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1. Introduction

Self-assembled micelle-based polypyrrole
nanotube-incorporated copper oxide
nhanocomposite for the optical, structural and
electrochemical detection of hydroquinone in
water samples and HER applicationt
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Recently, hydrogen has garnered significant attention as a renewable and environmentally friendly energy
source. The majority of industrial hydrogen is produced by turning natural gas into hydrogen. In this case,
the development of reliable, economical, and effective catalysts that can produce hydrogen from water
with minimum electrical bias is one of the main objectives of large-scale electrolysis. One approach to
achieving the practical application of electrocatalysts in the production of hydrogen is to use easily
accessible electrocatalyst materials that can facilitate the oxidation of water. In this work, we report the
synthesis of an electrocatalyst for the electrochemical detection of the hydroquinone (HQ) analyte
molecule in water samples and H, production. A polypyrrole nanotube/copper oxide (PNT/CuO)
nanocomposite was synthesized via the self-assembly of a soft template obtained through chemical
polymerization and a one-pot hydrothermal method. The prepared material was characterized using
various techniques to examine its crystal phase, functional groups, and surface morphology. An
electrochemical study was conducted using a PNT glassy carbon electrode (GCE) and PNT/CuO GCE,
and CV curves showed a large surface area with good oxidation behaviour towards the HQ analyte. The
DPV analysis of the HQ analyte exhibited an LOD of 0.36 uM and a high sensitivity of 9.33 pA pM~t cm™2,
with a linear range of 5-60 puM. The real sample analysis of the HQ analyte in a water sample showed
recovery in the range of 97.45-102.61% with an RSD of 1%. These findings suggest that the PNT/CuO
GCE sensor is a strong option for detecting the HQ analyte in real samples. Furthermore, the PNT/CuO
GCE exhibited exceptional electrocatalytic activity for the HER (n = 330 mV and Tafel slope = 139 mV
dec™), showing that the PNT/CuO GCE exhibits high activity as an electrocatalyst for H, generation.

significant energy density, favorable environmental impacts,
and renewability.” In this case, water electrosplitting offers

The advancement of sustainable energy sources is a crucial
requirement for preserving the global ecosystem and address-
ing future energy requirements.' Hydrogen is often regarded as
a prime energy source in sustainable energy systems owing to its
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a viable method for the cost-effective and clean production of
hydrogen, utilizing effective electrocatalysts for the hydrogen
evolution reaction (HER).*> The noble metal Pt is recognized as
a catalyst with the highest efficiency for the HER because all
reaction mechanisms are involved in the HER activity on this
metal.* However, the high cost and restricted accessibility of Pt
limit its widespread use in water electro-splitting devices.
Therefore, transition metals such as Co, Cu, Ni, Zn and Fe
doped with conducting materials have been recognized as
potential replacements for Pt. To date, there has been a signifi-
cant demand for the advancement of electrocatalysts that are
affordable, abundant in nature, and exhibit outstanding effi-
ciency.>® Furthermore, potassium hydroxide is typically
employed in water electrolysis to prevent the significant corro-
sion loss associated with acid/base electrolytes.” Consequently,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the advancement of non-noble metal-based catalysts for the H,
reaction in alkaline environments with considerable catalytic
activity is crucial for the large-scale production of hydrogen.
Besides, electrocatalyst active materials play a crucial role in
various environmentally friendly and potential electrochemical
applications, such as electrochemical detection, and mainly the
HER.

In addition, hydroquinone (HQ) is an important chemical
used in many fields such as industry, manufacturing,
cosmetics, agriculture, medicine, food, photography, and the
environment; it helps prevent damage from oxidation and acts
as an antioxidant.® However, this chemical is a serious envi-
ronmental pollutant because it is very toxic and do not break
down easily. The large amounts of waste released by industry
directly harm the environment, human health, animals, and
plants, given that they can enter humans and animals through
breathing, water, and food. The industries released a large
amount of waste, which has a direct effect on environmental
pollutants, human health, animals, and plants because it
directly entered human and animal bodies through inhalation,
water, and food. Thus, HQ is considered a highly carcinogenic
chemical and serious hazard by the US Environmental Protec-
tion Agency, the European Union, and the International Agency
for Research on Cancer.”'® Consequently, it is necessary to
fabricate and develop highly efficient electrochemical materials
for the detection of the HQ analyte and as electrocatalysts for
HER.

Conducting polymers (CPs) and their derivatives have
attracted tremendous attention due to their tunable electronic
properties,'* flexible surface morphology, easy doping and de-
doping process, and lightweight nature, including polypyrrole
(PPY),”* poly(3,4-ethylenedioxythiophene) (PEDOT),** poly-
thiophene (PTH)," and polyaniline (PANI),* which can be ob-
tained via a versatile array of synthesis methods. These methods
provide distinctive surface morphology, including the forma-
tion of nanofibers,'® nanospheres,"”” and nanotubes.’ In CPs,
polypyrrole nanotubes (PNTs) are considered a promising
option for electrochemical applications because of their nano-
tube shape, which has attracted significant attention from
scientists and industry. They possess many useful features,
such as small size, thin structure, strong chemical stability,
excellent resistance, and unique fibrillary nanotubes, which
help speed up electron transfer and support electro-oxidation
activity.

The composition, dimension, and morphology of electro-
catalysts significantly influence their electrochemical activity.
Recently, several transition metal-derived electrocatalysts, such as
transition metal hydroxides, sulfides, and oxides, including metal
oxides such as RuO,,* NiO,** MnO,,* V,05,? C050,4, ZnO, and
CuO,** have been reported. Among them, CuO stands out as an
exceptional electrode material due to its unique features, such as
monoclinic phase structure, distinctive surface morphology, high
stability, p-type semi-conducting nature, direct band gap in the
range of 1.90 to 2.20 eV,** and moderately high absorption rate in
the visible region with multiple oxidation states,”” which exhibit
potential biological properties and outstanding antimicrobial
activity against environmental pathogens commonly found in
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water sources.”®* In the development of electrochemical sensors
and electrocatalysts, a new avenue has been found in the utili-
zation of composite materials; specifically, incorporating CuO in
PNT composites has opened new possibilities in the development
of electrochemical applications. The development of electro-
chemical sensors and electrocatalysts can be significantly boos-
ted using these novel morphology materials, making them a more
practical alternative to conventional electrocatalysts in a range of
applications. It is clear from the literature survey that numerous
research groups are diligently attempting to discover distinct
conducting polymer-derived composite materials, including PPY/
FCC-ZIF, which exhibited a unique surface morphology, where
the addition of PPY enhanced the roughness of the electrode
surface, which promoted the in situ growth of the catalyst. The
abundant functional groups in the PPY can provide a large
number of active sites, and the PPY molecular chain may
contribute to the electrocatalyst activity.*® M. J. Saadh et al. re-
ported the integration of MOF@Fe,O; as an efficient electro-
catalyst for PPY. In their work, the composite material was
observed to possess a high density of electrocatalytic active sites,
which facilitated the adsorption of hydrogen species, and doping
with Fe,O; nanoparticles increased the electrical conductivity of
the materials, enhancing their electrochemical properties.** A
nanoporous faceted-based CuO electrocatalyst was used for solar
to H, production, where an NF-based CuO film was prepared via
a controlled polyesterification mechanism using a sol-gel spin
coating technique, which was used for dual applications such as
photo-electrochemical H, production and electrochemical nitrate
reduction.* Also, a CuO/ZnO-doped rGO composite material was
synthesized by a chemical reduction method. The synthesized
electrocatalyst was examined in alkaline medium for its HER and
OER activity. The CuO/ZnO-doped rGO showed a Tafel slope of
270 mV dec " for H, production.®® A zinc oxide nanoflake-doped
CuO nanocomposite was used as an electrocatalyst for water
splitting, and due to the presence of mixed transition metals, it
demonstrated a synergistic effect for H, production as a non-toxic
material with a narrow band gap, which showed a Tafel value of
around 400 mV dec™".** These research outcomes demonstrate
the potential of CuO-based composite materials for use in future
robust applications. These literature results were compared with
the present work. PNTs and a PNT/CuO nanocomposite was
synthesized via simple a cost-effective method, where CuO, which
increased the surface area, exhibited multiple oxidation states
and excellent electrical conductivity with a reduced band gap of
2.14 eV and a d-band electron in its valence shell. Also, PNTs
contain 7 electrons in their backbone, and all these factors
contributed to the high electrochemical activity of PNT/CuO GCE,
which possessed a reduced Tafel slope of 139 mV dec™* for HER.
Additionally, the detection of HQ analyte demonstrated a sensi-
tivity of 9.33 uA uM ' em 2. Furthermore, we explored the dual
application of H, production and detection as an electrochemical
sensor, which may open new pathway for future research and
practical application in the energy and environmental fields.
Furthermore, doping CuO in conducting polymers (CPs) moder-
ately changed their physicochemical properties; CuO possessed
an extremely large surface area with high catalytic behavior. More
interestingly, the physicochemical features of the PNT/CuO
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nanocomposite and its energy band gap had a significant impact
on the electrochemical oxidation activity, and also enhanced the
electrical conductivity, sensitivity, selectivity, electrocatalytic, and
adsorption activity.

In the present work, we report the synthesis of PNTs and
PNT/CuO nanocomposites through the self-assembly of micelle
soft templates and a one-pot hydrothermal process. The fabri-
cated electrode demonstrated a large area under the CV curve
with a significant electrochemical response towards the HQ
analyte. The DPV curve demonstrated its high sensitivity of 9.33
HA pM ! em 2 and low LOD of 0.36 uM with wide linearity. The
PNT/CuO GCE material was very effective at detecting the HQ
analyte, showing excellent recovery in real sample tests, and the
electrocatalyst properties indicated Tafel plots of 183, 161, and
139 mV dec ! for GCE, PNT GCE, and PNT/CuO GCE,
respectively.

2. Experimental methods and
materials

2.1 Materials used

FeCl;-6H,0 (99.99%), C,H,NH monomer (98%), hydroquinone
(99%), copper(u) oxide nanopowder (>50 nm), NaH,PO,,
Na,HPO,, H,S0O,, and methyl orange 4-(4-dimethylamino)phe-
nylazo benzenesulfonic acid sodium salt (85%) were purchased
from Sigma-Aldrich and Merck India, as analytical grade and
used as received without further purification.

2.2 Synthesis of polypyrrole nanotubes

PNT nanotubes were synthesized through the self-degraded soft
template polymerization method. Typically, 0.486 g of FeCl; and
0.098 g of methyl orange were dissolved in 60 mL of deionized
water, and the solution was magnetically stirred for 60 min.
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Immediately, a flocculant precipitate formed, and then 200 pL
pyrrole monomer was added to the above-mentioned solution.
The color of the solution changed to black, and it was stirred for
24 h for polymerization. The PNT precipitate was obtained and
washed with deionized water and ethanol multiple times, and
then dried under vacuum at 50 °C overnight.

2.3 Synthesis of PNT/CuO nanocomposite

The PNT/CuO nanocomposite was synthesized via a one-step
hydrothermal chemical process; 50 mg of PNTs and 0.25 g of
CuO nanopowder were mixed in 60 mL of deionized water and
vigorously stirred for one hour under sonication, and then the
homogenously mixed solution was added to a Teflon-lined
autoclave and maintained at 200 °C for 24 h. The black
product was collected and washed with water and ethanol
several times, and then dried at 50 °C in a vacuum overnight, as
shown in Scheme 1.

3. Characterization techniques

X-ray photoelectron spectroscopy (XPS) was conducted on
a Nexsa base model, and X-ray diffraction patterns were recor-
ded using a Rigaku MiniFlex 600 instrument. Fourier transform
infrared (FT-IR) spectra were measured in the range of 500 to
400 cm ™" with a spectral resolution of 4 cm ™" on a Bruker Alpha
spectrometer. The Brunauer-Emmett-Teller (BET) analysis was
performed using a Micromeritics 3Flex. Thermogravimetric
measurements (TGA) were performed using a NETZSCH/STA
instrument at a heating rate of 5 °C min™" up to 800 °C. Field
emission scanning electron microscope (FESEM) images were
carried out using a Sigma Zeiss instrument.
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Scheme 1 Synthesis mechanism for PNTs and the PNT/CuO nanocomposite.
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4. Electrochemical characterization
techniques

The electrochemical sensing and H, production characteriza-
tion, such as cyclic voltammetry (CV), differential pulse vol-
tammetry (DPV), linear sweep voltammetry (LSV) and
electrochemical impedance (EIS), were examined using
a CHI660E electrochemical workstation. The LSV polarized
curve were measured ata 10 mV s~ ' scan rate in the presence of
0.5 M H,S0,. The determined potential (V vs. Ag/AgCl) values
were converted to a reversible hydrogen electrode (RHE).

4.1 Fabrication of PNTs and PNT/CuO GCE

Sample preparation and working electrode fabrication: a glassy
carbon electrode (GCE) was used as the working electrode with
a 3 mm diameter. The GCE was pre-treated using an alumina
slurry at different thickness of 1.0 um, 0.3 um and 0.05 pm on
a polishing pad. Then, GCE was rinsed with H,O and H,SO, (1:
1, v/v). Subsequently, the synthesized material/PVDF/activated
charcoal (90:5:5 wt%), which was homogenously dispersed
with Nafion solution, and the mixed homogenous slurry were
drop-casted on the GCE surface and dried for 12 h at 60 °C, and
then the dried electrode was used for electrochemical
applications.

5. Results and discussion

5.1 Material, structural, and optical characterization and
techniques

Fig. 1(a and b) show the FESEM images of pure PNTs, showing
a well-defined, uniformly arranged nanotube with a diameter of
about 166 nm. The formation of the nanotube morphology
significantly depends on various factors such as the concen-
tration of the solution, soft template M.O., and magnetic stir-
ring time. Fig. 1(c and d) show the FESEM images of PNT/CuO
nanocomposites, showing CuO deposited on the surface of
PNTs, and the average diameter of the nanotube is 266.4 nm.

Interestingly, even with the incorporation of CuO in the
PNTs, the nanotube structure maintained a good tubular
morphology. The metal oxide and polymer composite effectively
prevented the agglomeration of the nanostructure, while the
combination of organic and inorganic materials in the nano-
tube morphology contributed to achieving high electrocatalytic
oxidation activity.

Fig. 1(e and f) present the EDS analysis of the PNT and PNT/
CuO nanocomposite material, respectively. The EDS analysis of
the PNTs and CuO incorporated in the PNTs confirmed the
presence of carbon (C) and nitrogen (N), and copper (Cu) and
oxygen (O), which revealed the atomic percentages of 45.51%
and 54.49%, and 47.62%, 29.07%, 12.74% and 10.57%, in
addition to weight proportions of 49.34% and 50.66% and
50.32%, 27.39%, 13.57% and 8.72% for the PNTs and PNT/CuO
materials, respectively. As shown in Fig. S1(a, b) and (c—f),} the
observed elemental mapping images exhibit a homogeneous
distribution of C, N, Cu, and O elements for the PNT and PNT/
CuO materials.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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In good agreement with the reported FESEM pictures, the
HR-TEM images of the PNT/CuO nanocomposite show that the
CuO nanoparticle structure has uniform distribution over the
core surface of the PNTs. Also, the PNT/CuO nanocomposite
exhibited an observable contrast within the dark and bright
zones; a PNT is represented by the bright region, while a CuO
nanoparticle is represented by the dark zone, as shown in
Fig. 1(g and h), respectively. This clearly indicates the homo-
geneous distribution of CuO nanoparticles in the composite
material, which enhances the atomic defects in the composite
and beneficial for generating active sites during the electro-
chemical process, and also improve the oxidation and H,
production activity.

Fig. 2(a) shows the XRD pattern of PNTs and PNT/CuO
nanocomposite, where PNTs demonstrate a broad peak at the
20 value of 26.6°, which confirms the polymerization of the
pyrrole chain in the PNTs. The XRD pattern of PNT/CuO
possessed distinctive peaks at 32.79°, 35.71°, 38.90°, 49.13°,
53.97°, 58.59°, 61.89°, 66.51°, 68.42°, 72.82°, and 75.46°, which
are indexed to the (110), (—111), (111), (—202), (020), (—113),
(—311), (220), (311) and (—222) crystal planes, respectively.
These results reveal that CuO is a monoclinic structure and are
in good agreement with previously published values.** Also, the
low-intensity broad peak located at 26.6° revealed that the PNTs
were uniformly incorporated in the CuO nanocomposite,
showing the strong interaction of CuO and PNTs in the
nanocomposite.

Fig. 2(b) shows the FTIR spectra of PNTs and PNT/CuO
nanocomposites, where PNTs exhibit a prominent characteris-
tics peak at 1535 cm ™', which is related to the C=C stretching
vibrational mode of the pyrrole ring, and a peak at 1337 cm ™'
corresponding to the C-H stretching in the PNT ring. The peak
located at 1184 cm ™' is attributed to the C-N stretching vibra-
tional of the pyrrole ring,***” the observed deformed peak at
1044 cm ™" is related to the C-H in-plane bending, and the peak
located at 909 em ™' corresponding to the polymerization of
pyrrole. The sharp intense and wagging peaks at 516 cm ™" and
647 cm™ ! represent the presence of Cu-O in the composite,**3®
which are not present in the in spectrum of PNTs.

Fig. 3(a) shows the absorption spectrum of PNTs, which
exhibits two peaks at 265 nm and 446 nm associated with the 7
to 7* transition.*>* When nano-CuO was embedded on the
surface of PNTs, these peaks shifted for the nanocomposite
towards a higher wavelength at 269 nm and redshifted to
469 nm, respectively. These results indicate that the electron
band gap decreased in the presence of CuO, which reveals the
proper chemical interaction in the PNT/CuO nanocomposite.
Fig. 3(b) illustrates the optical band gap and Tauc plot of the
PNTs and PNT/CuO nanocomposite. The direct band gap can be
determined by graphically plotting (akv)® vs. hv using the
mathematical formula

o= A(hv — Ep)'lhy

where n represents the direct band gap value, which is 1, A
represents a constant, E, indicates the material energy gap, and
«a refers to the absorption coefficient rate.*

RSC Adv, 2025, 15, 21898-21913 | 21901
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Fig.1 FESEMimages of (aand b) PNTs and (c and d) PNT/CuO at different resolutions and (e and f) EDS and (g and h) HR-TEM images of the PNT/
CuO nanocomposite.

The band gaps were calculated to be 2.22 and 2.14 eV for generation of defects in localized states in the optical band gap
PNTs and PNT/CuO nanocomposite. The E; band gap of the due to the incorporation of CuO metal ions in the polymer
PNT/CuO nanocomposite is lower than that of PNTs because it matrix (Table 1).
can effectively establish transition of charge carriers and the
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Fig. 3 UV-visible absorption spectra (a) and optical band gap photon energy curve (b) of PNTs and the PNT/CuO nanocomposite.

Tablel The determined direct band gap values for PNTs and the PNT/
CuO nanocomposite

S. no. Name of the material E, direct band gap (eV)
1 PNTSs 2.22
2 PNT/CuO nanocomposite 2.14

Fig. 4(a) shows the XPS spectrum of Cu 2p, which was
deconvoluted into Cu 2ps3, and Cu 2p,, with three distinct
satellite peaks located at 941.16 eV, 944.02 eV, and 962.66 eV,
corresponding to the characteristics of Cu-O. The Cu 2pz,
spectra exhibit two peaks at 933.03 eV and 934.52 eV, which are
assigned to the tetrahedral and octahedral Cu and Cu®" ions,

© 2025 The Author(s). Published by the Royal Society of Chemistry

respectively, and the Cu 2p;,, peak is located at the binding
energy of 952.85 eV.**** The binding energy difference between
Cu 2p3), and Cu 2p4, is 19.82 eV, which reveals the successful
formation of CuO in the PNT/CuO nanocomposites. Fig. 4(b)
shows the O 1s spectrum, which was deconvoluted into two
peaks, with the major peak located at 529.96 eV ascribed to the
oxygen atoms of Cu-0O, and the peak at 531.43 eV related to the -
OH- hydroxyl group from the surface of Cu-0.**® Fig. 4(c)
shows the C 1s spectrum, demonstrating three peaks, with
a prominent peak at 284.74 eV corresponding to C-C, and the
peaks at 285.63 eV and 287.12 eV belonging to the alkyl chains
and cyclic amidic C=0- in polypyrrole, respectively.*”* As
shown in Fig. 4(d), the observed N 1s core level spectrum shows
two peaks at 399.57 eV, and 400.35 eV, which are associated with
the neutral amine and nitrogen group (-NH-) and positively
charged nitrogen chain in the pyrrole ring (-N'-), respectively,

RSC Adv, 2025, 15, 21898-21913 | 21903
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Fig. 4 XPS spectra of the PNT/CuO nanocomposite (a) Cu, (b) O 1s, (c) C 1s and (d) N 1s elements.

suggesting the existence of PNTs in the PNT/CuO nano-
composite material.*

The FESEM images distinctly illustrate that the composites
of PNTs and CuO exhibit a nanotube structure. The adsorption
characteristics and surface properties of the nanocomposite
materials were investigated using the BET method in a nitrogen
environment and recording their adsorption-desorption
isotherms at ambient temperature. Fig. 5(a) illustrates the
nitrogen gas adsorption-desorption isotherms of PNTs and
PNT/CuO. According to the multi-point BET analysis, the
specific surface area of PNTs and PNT/CuO composite was
found to be 28.62 and 76.25 m* g ', respectively. Upon the
integration of PNTs with the metal oxide, the composite
exhibited an enhanced specific surface area, and the plot
exhibits a type IV isotherm,* which indicates the presence of
a mesoporous structure. The composite exhibited a specific
surface area and porosity that revealed an increased number of
redox active sites for ion-electron diffusion, ultimately leading
to an improved electrochemical performance.*

The pore size and volume distribution of the synthesized
material were examined using the BJH technique, as displayed

21904 | RSC Adv, 2025, 15, 21898-21913

in Fig. 5(b and c). The observed pore diameters for PNTs and
PNT/CuO nanocomposite are approximately 18.256 nm and
12.751 nm, respectively. Therefore, these results confirmed that
the synthesized materials are mesoporous structures, which
increased their surface area, resulting in a greater number of
active sites. The PNT/CuO nanocomposite has a wide surface
area. This makes it an ideal candidate for electrochemical
applications.

The thermal stability of PNTs and PNT/CuO nanocomposite
is displayed in Fig. 5(d). The thermal stability of the materials
was examined at temperatures in the range of 30 °C to 700 °C at
a heating rate of 10 °C min' in a nitrogen environment with
a flow rate of 50 mL per minute to record the TGA curves. The
thermograms of PNTs and the PNT/CuO nanocomposite
showed two stages of weight loss. Initially, there was only
a slight weight loss of approximately 6.5% at 430 °C and 3% at
490 °C, respectively. The primary cause of the weight loss is
residual solvent moisture, and the water content from the
polymer matrix is responsible for the initial stage weight loss.*®
In the case of the second stage, the weight loss began at 450 °C
to 605 °C and 505 °C to 624 °C for PNTs and PNT/CuO

© 2025 The Author(s). Published by the Royal Society of Chemistry
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nanocomposite, respectively. The PNT/CuO nanocomposite
exhibited superior thermal stability across the whole tempera-
ture range, whereas in the case of pure PNTs, the breakdown of
their polymer chains caused a considerable weight loss in the
second stage.* The PNT/CuO nanocomposite demonstrated
excellent thermal resilience with thermal stability up to 624 °C.

6. Electrochemical sensing
parameters

6.1 CV curve analysis in absence and presence of HQ

Fig. 6(a) demonstrates the CV curves of the bare GCE, PNT GCE,
and PNT/CuO GCE in the absence of HQ analyte, where the bare
GCE and PNT GCE showed no peak at the oxidation and
reduction current, possessing low electrochemical oxidation
behaviour. In contrast, the CV curve of PNT/CuO GCE displays
redox behaviour with a large surface area and the peak current
response was found to be 21.36 pA, which is higher than that of
the bare GCE and PNT GCE of 8.23 pA and 14.81 pA, respec-
tively. These results suggest that the PNT/CuO GCE electrode
material may promote the detection ability of analyte species.
Fig. 6(b) shows the electrochemical behaviour of the bare
GCE, PNT GCE, and PNT/CuO GCE CV, where the curves were

© 2025 The Author(s). Published by the Royal Society of Chemistry
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examined in the presence of a 100 uM HQ analyte. Bare GCE
showed low oxidation activity in the presence of the HQ analyte,
while PNT GCE showed a predominant oxidation peak. This
indicates that the PNT GCE easily showed electrochemical
oxidation activity for the HQ analyte due to its positively
charged nitrogen group and amine functional group, facili-
tating the contact between the surface of the electrode material
and electrolyte. Consequently, it instantly adsorbs the analyte
species of HQ. Also, PNT/CuO GCE showed good oxidation
activity towards the detection of HQ analyte because of its
oxygen and metallic functionalities, enabling it to quickly
oxidize the target HQ analyte. Its electrochemical responses are
indicated by the changes in the shape of its CV curve, which
exhibits the wide surface area under the CV curve, and its peak
current was found to be 50.79 pA higher than that of PNTs of
34.56 pA. This result indicates that the conducting polymer
combined with metallic oxide creates an accessible surface area
with high conductivity, which improves the electron transfer
and sensing capability in the material.

6.2 Effect of scan rate

Fig. 7(a) shows the CV curves of PNT/CuO GCE measured at
different scan rates in the presence of 100 pM HQ analyte. With
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an increase in the scan rate from 10 mv s~ to 50 mV s~ %, the
intensity of the oxidation peak current linearly shifted towards
a higher current density, but the CV curve maintained the same
shape, which signifies that the peak current is directly propor-
tional to the scan rate. Fig. 7(b) shows the calibration plot of
peak current versus scan rate of the PNT/CuO GCE, which
exhibits a linear relationship between peak current and scan
rate as follows:

Ip = 0.7765C + 15.9385; (R> = 0.990)

This value suggests that the PNT/CuO GCE electrochemical
detection follows a diffusion-controlled process.*

The PNT/CuO GCE showed a superior synergistic effect,
which is mainly attributed to the interaction between the PNTs
and CuO, and the nanotube morphology can provide a huge
surface area, high conductivity, and abundant active sites, and
create a passageway for the transfer of electrons in the

electrolyte, which are beneficial for adsorbing the sensing
analyte, and also increase the electrochemical oxidation
behaviour.*®

6.3 DPV and EIS analysis

Fig. 8(a) displays the DPV analysis of PNT/CuO GCE, where the
electrochemical detection activity was examined by adding
different concentrations of HQ analyte from 5 to 60 uM to the
0.1 M PBS supporting electrolyte (pH 7.0). With an increase in
the concentration of HQ analyte, the surface of the PNT/CuO
GCE electrode rapidly adsorbed the HQ analyte, gradually
enhancing the intensity of the oxidation current rate, which
indicates that the PNT/CuO GCE electrochemical oxidation
reaction is fast and it quickly detected the target analyte mole-
cule. This is attributed to the nanotube morphology, which can
easily establish a passageway for electron transfer in the elec-
trolyte and beneficial for increasing the electrochemical oxida-
tion process.
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Fig.7 (a) PNT/CuO GCE CV curves recorded at different scan rates (10-50 mV s %) and (b) calibration curve of the peak current against scan rate.
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Fig. 8(b) demonstrates the HQ calibration plot of PNT/CuO
GCE, where various concentrations of HQ analyte were succes-
sively added to 0.1 M PBS electrolyte, and the intensity of the
oxidation peak current gradually increased. The calibration plot
of PNT/CuO GCE peak current (Ip) vs. concentration of HQ was
used to obtain the linear equation and correlation co-efficient as
follows:

Ip (HA) = 0.6532[HQ] + 47.1115; (R = 0.996)

The observed values reveal that the electrochemical detec-
tion reaction for the HQ target analyte is controlled by a diffu-
sion process, and the determined limit of detection (LOD) for
HQ by PNT/CuO GCE was 0.36 uM and its sensitivity was found
to be 9.33 pA uM ' em~?, with a wide linear range of 5 UM to 60
uM. These results indicate that the PNT/CuO nanocomposite
possesses a wide surface area and abundant active sites, which
could induce rapid electron transfer in the electrolyte and
enhance the oxidation activity. Also, the PNT/CuO GCE oxida-
tion of HQ analyte involved a two-electron and two-proton
transfer mechanism.

© 2025 The Author(s). Published by the Royal Society of Chemistry

The observed LOD, linearity, and sensitivity for HQ analyte
are higher values compared to previously reported electrode
materials,””"** as mentioned in Table 2.

The electrical charge resistance characteristics and the
interface electrode surface of PNTs and PNT/CuO GCE in the
presence of 100 uM HQ analyte were investigated using the EIS
technique. The Nyquist plot shows the ideal semicircle arc and
the diameter of the semicircle arc associated with the charge
transfer resistance (R.), as shown in Fig. 8(c). PNT/CuO GCE
achieved the low R.; of 654 Q, while that of the PNT GCE and
bare GCE was found to be 783 and 1654 Q, respectively. This is
mainly due to the presence of oxygen vacancies and nitrogen
functionality, which facilitate the wide surface area and high
conductivity, creating a passageway for electron transfer in the
electrolyte and easily oxidizing the target analyte, thus estab-
lishing the high oxidation activity.

6.4 Selectivity study

Furthermore, the selectivity of the PNT/CuO GCE for the HQ
analyte was studied in the presence of a 10-fold higher
concentration of possible interferences and salts such as

RSC Adv, 2025, 15, 21898-21913 | 21907
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Table 2 Comparison of the electrochemical detection of the HQ analyte by different electrode materials

Electrode materials Technique Determined LOD (uM) Linearity (uM) Sensitivity (A uM ! cm™?) Ref.
rGO/L-cys DPV 1.5 2-160 — 57
Ce/MOF/CNTs/GCE DPV 5.3 10-100 — 58
Poly/MCPE CcvV 2.1 10-45 — 59
rGO/LRT/GCE DPV 0.75 1-100 — 60

TrGO DPV 0.75 1-500 — 61
PNT/CuO GCE DPV 0.36 5-60 9.33 This work

Table 3 Real sample analysis of HQ detection in water samples

w0 @ ol

Fig.9 Selectivity study of the PNT/CuO GCE for HQ analyte examined
in the presence of different interferences and salts.

dopamine, glucose, NaCl, KCl, NaNOj3, and urea, and the bar
graph is depicted in Fig. 9 and S2.f The results indicated that
the interference substances had a negligible influence on the
HQ analyte and the RSD is below 2%, which is an acceptable
value, indicating that the PNT/CuO GCE has good practical
application as a sensor.

6.5 Real sample analysis

Tap water and local river water were used to examine the
practical applicability of the PNT/CuO GCE, as shown in
Fig. S3(a-d).t The detection of HQ in tap water and river water
was measured using the standard addition method. The ob-
tained experimental results were satisfactory with a recovery in
the range of 97.45% to 102.61% with a relative standard devi-
ation (RSD) of 1%, as listed in Table 3. These results prove that
the fabricated sensor electrode has superior potential towards
the determination of real samples.

6.6 Study of electrocatalytic HER activity

The LSV polarization method was used to investigate the elec-
trocatalytic activity of bare GCE, PNT GCE, and PNT/CuO GCE
materials for HER application in 0.5 M H,SO, at a potential scan
rate of 5 mV s~ '. The LSV polarization activity of bare GCE, PNT

21908 | RSC Adv, 2025, 15, 21898-21913

Sample Spiked (uM)  Found (uM)  Recovery (%) RSD (%)
Tap water 50 50.94 101.88 0.16

60 59.57 99.29 0.38
River water 50 51.30 102.61 0.57

60 58.47 97.45 1.00

GCE and PNT/CuO GCE is shown in Fig. 10(a). The observed
potential (V vs. Ag/AgCl) values were converted to RHE using the
following mathematical equation:

ERHE = E(Ag/AgCl) + 0059(pH) + 0.197

where Eryr represents the reversible hydrogen electrode,
Eag/agcr) Signifies the reference electrode and pH denotes the
acidic/alkali value of the electrolyte solution. The bare GCE and
PNT GCE exhibit an overpotential of 390 mV and 352 mV at
a current density of 10 mA cm ™2, respectively. Notably, the PNT/
CuO GCE showed a relatively low overpotential, which is
a 330 mV than the other electrocatalyst material due to the
deposition of metal oxide on the surface of PNTs, which resul-
ted in an excellent overpotential with superior current density.
Fig. 10(b) illustrates the bar plot of the overpotential versus
different electrocatalyst materials. This result indicates that the
effective incorporation of PNTs and CuO improved the electro-
catalytic abilities of the PNT/CuO GCE. This enhancement is
attributed to the significant electroactive surface area, abun-
dance of electro-catalytic active sites, improved conductivity,
synergistic effects, and the fibrous morphology of the material.
Further, the HER polarization curve was examined through the
analysis of the Tafel slope, as shown in Fig. 10(c). The Tafel
slope provides a crucial parameter to determine the rate-
limiting process in the HER activity, which corresponds to the
current density at the specified potential. The lower Tafel slope
and greater current density of the electrocatalyst material
indicate enhanced HER activity. The observed Tafel slope values
for bare GCE, PNT GCE and PNT/CuO GCE are 183, 161 and
139 mV dec ™', respectively. Among the electrodes, considering
that PNT/CuO GCE has the lowest Tafel slope, it is a highly
active H, electrocatalyst. This finding confirms that the PNT/
CuO GCE composition, activated by H,SO,, is an extremely
efficient electrocatalyst to increase the rate of HER. Fig. 10(d)
displays a bar graph of the Tafel slope of different

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Comparison of the performance of previously reported electrocatalyst materials

Electrocatalyst material 7 (mV) at 10 mA cm > Tafel slope (mV dec ™) Electrolyte Ref.
CuO/Cu,0@Mn50 355 90.60 1.0 M KOH 62

CPE-1 565 139 0.5 M H,SO, 63
CPCE-1 516 160 0.5 M H,SO, 64
PANI@MOF — 180 1.0 M KOH 65
Cu/MOF 660 224.6 0.5 M H,SO, 66
PNT/CuO GCE 330 139 0.5 M H,S0, This work

electrocatalyst materials. The PNT/CuO GCE catalyst exhibited
the greatest electrocatalyst activity, with notable enhancements
in the catalytic efficiency noted upon the introduction of the
metal oxide composition in the conducting polymer. Interest-
ingly, PNT/CuO GCE exhibited a superior performance as an
electrocatalyst compared to PNT GCE. Furthermore, the ob-
tained values are higher than previously reported electrocatalyst
materials such as CuO/Cu,0@Mn50 (n = 355 mV and Tafel
slope = 90.60),°* CPE-1 (n = 565 mV and Tafel slope = 139),*

© 2025 The Author(s). Published by the Royal Society of Chemistry

CPCE-1 (n =516 mV and Tafel slope = 160),** PANI@MOF (Tafel
slope = 180),%* and Cu/MOF (n = 660 mV and Tafel slope =
224.6).° A comparison of the performance of different electro-
catalyst materials is shown in Table 4.

7. Conclusion

In this summary, we designed a simple method for the
synthesis of PNTs and PNT/CuO nanocomposite. The prepared
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core/shell nanotube composition exhibited several noteworthy
benefits, such as a core/shell nanotube structure, a large
number of active sites, improved oxidation activity, and the
ability to transfer and separate charge carriers, and owing to
these benefits, the PNT/CuO GCE showed high activity as an
electrocatalyst for the production of H, and sensitivity. The
fabricated PNT/CuO GCE was used for the electrochemical
detection of HQ analyte and its CV curve shows a wide area
under the curve with good redox activity. The DPV analysis of
PNT/CuO GCE showed that it possessed a low LOD of 0.36 pM
and the linear range was found to be 5 pM to 60 uM with an
achieved sensitivity of 9.33 pA pM ™" ecm ™2, and the real sample
analysis of HQ detection demonstrated outstanding recovery
results of 97.45% to 102.61% with an RSD of 1%. These results
signify that the fabricated PNT/CuO GCE has a good perfor-
mance as a sensor for practical application in the biomedical,
environmental, and pharmaceutical fields. In addition, PNT/
CuO GCE exhibited outstanding electrocatalyst activity for
HER, with 7 = 330 mV and Tafel slope = 139 mV dec™". These
data revealed that the PNT/CuO GCE composition demon-
strated increased electrocatalyst activity towards H, production.
Thus, this study reported the synthesis of an efficient con-
ducting polymer-doped metal oxide electrocatalyst for electro-
chemical detection and HER application.
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