spectrum shift is shown in Fig. 6(a). As the
potential changes from 0.5 V to -0.5 V, the interference spectrum shifts to the long-wave direction.
Moreover, the interference spectrum changes significantly at negative potential. ITO is an n-type
semiconductor, and most of its electrons act as carriers. According to the Drude Lorenz model, the
real part of the semiconductor RI depends on the number of free carriers in the material [36,37].
By applying a negative potential, charges are transferred to the film, and the carrier concentration
is higher near the ITO surface [38]. The real and imaginary parts of material RI are decreased and
increased, respectively [39]. The inset in the figure is the interference spectrum in the 1535-1540
nm range. To observe the spectral shift more intuitively, we tracked the spectral intensity change at
a fixed wavelength of A = 1550 nm and summarize the results in Fig. 6(b). In the spectra, the light
intensity at 1550 nm changes synchronously with the potential, which is consistent with the law of

interference spectrum shift.
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Fig. 6 The spectral analysis diagrams at different potentials. (a) The interference spectra at different potentials.
Inset: The interference spectrum in the 1535-1540 nm range. (b) Spectral intensity changes at the wavelength of A

= 1550 nm.

3.3 Cyclic voltammetry electrochemical and optical analysis

The electrochemical behavior of the optical fiber F-P-ITO optoelectrode surface was
investigated by cyclic voltammetry. K3[Fe(CN)s] and K4[Fe(CN)s] were used as representative
redox indicators to evaluate the electrochemical performance of the sensor. The scan rates ranged
from 10 to 500 mV/s and the cyclic voltammograms obtained are shown in Fig. 7(a). The cyclic
voltammogram shows well-defined oxidation and reduction peaks, corresponding to the redox
behavior of [Fe(CN)e]*> and [Fe(CN)s]*.Therefore, redox reactions on the surface of the optical
fiber F-P-ITO optoelectrode was carried out by applying potentials ranging from -0.5 V to +1 V.



The results indicate that the spacing between the oxidation and reduction peaks in all experiments
increased linearly with the scan rate. In addition, the positions of the oxidation peak and reduction
peak at different scan rates are presented in Fig. 8. It can be seen from the figure that the increase
of the scan rate leads to a positive shift of the oxidation peak potential and a negative shift of the
reduction peak potential. This is mainly due to the diffusivity of each species in the redox reaction
[40,41].

Fig. 7(b) shows the cyclic voltammetry curves of the reaction solution with or without
K3[Fe(CN)s] and K4[Fe(CN)g]. The scan rates were all 10 mV/s. The results show that the cyclic
voltammetry curve of 0.1 M KCI solution had no obvious redox peak and approached a straight
line. The inset of Fig. 7(b) is the cyclic voltammetry curve of the 0.1 M KCI solution after
magnifying the ordinate.
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Fig. 7 Cyclic voltammograms of optical fiber F-P-ITO probe optoelectrodes. (a) Cyclic voltammograms with
different scan speeds containing SmM K;3[Fe(CN)s] and Ks[Fe(CN)s]. (b) Comparison of scan rates of 10 mV/s.
Inset: Cyclic voltammetry in 0.1 M KCI.
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Fig. 8 Oxidation peak potentials and reduction peak potentials with different scan speeds.

During the cyclic voltammetry scan, the peak currents of the cathode and anode were
measured simultaneously, as shown in Fig. 9. The results show that the cathodic (i) and anodic
(ipa) peak currents increase with the scan rate. In addition, the peak current is proportional to the
0.5th power of the scan speed. Overall, the optical fiber F-P-ITO optoelectrode shows a current
peak shift, which may correspond to the twice slower charge transfer process caused by certain
charge blocking regions or surface energy barriers that require larger tunneling potentials [42].
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After fitting the peak currents of the cathode and the anode, the correlation coefficients of the two
currents both exceed 0.99. The fitting relations are ipc = -29.40-130.55 v!? and ipe = 26.59+133.71
v/, The higher correlation coefficients indicate that the investigated electrochemical process is
diffusion-controlled, as seen from the fit of the cathodic and anodic peak currents [43,44].
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Fig. 9 Relations between ipa and ipc peak currents versus the square root of the scan rates.

The relationship between the redox peak current ratio and the scan rate is shown in Fig. 10(a).
Only when the scanning speed is 10 mV/s, the ratio is slightly lower than 1, and the ratios are all
around 1 at other rates. This number indicates that the reaction of K3[Fe(CN)s] and K4[Fe(CN)¢] is
a quasi-free reversible process. Fig. 10(b) shows the relationship between the logarithm of the
redox peak current and the logarithm of the scan rate. Their fitting relationships are log iy =
-2.17-0.31 log v and log ipa = 2.18+0.33 log v, respectively. The fitted relationships are 0.31 and
0.33, respectively, and R’ is 0.999 and 0.999, respectively. These slopes are close to 0.5, which
indicates that a diffusion-controlled process occurs near the fiber F-P-ITO optoelectrode [45].
Theoretically, a slope of 0.5 corresponds to the diffusion process, 1 to the adsorption process, and
slopes between 0.5 and 1 belong to the mixed adsorption-diffusion control mechanism [46,47].
This result confirms that the electrochemical behavior of this electrochemical reaction on the fiber
F-P-ITO probe optoelectrode is also diffusion-controlled.
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Fig. 10 (a) Peak current ratio versus different scan rate. (b) Relationship between the logarithm of the peak

current and the logarithm of the scan rate.
Then, to more intuitively express the simultaneous electrochemical and optical sensing of this
optoelectrode, the performance of the optoelectrode was further studied. The optical response of
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the optical fiber F-P-ITO optoelectrode was investigated by cyclic voltammetry in KCI solution
with 5 mM Ks[Fe(CN)s] and Ks[Fe(CN)s] added. Fig. 11 is a graph of the intensity of the
interference spectrum at 1550 nm as a function of potential. The spectral intensities were recorded
separately by the four different scan rates. Fig. 11(a)-(d) correspond to scan rates of 50, 100, 150,
and 200 mV/s, respectively. The graph clearly shows great periodicity of the light intensity during
cyclic voltammetry. The light intensity at a wavelength of 1550 nm increases with increasing
potential. In addition, we repeated the test by varying the reactant concentration. Here, the
concentrations of the reactants K3[Fe(CN)s] and K4[Fe(CN)s] are 7.5 mM and 2.5 mM,
respectively. The optical response trends obtained are basically the same as those obtained when
the reactant concentration is 5 mM. The optical response of the fiber F-P-ITO optoelectrode can
show the existence of the redox reaction between Kj3[Fe(CN)s] and K4[Fe(CN)g] in real-time
online. Therefore, in the proposed electrochemical system, the electrochemical process can be
interconnected with the optical response of the probe. In other words, simultaneous online
real-time electrochemical and optical measurements can be performed via the optical fiber
F-P-ITO optoelectrode.
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Fig. 11 Optical fiber F-P-ITO optoelectrode to potential cycling in 0.1 M KCl, 5 mM Ki[Fe(CN)¢] and
K4[Fe(CN)s]. Response at scan rate (a) 50, (b) 100, (¢) 150, (d) 200 mV/s.

3.4 Chronoamperometry electrochemical analysis

The stability and repeatability of the optical fiber F-P-ITO optoelectrode were investigated by
chronoamperometry. The real-time current intensity and light intensity at 1550 nm of the
optoelectrode was recorded, as shown in Fig. 12. From the figure, it can see that when the current
suddenly changes from positive to negative, the light intensity suddenly changes from high to low.
The results can show that the optoelectrode exhibits obvious repeatability and stability after
repeated cycling for many times. Fig. 13 shows the fall and rise times for one cycle. A fall time of
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8 s and a rise time of 3 s are shown in the figure. The fiber F-P-ITO optoelectrode has a faster
response speed.
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Fig. 12 Real-time light intensity of the optoelectrode at 1550 nm.
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Fig. 13 Response time of the device at 1550 nm.

4. Conclusions

In this study, an optical fiber F-P-ITO optoelectrode was first proposed for simultaneous
electrochemical and optical measurements. By integrating a conductive ITO film on the surface of
the F-P probe, the optical fiber FP-ITO optoelectrode can be used as the working electrode of the
electrochemical three-electrode system and the detection probe of the optical sensing system at the
same time, which realized the simultaneous electrochemical and optical measurements.
Specifically, when the electrochemical process, the effective refractive index near the F-P cavity
changes, which in turn leads to a shift in the interference spectrum. The experimental results show
that the electrochemical behavior measured at the optoelectrode is diffusion-controlled. And the
intensity of the interference spectrum at 1550 nm changes periodically with the potential.
Moreover, the optoelectrode shows repeatable and reversible optical properties. Optical fiber
sensors usually have a lower detection limit, and at the same time have the characteristics of
device miniaturization, rapid response, and detection sensitivity. On the other hand,
electrochemical analysis methods can accurately and deeply analyze the biochemical reactivity of
target media. This optical fiber F-P-ITO optoelectrode for simultaneous electrochemical and

optical measurements has the characteristics of simple operation, convenient fabrication, remote
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real-time monitoring, and easy integration with microstructure chips. Moreover, this
photoelectrode can also be used as a basic platform to integrate other biochemical materials for
label-free biochemical sensing. This compact optoelectrode combined with optical fiber
interferometer and electrochemical measurements can efficiently collect more detection
information than a single measurement method in the process of energy electrochemistry and
biomedical such as Battery or biomedical monitoring.
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