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ARTICLE INFO ABSTRACT

Keywords: Due to the global problem with plastic contaminating the environment, with bisphenol A (BPA) being one of the

N.ﬂnocrysmui“e diamond sheet highest demand, effective monitoring and purification of the pollutants are required. The electrochemical

;‘"g oxide methods constitute a good solution but, due to polymerization of electrochemical oxidation bisphenol A products
il

and their adsorption to the surfaces, measurement head elements are clogged by the formed film. In this research,
we propose a nanocrystalline diamond sheet protection for securing elements in direct contact with bisphenol A
during electrochemical processes. The solution was presented on the example of a zinc oxide (ZnO) coating
deposited on a fiber-optic end-face by Atomic Layer Deposition. Series of optical and electrochemical mea-
surements were performed in a dedicated hybrid setup. The results show that ZnO can be modified during the
electrochemistry leading to the drastic change of its properties. Such degradation did not show in case of
nanocrystalline diamond sheet-protected sample proving the solution’s effectiveness, giving a possibility of re-
using the measurement element and prolonging its lifespan.

Fiber-optic sensors
Measurement head protection
bisphenol A
Optoelectrochemical system

1. Introduction bisphenol A show a potential risk on health e.g. it can interfere with

hormone systems [5-8].

Nowadays, the role of plastic is enormous as it is extensively used in
many branches of industry due to the ease of processing and low
acquisition costs compared to other materials. However, the price of its
overuse is a serious ecological problem, as most plastics are not biode-
gradable or decompose very slowly. One of the most produced chemicals
in the world is bisphenol A: global usage reached around 7.7 million
metric tons in 2015 and it is expected to increase up to 10.6 tons by 2022
[1]. Bisphenol A is a synthetic compound that is a precursor in pro-
duction of plastics that are widely used for fabrication of e.g. water
bottles and food storage containers. In the recent years, many re-
searchers focused on the investigation of bisphenol A and its impact on
environment translating to humans and animals [2-4]. Studies on

As bisphenol A occurrence in the environment is a result of human
activities, the main sources of its release are industry production and
processing, wastewater treatment plant discharges, and degradation of
polymers [6,9,10]. Hence, several methods answering the need for
bisphenol A effective monitoring and water purification were proposed
[11], including biological [12-14], photochemical [15], physical
adsorption [9,16,17] and electrochemical methods [18-20]. Among
those, the electrochemical techniques are distinguished by the smallest
secondary pollution as no additional reactive chemicals are required and
the treatment activity is independent from the substance toxicity like in
case of biological methods [21]. However, despite many solutions,
bisphenol A remains a challenging substance to be investigated. Due to

Abbreviations: ALD, Atomic Layer Deposition; BDD, Boron Doped Diamond; BPA, Bisphenol A; CA, Chronoamperometry; CV, Cyclic Voltammetry; CVD, Chemical
Vapor Deposition; EC, Electrochemistry; NDS, Nanocrystalline Diamond Sheet; ZnO, Zinc Oxide.
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polymerization, some of its electrochemical oxidation products adsorb
to the surface of the electrodes making them clogged and decreasing
surface redox performance [22]. As assessed through cyclic voltamme-
try, the electrooxidation of bisphenol A (BPA) is an irreversible process;
furthermore, if repetitive cycling is carried out, the oxidation signal
disappears due to the possible formation of a polymeric film on the
surface of measurement setup elements.

In this research, we show a hybrid system applying optical and
electrochemical methods for performing and monitoring the electro-
chemical (EC) processes. The setup allowed investigation of the
bisphenol A impact on the measurement head components (on an
example of a ZnO coated optical fiber) as well as a way to secure the
head against clogging.

A fiber-optic sensor was chosen as it assures high sensitivity and wide
dynamic range of measurements, as well as current-free operation of the
measurement head which uses only light [23]. The dielectricity allows
for coupling it with other methods due to the lack of operation inter-
ference. Fiber-optic sensors can be used to determine values of many
quantities e.g. temperature [24], refractive index [25], pH [26], pres-
sure [27], displacement [28], among others [29,30]. They enable
measurements in places hard to reach and in difficult working condi-
tions. On the other hand, zinc oxide (ZnO) is an interesting material
which usage can benefit many optoelectronic solutions. It is an n-type
semiconductor characterized by a wide band gap (3.36 eV), refractive
index of 1.9-2, and biocompatibility [31]. It found its application in
sensors and other optoelectronics devices [32-34].

The use of ZnO in fiber-optic sensors results in broadening the
measurement range and improves the sensitivity while comparing to
solutions without the coating. Furthermore, its deposition allows mea-
surements of media characterized by refractive index values close to the
optical core. Properties of ZnO can be tailored during the deposition
process, altering e.g. its thickness or refractive index. Hence, ZnO
coating was applied to the measurement head in our optical setup
without and with nanocrystalline diamond sheet over its surface to
protect it from bisphenol A impact. Reasoning behind the application of
a synthetic diamond structure lies in its extraordinary properties starting
with resistance to biological, chemical and mechanical damages, high
hardness, chemical stability and biocompatibility. Moreover, when
undoped, it is transparent in a wide wavelength range, from ultraviolet
to infrared [hidden].

In this research we propose a nanocrystalline diamond sheet as a
protection of the measurement head during electrochemical processes.
We used a hybrid system coupling a Fabry-Perot interferometer with
a standard 3-electrode electrochemical cell. In such configuration the
boron-doped diamond film played a dual role of a mirror and a working
electrode. The optical fiber end-face served as a measurement head and
was covered with a ZnO layer deposited by Atomic layer Deposition
(ALD). We performed electrochemical processes of bisphenol A with
unprotected ZnO coated fiber and ZnO coated fiber using nanocrystal-
line diamond sheet (NDS) to assess its ability to protect elements sur-
faces. The goal of this research is to prove that the nanocrystalline
diamond sheet can serve as efficient protection of the exposed elements
of the measurement head in contact with bisphenol A. The demonstra-
tion will be carried out on example of ZnO state changes caused by BPA.

2. Experimental details
2.1. Optoelectrochemical system

The optoelectrochemical system for simultaneous interferometric
and electrochemical measurements was constructed from a Fabry-Perot
interferometer and 3-electrode electrochemical setup. Both parts were
combined by a boron-doped diamond film playing a dual role of a mirror
and a working electrode.

The Fabry-Perot cavity was formed between the two boundaries:
fiber end-face/ investigated medium and investigated medium/boron-
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doped diamond film. The incident light from the light source (SLD-
1550-13-, FiberLabs Inc., Japan), was guided by the fiber and partially
reflected on the first and the second interface as shown in Fig. 1. The
beams interfered with each other giving a signal dependent on their
optical path difference influenced by e.g. changes in refractive index of
the medium inside the cavity or the cavity length itself. The measure-
ment signal was recorded by the optical spectrum analyzer (Ando
AQ6319, Yokogawa, Japan).

The electrochemical measurements were investigated by cyclic vol-
tammetry (CV), and chronoamperometry (CA). The EC measurement
system consists of the working electrode (boron doped diamond, BDD),
having an area of 0.2 cm?, the counter electrode is a platinum wire and
the reference electrode is an AgCl-coated Ag wire. The measurement of
electrochemical working electrode properties was carried out in 1 M
KNO3/1mM Fe(CN)63'/ 4 solution as the electrolyte, at scan rate 100
mV/s. Electrochemical oxidation (CA) and characterization of bisphenol
A (CV) was taken in 200 mg/L bisphenol A solution in 0.5 M NaySO4
using a potentiostat-galvanostat (VMP-300, Bio-Logic, France) driven
by EC-Lab software.

This hybrid setup is presented in Fig. 2, its detailed description can
be found elsewhere [35].

2.2. Chemicals

The Sodium sulfate (ACS reagent, purity > 99%, Aldrich), potassium
hexacyanoferrate(II) and potassium hexacyanoferrate (III) (Pure p. a.,
Chempur), aqueous solutions were prepared using demineralised water.
Bisphenol A (purity: 97%) was attained from Aldrich. The Potassium
nitrate (pure p.a.) and sulfuric acid (purity > 95%,) were purchased
from Chempur. Diethylzinc (min. 95%) was purchased from Strem
Chemicals. The synthesis gases: methane, hydrogen, argon and diborane
were collected from Linde and were of the highest purity class.

All reagents were used as received from the suppliers.

incident light &
optical fiber

A  1st reflected beam

first boundary }
4 2nd reflected beam

cavity

second boudary U

boron-doped
diamond

Fig. 1. Principle of operation. Fiber-optic realization of a Fabry-Perot inter-
ferometer where boron-doped diamond plays a role of a mirror.
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optical spectrum analyzer

hybrid measurement head

Fig. 2. Measurement setup. Optoelectrochemical system coupling 3-electrode electrochemical cell with a Fabry-Perot interferometer.

2.3. ZnO layer deposition

A home-made ALD set-up was used for depositing of ZnO thin layers
of 100 nm on the surface of the optical fibers. The detailed descriptions
of the ZnO layer deposition are reported elsewhere [36,37].

2.4. Diamond structures

Diamond layers were grown in a Microwave Plasma Enhanced
Chemical Vapor Deposition reactor with a frequency of 2.45 GHz (SEKI
Technotron AX54008S, Japan) on mirror-polished tantalum foils (0.4 mm
thick) and p-type silicon wafers with (100) orientation. Before the
growth, the substrates were cleaned by sonication in acetone and 2-
propanol for 10 min. After the cleaning step they were seeded with
water suspension consisting of diamond particles. The crystallite size
was 4-7 nm.

Due to different substrates, diamond layers were grown in two
separate processes.

2.4.1. Boron-doped diamond growth

To grow diamonds on silicon, we used 1300 W of microwave power.
The temperature of the graphite stage, on which samples were laying,
was set to 700 °C. Samples were doped using diborane. [B]/[C] ratio was
10 000 ppm. The pressure inside the chamber was 50 Torr, while the
total flow rate — 300 sccm (CH4:Hj ratio was 1:100). After 12 h of pro-
cess, the substrates were placed in boiling H,SO4 and KNO3 solution
(2:1 wt ratio) for 30 min. Next, the boron-doped diamond was ultra-
sonicated in isopropyl alcohol and deionized water for 10 min. In the
end, the electrodes were hydrogenated in the Microwave Plasma
Enhanced CVD reactor (1100 W, 50 Torr, 15 min).

2.4.2. Diamond sheet growth

In contrast to boron-doped diamond on silicon, the microwave power
and temperature of the graphite stage were 1.1 kW and 500 °C,
respectively. A detailed description of the diamond sheet growth can be
found in [35]. Table 1 presents comparison of the deposition parameters
to obtain different diamond structures.

The most crucial part of the nanocrystalline diamond assessment
before using it as a protective layer was to investigate its morphology.
Scanning Electron Microscopy (SEM) images were taken with an

Environmental Scanning Electron Microscope (E-SEM, Quanta FEG 250,
FEI, Hillsboro, Oregon, USA) while Focused-Ion Beam (FIB) system
(Helios UC5, Thermo-Fisher, Waltham, Massachusetts, USA) was used
for cross-section imaging and are presented in Fig. 3.

As can be seen from the obtained images, the diamond sheet is
formed from uniformly distributed crystals. No discontinuities, holes or
cracks are present, assuring a full coverage of the target surface. In order
to measure the thickness of the nanocrystalline diamond sheet, cross-
section cuts were done using FIB with voltage-current of 5 kV and
0.8nA. The measured thickness of the sheet is equal to 1.558 um. Thanks
to appropriate selection of deposition parameters we achieved a struc-
ture with low adhesion to the substrate. As a result, introduction of
external stress causes the detachment of the diamond structure from
tantalum substrate. Such realized free-standing flake can be then
transferred onto the desired surface.

3. Results and discussion

In order to investigate the effectiveness of the nanocrystalline dia-
mond sheet on protection of a ZnO layer, we performed series of mea-
surements using optoelectrochemical setup and a Fabry-Perot
interferometer with a silver mirror. First, the distance measurements
were performed in the range of 0-1000 um for a measurement head with
deposited ZnO. Then, the electrochemical processes were carried out
with the measurement head immersed in the electrochemical cell filled
with solution. During EC, a boron-doped diamond film was used as a
dual-role element acting simultaneously as a working electrode and a
reflective layer, as shown in Fig. 4.

The last step was to perform the distance measurements again under
the same settings to evaluate potential changes in ZnO condition. This
procedure was conducted twice: for a fiber with a bare ZnO layer and for
a ZnO protected with a nanocrystalline diamond sheet during the elec-
trochemical processes. The flowchart of the experiment is shown in the
Fig. 5.

Electrochemical part of the measurements included 5 steps: cyclic
voltammetry (CV) with ferrycyanides to assess if the boron-doped dia-
mond operates properly as a working electrode, CV with bisphenol A
solution, chronoamperometry (CA) in four 5-minute series, and again
CVs: with bisphenol A and next in ferrycyanides. During all those steps
the optical fiber with ZnO layer was immersed in the liquid to optically

Table 1

Deposition parameters for diamond structures.
structure deposition time microwave power temperature of the stage pressure total flow rate CH4:H;, ratio substrate
boron-doped diamond 12h 1300 W 700 °C 50 Torr 300 sccm 1:100 silicon wafer
nanocrystalline diamond sheet 3h 1100 W 500 °C 50 Torr 300 sccm 1:100 tantalum sheet
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M 5,00 kV 25 000 x 10.0 mm ETD 10.2 ym
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Fig. 3. SEM images of a nanocrystalline diamond sheet. (A) magnification 10,000x (B) magnification 25,000x with visible structure edge (C) cross-section with
thickness measurement. The images show uniform distribution of crystallites forming the sheet with no cracks or defects in the structure. Note that the sheet area is

large enough to cover a fiber end-face (8 um fiber-core diameter).

reference electrode

e
J’i optical fiber

counter electrode

vesse| —

liquid ——

i
gasket
BDD — =

Fig. 4. Optoelectrochemical measurement head scheme. The boron-doped
diamond works as a working electrode and a mirror. The fiber end-face is
coated with a 100 nm ZnO layer. The EC measurements were performed twice:
for a fiber with bare ZnO and with application of NDS over it.

monitor changes of investigated processes. Then, we repeated all steps
for optical fiber with ZnO layer covered with NDS.

The electrooxidation process of organic compounds such as bisphe-
nol A on BDD electrodes is one of the ways of removing this compound

from wastewater, where its concentration is the highest. Several
research groups investigate the BDD electrodes as a solution [38-40],
hence in our investigation we decided to use such a model system.

However, as mentioned in the introduction, the compounds of
electrochemical oxidation of bisphenol A can cover the electrode sur-
face. As a result, the electrode is blocked and unable to be used again in
further experiments. This phenomenon is shown in the Fig. 6. A cyclic
voltammetry with ferrycyanides was performed to ensure a proper
operation of the BDD as a working electrode (black curve). The standard
voltammogram was obtained with clear oxidation (point A: E = 0.2401
V, I = 0.0174 mA) and reduction (point B: E = 0.1243 V, I = -0.0161
mA) peaks. As the graph is in agreement with theoretical shape of the
curve for chemical reactions which rates are dependent on diffusion of
the analyte to and from the planar working electrode, we conclude that
the BDD operates properly [41].

Clear oxidation and reduction peaks were obtained and a shape of
the curve is in agreement with theory. Next, series of EC processes was
carried out: CV with bisphenol A, 4 series of 5 min CA for the oxidation
of bisphenol A, and again CV with bisphenol A to assess the effectiveness
of the bisphenol A oxidation process. After the ECs, a verification of the
electrode usability was needed. Hence, we performed another cyclic
voltammetry process with ferrocyanides with the same settings as prior
to EC with bisphenol A. As expected, the recorded curve was signifi-
cantly different from the theoretical curve indicating a properly func-
tioning working electrode. No oxidation and reduction peaks were
registered this time proving that the electrode was clogged (red curve).

The clogging process was additionally observed by the analysis of the
optical spectra recorded during the EC investigation. Representative
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Fig. 5. Flowchart of the experimental process.
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Fig. 6. Cyclic voltammograms. The comparison of the curves before and after
EC reactions including bisphenol A. At the beginning the electrode worked
properly, assuring visible oxidation (point A) and reduction (point B) peaks.
After the EC series, bisphenol A compounds clogged the electrode and, as a
result, it cannot be reused.

signals taken while the optical measurement head was immersed in the
liquid while chronoamperometry process was running is shown in Fig. 7.

The spectra are altered along with the progressing EC process: the
signal intensity and the spectrum modulation change. The quality of the
signal can be assessed by the value of signal visibility, also called
contrast. The higher its value, the better signal quality. The visibility of
0.00016
0.00014
0.00012 -
0.00010 -

0.00008

0.00006

Optical power [mW]

0.00004

0.00002

0.00000

T T T T
1520 1540 1560 1580 1600

Wavelength [nm]

T f
1480 1500

Fig. 7. Representative spectra recorded during the chronoamperometry pro-
cess. Black line - spectrum recorded while the measurement head was
immersed in the liquid (reference measurement), red line — spectrum acquired
during electrochemical process. The change of the optical signal properties due
to progressing clogging effect can be observed.

the signal can be expressed as [42]:

_ Pmax - Pmin
- Pmnx + Pmin

where V is visibility, Ppax and Pp, are the maximum and minimum
signal values (Fig. 8), respectively.

Similarly to the BDD, an optical measurement head can be affected
by EC processes leading to its damage. To avoid it, we propose a
nanocrystalline diamond sheet (NDS) as a protective coating.

The measurements assessing impact of the NDS protection were
taken on silver mirror, with air inside the Fabry-Perot cavity set to 100
um (Fig. 9), in order to keep a ZnO layer condition as the only variable.
For the comparison, the measurements were performed for the newly
ZnO coated fiber (the reference) and two fibers after the whole EC
procedure: without and with NDS protection during EC.

Representative signals acquired for a ZnO measurement head before
and after EC as well as for a measurement head with NDS-protected ZnO
during EC are shown in Fig. 10.

The measurements taken before and after the electrochemical pro-
cesses show that unprotected ZnO coated fiber head is prone to
bisphenol A impact which drastically changes the spectrum modulation,
meaning that such measurement head cannot be used again due to
different coating properties. In case of nanocrystalline diamond sheet
protected sample, we achieved the same signal modulation as shown in
Fig. 11.

The direct comparison of the acquired spectra proves that the
application of a nanocrystalline diamond sheet is beneficial toward
prolonging the lifespan of system elements. The reusability achieved this
way greatly reduces the cost of the measurements since another process
of a new sample deposition is not required as the material properties are

10 T T T

0.6 1 4

0.4 .

Optical power [a.u.]

02 min

0.0 T T T T T T
1480 1500 1520 1540 1560 1580 1600

Wavelength [nm]

Fig. 8. Representative optical spectrum. Maximum and minimum signal values
(Pmax> Pmin, respectively) for visibility calculation are marked’
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optical fiber ———

ZnO coating

silver mirror

Fig. 9. Measurement head for ZnO coating state assessment.

maintained.

The optical spectra clearly show that the parameters of the ZnO layer
have changed as a result of its exposure to liquids and electrochemical
reactions. On the other hand, the ZnO layer that was protected by
nanocrystalline diamond sheet keeps the same signal modulation. As can
be seen from the Table 2, the spectral characteristics are nearly the same
in case of starting ZnO state and after its usage with NDS during EC
processes. Slight differences can be attributed to the possible misalign-
ment of the head setting during its assembly in a micromechanical
system. On the other hand, the unprotected ZnO shows drastically
different spectral parameters, starting with a central maximum shift,

Measurement 189 (2022) 110495

different signal modulation revealed in smaller spectral separation of
fringes and greater number of maxima in the investigated wavelength
range, ending with significantly increased absorption (from 0.02 to
0.12) and large visibility drop (from 0.96 to 0.78). The experiment
proves that the nanocrystalline diamond sheet is a promising structure
in terms of interface protection. It allows performing measurements as
normal, giving expected results, while protecting the targeted surface
from chemical damage.

4. Conclusions

In this paper we propose a nanocrystalline diamond sheet for pro-
tection of a ZnO coated fiber end-face while performing electrochemical
investigation of bisphenol A. The research outcome of this study shows
that bisphenol A impacts the properties of measurement elements in
direct contact with it: the working electrode and a ZnO layer making
them impossible to reuse. On the other hand, the results of this inves-
tigation proved that the NDS protection applied for the ZnO allowed to
maintain its properties as indicated by the same spectrum modulation
while comparing signals registered before and after the EC. With our
hybrid optoelectrochemical setup we are able to continuously monitor
the state of the sample, and after the measurements easily extract the
optical measurement head to individually assess the quality of the ZnO
layer.

The research contribution of this study lies in a method of protecting
the exposed elements of measurement heads in direct contact with
bisphenol A. Its effectiveness was presented on example of ZnO: it was
demonstrated that it can be modified by BPA during the EC measure-
ments leading to the drastic change of its properties, which can be
prevented by protecting its surface with NDS. This approach gives us
possibility of re-using the same measurement head and prolonging its

0.8
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0.2

0.0
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T T
1480 1500 1520

T T f
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Fig. 10. Spectra comparing ZnO state before and after EC. (A) Measurement head with ZnO before EC (B) Measurement head with bare ZnO during EC (C) Mea-
surement head with ZnO and NDS during EC, with NDS removed afterwards. A drastic change in signal can be observed for the uncovered ZnO during EC in
comparison to the sample covered with NDS. Different signal modulation in (B) indicates degeneration of the initial ZnO parameters which was avoided in case of (C).
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Fig. 11. Direct comparison of spectra for investigated measurement head configurations. (A) The NDS-protected ZnO coating maintained its properties which is
proved by the same spectral response before and after EC. (B) Visible ZnO degradation occurred as indicated by a signal change.

Table 2
Comparison of spectra properties. Note a significant change in parameters for an
unprotected ZnO fiber.

Parameter before after EC with NDS after EC with no
EC protection protection
Central maximum [nm] 1542.46 1542.56 1539.64
Spectral separation [nm] 10.24 9.94 7.92
Number of maxima in the 7.94 8.03 10.00
range of 1500 <+ 1580 nm
Absorption 0.02 0.01 0.12
Visibility 0.96 0.98 0.78

lifespan, which can be beneficiary for further development of solutions
dedicated to removal of the bisphenol A from the environment as it is
recognized as potential risk for human health. Application of nano-
crystalline diamond sheets for securing elements and films from chem-
ically aggressive substances will have impact on opening new
perspectives for devices development. Future research will aim at opti-
mizing the transfer technique of the NDS onto different surfaces and
examine its securing abilities against other chemicals, potentially
dangerous for measurement head elements.
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