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Abstract: Herein, a novel copper-doped gadolinium oxide (Cu-doped Gd;O3; CGO) nanofiber was
synthesized by a simple solution method in the basic phase and successfully characterized. We
have used Fourier Transform Infrared Spectroscopy (FTIR), X-ray Diffraction (XRD), Field Emission
Scanning Electron Microscope (FESEM) and Energy-Dispersive Spectroscopy (EDS) techniques for
characterization of the CGO nanofiber. The CGO nanofiber was used later to modify Au-coated
u-Chips with poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) polymer mix-
tures (coating binder) to selectively detect 4-cyanophenol (4-CP) in an aqueous medium. Notable
sensing performance was achieved with excellent sensitivity (2.4214 pApM ! em—2), fast response
time (~12 s), wide linear dynamic range (LDR = 1.0 nM-1.0 mM: R? =0.9992), ultra-low detection limit
(LoD; 1.3 £ 0.1 pM at S/N = 3), limit of quantification (LoQ; 4.33 pM), and excellent reproducibility
and repeatability for CGO/Au/u-Chip sensor. This CGO modified Au/u-chip was further applied

with appropriate quantification and determination results in real environmental sample analyses.

Keywords: Cu-doped Gd;O3 nanofibers; tiny Au/pu-Chip; 4-Cyanophenol; PEDOT:PSS polymer
matrixes; real sample analysis; electrochemical method

1. Introduction

Generally, phenol derivatives are usually toxic for human beings and aquatic animals,
even at trace levels [1-3]. The main source of these environmental pollutants in surface
water are industrial effluents, domestic discharge, usage of pesticides, and automobile
exhaust [4-6]. 4-cyanophenol (4-CP), a widely used phenol derivative, is considered as an
environmental toxin posing a health hazard [7,8]. United States Environmental Protection
Agency (US EPA) also declared this 4-CP as a major environmental pollutant [9,10]. 4-CP
is also commonly used as an antifungal [11], insecticidal [12] agents and its adverse
effect has been studied by researchers [8,13,14]. Inhalation of 4-CP can harm the central
nervous system and disturb the cardiac systems [15]. 4-CP might get metabolized in the
human body yielding toxic cyanide which can cause severe respiratory problems [16,17].
The cyanide formation might also cause headache, dizziness, and unconsciousness, and
occasionally even death [13]. Upon contact, it causes eye, nose, skin, and respiratory system
irritation. 4-CP is also harmful to fish [18]. Therefore, an effective determination of 4-CP
becomes necessary [19]. Several techniques have been used to detect 4-CP such as UV-Vis
spectroscopy, gas chromatography, and capillary electrophoresis [13,20,21]. However, the
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electrochemical techniques are advantageous in terms of sensitivity, low-cost, response-
time, and pretreatment of samples not required so suitable for on-field detection [22-26].
Thus electrochemical techniques gain substantial consideration in recent years [27-32]. Still,
interference from similar chemicals is often observed in spectrophotometric techniques.
While a huge amount of ultrapure organic solvents are required for chromatographic
techniques and GC-MS. Moreover, these are slow and expensive and, therefore, not suitable
for on-field detection. These prevailing methods are costly and often involve difficult
phases, and hence are extremely time-consuming. Due to reduced sensitivity and selectivity,
these methods become unsuitable for routine detection of 4-CP. Regrettably, direct 4-CP
detection using bare electrodes such as GCE, platinum, and gold electrodes is challenging
because of the reduced responses. Moreover, a bare electrode frequently suffers from
over-potential. Therefore, the development of new active materials material for electrode
modification becomes important.

Lately, the electrochemical detection of hazardous chemicals by chemically modified
electrodes (CMEs) has become vital due to their quick response, cheap method, handy
nature, and high sensitivity, especially in situ detection [33,34]. Developing an active
material with better electro-catalytic activity and superior conductivity is the key feature
in CMEs. Recently, modification of an electrode by nanomaterials such as transition
metal oxides, sulphides, or various types of nanocomposites (NCs) becomes an interesting
research topic [35]. Scientists have explored thin films consisting of composite of various
transition-metal-doped rare earth metal oxides to detect pollutants. Of these metal oxides,
gadolinium oxide (Gd;O3) is an interesting material for sensing since it gives a suitable
environment for doping elements as a host because of its high band-gap, low phonon
frequency, and good thermal and chemical stability [36-38]. In recent years, studies on
doped and undoped Gd;O3 nanoparticles focus on their luminescence properties, but
herein we have investigated Cu-doped Gd;O3. The incorporation of transition metals
may affect the structural and optical properties of the materials. So far, several phosphors
have been reported via doping of copper and lanthanide combinations, but no such report
is available with Cu-doped Gd,0O3. Therefore, it is interesting to see the effect of the
incorporation of CuO into the Gd;Os.

Herein, we have reported the synthesis and systematic characterization of the CGO.
Additionally, a micro-chip was fabricated by CGO using the PEDOT:PSS in developing a
sensor to detect 4-CP, which is presented in the Scheme 1. A simple I-V method at ambient
conditions was used in this study since it is handy, low-cost, and less solvent required thus
green. 4-CP is oxidized onto CGO/PEDOT:PSS/Au/ pu-Chip in electrochemical process
to release electrode and form oxidized production during electrochemical process in a
room conditions. To the best of our knowledge, it would be the first report of selective
4-CP sensor probe fabrication based on oxidation mechanism by using the formulated
CGO as the active nanostructure material embedded tiny Au/p-chip by using PEDOT:PSS
polymer mixtures.
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Scheme 1. Schematic representation of 4-CP detection with CGO/PEDOT:PSS/Au/p-Chip.

2. Experimental
2.1. Materials and Methods

Hydrated copper (II) chloride, Gadolinium (III) chloride, ammonium hydroxide,
4-Cyanophenol, PEDOT:PSS (poly(3,4-ethylenedioxythiophene) polystyrene sulfonate),
dopamine, Catechol, ascorbic acid, uric acid, 4-nitrophenol, hydroquinone, ethanol, hy-
drazine, 4-cyanophenol, etc., used in the current study were from Sigma-Aldrich, Burling-
ton, MA, USA and all of them were used as received. For CGO nanofiber an FTIR spectrum
was studied by NICOLET iS50 FTIR spectrometer, Thermo Scientific, Waltham, MA, USA).
The powder XRD prototypes of the CGO nanofiber was studied by the X-ray diffractometer
(XRD, Thermo scientific, ARL X'TRA diffractometer, Waltham, MA, USA). The morphology
of CGO nanofiber was studied by the FESEM (JEOL, JSM-7600 F, Tokyo, Japan). The
elemental analysis was performed by the EDS from JEOL, Tokyo, Japan. I-V method was
used by the Keithley, 6517A Electrometer (Solon, OH, USA) at the normal temperature.

2.2. Synthesis of the CGO Nanofibers

We have synthesized the CGO nanofibers by a simple solution method. Briefly, in this
reaction, equimolar (0.1 M) Cu?*, Gd%*, and NH,OH have been taken. These ions were
mixed (50 mL each) in a 250 mL conical flask for half an hour with continuous stirring at
60 °C. Then, we have added 100 mL of aqueous NH4OH (0.1 M) dropwise to this mixture
with constant stirring. Continued the stirring for 6 h at 70 °C. On cooling, a gray-precipitate
of CGO nanofiber was produced. It is later washed with double distilled water and ethanol.
Then, we dried this precipitate at ambient conditions for half an hour. After that, we heated
the precipitate for 2 h at 65 °C to get the as-grown CGO nanofiber. We then heated the
as-grown CGO nanofiber for 5 h at 500 °C to convert it to the CGO nanofiber.

2.3. Fabrication of Au/u-Chip by CGO Nanofibers with PEDOT:PSS

In this approach, modification of gold-coated micro-Chip was performed by the
CGO nanofiber by using PEDOT:PSS. A total of 1.0 mg of CGO was taken initially onto
the watch-glass. Then, 1.0 uL of PEDOT:PSS was placed onto the CGO and mixed
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properly. The mixture was deposited onto the micro-chip. Then, the fabricated gold-
coated p-Chip was dried in ambient conditions for 1 h to obtain a thin film on the gold-
coated p-Chip for CGO/PEDOT:PSS/Au/u-Chip. In an electrochemical cell, a fabricated
CGO/PEDOT:PSS/Au/ u-Chip, Pt-line, and 4-CP solution in PBS (pH 7.0) were used as a
working electrode (WE), a counter electrode (CE), and target analyte, respectively. 4-CP
solution (0.1 M) was taken as a stock solution for the targeted analyte and electrochemical
methods were engaged to detect 4-CP.

3. Results and Discussion
3.1. Characterization of the CGO Nanofibers

The XRD patterns of the CGO nanofiber are displayed in Figure 1a. This pattern
confirmed the presence of the Gd,O3 cubic phase. The diffraction peaks appeared at 26
values of 21.7°,28.7°, 33.0°, 35.5°, 43.2°, 49.2°, 54.0°, 55.3°, 57.4°, 63.8°, 71.7°, and 75.4° can
be correlated to the planes (211), (222), (400), (411), (431), (440), (541), (622), (631), (444),
(622), (811), and (662) of the cubic Gd,O3 with space group of Ia3 (JCPDS # 12-0797 and
88-2165) [39-43]. While diffraction peaks appeared at 26 value 33.9°, 62.3°, and 65.6° can
be assigned to (111)), (113), and (022) planes of cubic CuO, respectively [44—47]. These
XRD peaks can be assigned to the standard Cu doped Gd,Oj3 cubic crystal phase. The EDS
results also showed that the as-grown CGO consists of Gd, Cu, and O with a respective
weight percentage of 94.25%, 2.17%, and 3.58%.
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Figure 1. Structural and Optical characterization. (a) XRD spectrum and (b) FTIR spectrum of CGO nanofiber.

The CGO nanofiber was further studied by FTIR to find out their atomic vibrations
as in Figure 1b. The Gd,Oj3 displays an absorption band at 565 cm ™! in accordance with
the metal-oxygen vibrational mode of absorption, which is just matched with literature
values [48,49]. The absorption band that appears at 1578 cm ! are because of the overtone
of Gd,03. The absorption bands appeared at 481, and 880, cm ! are due to vibration
between Cu and O atoms [50]. The absorption bands at 1127 and 1410 cm™~! are because of
the vibrational overtone.

The morphological and surface structure of the CGO nanofiber was explored by
FESEM (Figure 2a,b). The CGO nanofiber is consisting of Cu-doped Gd;Oj3 that has fiber-
like aggregated morphological structure with nano-size distributions. The diameter of
CGO fibers is in the range of 30 to 150 nm. FESEM image showed the average nanofiber of
CGO having a mean diameter of ~45 nm. The elemental composition of CGO nanofiber
was studied by EDS (Figure 2c,d), which indicates that this CGO nanofiber consists of Gd,
Cu and O with a respective weight percentage of 94.25%, 2.17%, and 3.58%.
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Figure 2. Morphological and elemental analysis. (a,b) Low to high-resolution FE-SEM images and (c¢,d) EDS spectrum of

the CGO nanofibers.

3.2. 4-Cyanophenol Sensor Development
3.2.1. Detection of 4-CP Using the CGO/Au/p-Chip

Toxic 4-CP from the aqueous solution was detected by the CGO modified gold-coated
u-Chip as an electrochemical sensor. During electrochemical measurements, 4-CP produced
a significant response as 4-CP touches the CGO/PEDOT:PSS/Au/ pu-Chip. Therefore, we
have proposed a 4-CP sensor based on the CGO/PEDOT:PSS/Au/ pu-Chip assembly in
phosphate-buffered solution (PBS). This will be the maiden 4-CP sensor based on the
CGO/PEDOT:PSS/Au/u-Chip assembly.

Here, the tiny microchip is fabricated with the prepared CGO with the polymer mixtures
of PEDOT:PSS. In electrochemical detection, the current response was increased remarkably
in presence of the 4-CP concentration on the surface of fabricated microchip. In the electro-
chemical oxidation of 4-CP at the CGO/PEDOT:PSS/Au/p-Chip assembly, one electron
and one proton were transferred to the conduction band of the CGO/PEDOT:PSS/Au/ p-
Chip assembly by 4-CP [21], which causes the increasing of resultant current responses as
shown in Scheme 2. The fabrication procedure and detection mechanism are schematically
presented here.

Herein, a gold microchip was modified with CGO nanofiber using PEDOT:PSS and dried
at ambient conditions for 2 h. Then, the modified CGO/PEDOT:PSS/Au/ u-Chip was used in
detecting 4-CP. The 4-CP oxidation at CGO/PEDOT:PSS/Au/ u-Chip in PBS is recommended
as in Equation (1). In the electrochemical oxidation process, target 4-CP molecules were
oxidized by losing one electron at the conduction-band of the CGO/PEDOT:PSS/Au/ u-Chip
hence increases the current response. Thus, when 4-CP molecule comes in contact with
the CGO/PEDOT:PSS/ Au/u-Chip surface, 4-CP molecules were oxidized by releasing one
electron and one proton on the sensor CGO/PEDOT:PSS/Au/ p-Chip surface.
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Figure 3a displayed the current responses for ten toxic interfering chemicals in the
selectivity study, where aqueous 4-CP (red line) in PBS gave a distinguishable higher
current response at CGO/Au/pu-Chip assembly. Because of the ability to distinguish
interfering agents from the 4-CP with very close electrochemical behavior, the interference
study is one of the important methods of analytical chemistry, particularly transition metal-
doped semiconductor metal oxide-based sensor probes. To study the effect of various
interfering chemicals, the modified electrode was examined to check the acceptance in ideal
conditions in 5.0 uM 4-CP. From where, it can get the highest concentrations of interfering
substances that cause no more than 5% error. Thus, these electrochemical study reveals
that equal concentration of hydrazine, 4-nitophenol, hydroquinone, ethanol, bisphenol A,
catechol, ascorbic acid, uric acid, and dopamine showed a negligible effect on the current
response of 4-CP. Therefore, it confirmed that the CGO/PEDOT:PSS/Au/p-Chip assembly
is selective towards the 4-CP in the presence of above-mentioned interfering chemicals. The
proposed CGO/PEDOT:PSS/Au/ u-Chip probe is appropriate in the determination of 4-CP
with high sensitivity. We have also studied the pH effect of CGO/PEDOT:PSS/Au/ p-Chip
towards 4-CP for different pH values ranging from 5.7-8.0 Figure 3b. From the experiments,
it is clear that the CGO/PEDOT:PSS/Au/ p-Chip displays good electrocatalytic activities
at various pH values. In Figure 3b, the pH effect study with 4-CP reveals that at 7.0 pH
(red line), the highest current output was observed. Therefore, pH ~7.0 was kept constant
for all other experiments in the 4-CP detection with CGO/PEDOT:PSS/ Au/ p-Chip sensor.
Figure 3c exhibits the current responses from 4-CP in PBS at bare Au-coated p-Chip (blue
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line) and CGO/PEDOT:PSS/Au/ pu-Chip (red line). The CGO/PEDOT:PSS/Au/ p-Chip
made a considerably improved response compared to a gold-coated p-Chip electrode,
which confirmed the exceptional electrochemical property of CGO/PEDOT:PSS/Au/ -
Chip towards 4-CP at ambient conditions. Figure 3d displays the current output from the
CGO/PEDOT:PSS/ Au/ p-Chip with 4-CP (red line) and in the absence of 4-CP (blue line).
With 4-CP, a substantial upsurge of output current specifies the 4-CP sensing ability of the
CGO/PEDOT:PSS/Au/ u-Chip at ambient conditions.

3 6
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Figure 3. Current response

04 0.6
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from 2.0 uM; 25.0 puL using the CGO/PEDOT:PSS/Au/ u-Chip electrode: (a) Selectivity study

of ten interfering chemicals, (b) pH optimization, (c) Au/pu-Chip and CGO/PEDOT:PSS/Au/u-Chip electrode and (d)
Without and with the presence of 4-CP.

We have sequentially injected 25.0 uL 4-CP (0.10 nM to 0.10 M) in 5.0 mL PBS; then,
the variation of current response was investigated for each injection. Figure 4a showed
the current responses from the CGO/PEDOT:PSS/Au/u-Chip for various 4-CP solutions
(0.10 nM to 0.10 M). It showed that output current rises for CGO/PEDOT:PSS/Au/ p-Chip
probe while 4-CP concentration increases. It was also seen that from a lower (0.10 nM) to a
higher concentration (0.10 M) of 4-CP, the output current also rises gradually. A varying
concentration of 4-CP (0.10 nM to 0.10 M) was used to select the LOD and LDR of the
newly developed 4-CP sensor. Figure 4b shows the calibration plot at +0.5 V, from which
extremely high sensitivity value was estimated as 2.4214 pApM~tcm =2, while the LDR of
the developed CGO/PEDOT:PSS/Au/ pu-Chip assembly was attained as 1.0 nM to 1.0 mM
(R? =0.9992). An ultra-low LOD value was also obtained as 1.3 + 0.1 pM (3 x N/S).

Excellent reproducibility was achieved using five different CGO/PEDOT:PSS/Au/ p-
Chip electrodes under identical conditions, resulting in a relative standard deviation (RSD)
of ~3.6%. The CGO/PEDOT:PSS/Au/u-Chip sensor’s repeatability was also tested for
seven successive runs in 2.0 uM 4-CP, resulting in a current variance of RSD ~4.1%. After
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28 days of electrode storage under room conditions a nominal decrease in sensitivity was
observed, all of which are useful in the practical use of this sensor.
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Figure 4. (a) Electrochemic
CGO/Au/pu-Chip at +0.5 V.

al responses for different 4-CP solution (0.10 nM to 0.10 M) and (b) Calibration curve of the

3.2.2. Investigation of Real Samples

For functionality test, the CGO/PEDOT:PSS/Au/ p-Chip sensor was used to detect
4-CP from the industrial ETP plant water (S1) and household wastewater (52). We initially
remove the solid particles from the wastewater by filtration. Then, these real samples were
analyzed using an electrochemical method by the developed CGO/PEDOT:PSS/Au/ u-
Chip sensor probe as a WE. To this end, we employed the standard addition method in an
aqueous medium to validate the correctness of 4-CP detection. Herein, 25 uL of aqueous
4-CP of various concentrations and an equal volume of real samples were mixed separately
and studied in PBS by CGO/PEDOT:PSS/ Au/ pu-Chip sensor. Table 1 displays the outcomes
obtained that showed that CGO/PEDOT:PSS/Au/u-Chip assembly had a 4-CP recovery of
~100 percent. Therefore, we can conclude that this CGO/PEDOT:PSS/Au/ u-Chip sensor
is acceptable, accurate, and reliable in determining 4-CP in real samples.

Table 1. Investigation of environmental samples by the CGO/PEDOT:PSS/Au/ u-Chip assembly.

Sample 4-§E ClCont:. 4-CP Conc. Determi.ned by Recovery (%) RSD (%)
ed CGO/Au/u-Chip (n=3)
s1 2.000 nM 2.060 nM 102.0 3.8
2.000 uM 2.102 uM 105.7 44
o 2.000 nM 1.984 nM 97.1 3.6
2.000 pM 1.930 UM 96.0 43

Electrochemical responses in 4-CP detection depend primarily on the surface mor-
phology of doped nanocomposite material. If the surface of the CGO nanofiber touches the
target 4-CP analyte, there is surface-mediated oxidation reaction occur. The 4-CP releases
electron to the conduction band of prepared doped nanostructure material, so CGO, which
ultimately increases the CGO/PEDOT:PSS/Au/ p-Chip sensor probe’s conductance, causes
the increasing of sensor response. The electrochemical response is also consequently rising
after each 4-CP injected analyte in the electrochemical solution. These processes increased
the carrier concentration and consequently reduced the resistance on exposure to reducing
liquids/analytes. At the room condition, the exposure of CGO/PEDOT:PSS/Au/ p-Chip
surface to oxidize liquid /analytes results in a surface mediated process. The oxidize analyte
4-CP donates electrons to CGO/PEDOT:PSS/Au/ p-Chip surface. Therefore, resistance
is decreased, and resultant conductance is increased. This causes the analyte response
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(current response) to increase with increasing potential, thus producing an electron supply
to rapidly enhance conductance of the large surface area of CGO/PEDOT:PSS/Au/ p-
Chip. The higher sensitivity of CGO/PEDOT:PSS coated chip could attribute to the
good absorption (porous surfaces fabricated with coating), adsorption ability, high cat-
alytic activity and good bio-compatibility of the CGO/PEDOT:PSS/Au/u-Chip. The
CGO/PEDQOT:PSS/ Au/ u-Chip assembly exhibits very high sensitivity towards 4-CP and
extremely lower LOD than other 4-CP sensors, which is presented in Table 2 [13,20,21].
The CGO/PEDOT:PSS/ Au/ u-Chip sensor is showed an excellent stability and reliability
as well.

Table 2. Comparison of different electrochemical processes for specific 4-CP detection.

. LDR LOD Sensitivity
Material Method (uM) (uM) (UAUM1em2) Refs.
rGO/MFO/SPCE DPV 0.001 to 700 0.0012 6.836 [13]
Bi,MoOg DPV Zéli?ilo&f 0.008297 & 0.01097  0.0287 pApM 1 [21]
MWCNTs CE 10-50 pg/L. 0.32 ug - [20]
CGO/PEDOT: .
PSS/ Au/ u-Chip -v 1.0 nM-1.0 mM 1.3+ 0.1pM 2.4214 This work

Bi,MoOg = Bismuth molybdate; MWCNTs = Multi-Walled Carbon Nanotubes; CE = Capillary Electrophoresis; rGO = Reduced Graphene
Oxide; MFO = Magnesium Ferrites (MgFe;O4); SPCE = Screen-Printed Carbon paste Electrode.

The main features of the proposed CGO/PEDOT:PSS/ Au/ u-Chip sensor is long-term
stability, showing the enhanced electrocatalytic property in detecting 4-CP, having a useful
nature, good reproducibility, wide LDR, high sensitivity, and low detection limit. There-
fore, the CGO/PEDOT:PSS/Au/ u-Chip electrode showed exceptionally active electron-
facilitating behavior in 4-CP detection.

4. Conclusions

We successfully synthesized and characterized the copper-doped gadolinium oxide
(CGO) to modify a gold-coated p-Chip for the development of an effective 4-CP sen-
sor by electrochemical approach. Here, CGO/PEDOT:PSS/Au/p-Chip electrode was
successfully employed in determining aqueous 4-CP at ambient conditions. The mod-
ified CGO/PEDOT:PSS/Au/u-Chip-based 4-CP chemical sensor exhibited an efficient
electron-mediator during the 4-CP oxidation in PBS. The proposed 4-CP sensor showed
high sensitivity, ultra-low LOD with a wide LDR in a short response time. The electro-
chemical approach validated the fabricated CGO/PEDOT:PSS/Au/u-Chip sensor with
various environmental samples including industrial effluent-water and waste-water and
obtained reasonable performance. Finally, a new route to the development of an efficient
electrochemical sensor is introduced by doped nanostructured materials embedded tiny
micro-devices for the safety of the healthcare and environmental section.
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