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hemical sensor for fentanyl and
morphine detection using an Au–NiOx-
electrodeposited carbon electrode†

Eun Joong Kim, * Yekyung Kim, * Soyeon Kwon, Sung Ho Kang
and Tae Hoon Park

The overuse and abuse of narcotics, such as fentanyl and morphine, has resulted in serious threats to human

health. Although current detection methods are generally effective, they rely on specialized laboratory

equipment. Herein, a forensic electrochemical sensor was developed for the on-site detection of trace

quantities of fentanyl and morphine. A screen-printed carbon electrode (SPCE) was modified via the

electrodeposition of Au and nickel oxide (NiOx) to enhance its electrochemical activity. Au

electrodeposition was performed using a multi-potential step method that alternated between deposition

and resting potentials (−0.2 and 0.7 V, respectively) with pulse durations of 1 s and 500 ms, respectively.

Subsequently, NiOx deposited onto the Au–SPCE by applying a constant potential of −1.0 V for 1 h resulted

in uniform NiOx nanofilms on the three-dimensional leaf-shaped Au structure, as observed by focused ion

beam scanning electron microscopy. In addition, X-ray diffraction and photoelectron spectroscopy

analyses confirmed the presence and chemical states of Au and NiOx on the SPCE surface. The

electrochemical sensing performance of the modified SPCE was evaluated using linear sweep voltammetry,

which revealed detectable signals at 0.85 and 0.5 V for fentanyl and morphine, respectively. Moreover, the

calibration curves exhibited a linear relationship between concentration and current density, thereby

confirming the sensitivity of the sensor electrode. The distinct oxidation peak potentials enabled the

simultaneous detection of fentanyl and morphine in mixed solutions, confirming its selectivity for target

molecules. The findings of this study demonstrate the potential of Au–NiOx-modified SPCEs as a practical

tool for rapid and selective electrochemical detection of narcotic substances.
Introduction

The growing prevalence of drug addiction and the misuse of
narcotics and psychotropic substances have increased drug-
related incidents worldwide, posing signicant threats to
public health and safety. In particular, fentanyl and morphine,
which are synthetic and natural opioids, respectively, are
frequently abused owing to their potent analgesic effects and
contribute to overdoses and fatal incidents.1–3 Fentanyl is oen
illicitly manufactured andmixed with other substances, making
it difficult to control and monitor. Owing to the serious health
risks and rapid onset of effects associated with these opioids,
effective and rapid detection methods are urgently required for
patient safety in clinical settings and to support public health
interventions and law enforcement efforts addressing the
opioid crisis. However, the rapid detection of various narcotics,
gy, Seoul National University, Suwon-si,
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including opioids and stimulants, remains challenging with
conventional analytical methods, such as chromatography and
immunoassays, which are time-consuming and require
specialized laboratory equipment.3–6 These limitations poten-
tially delay timely interventions and hinder real-time, on-site
analyses. Therefore, portable diagnostic tools that can rapidly
identify substances on-site without requiring transportation to
a testing facility have been investigated.

Biosensors can translate biochemical information from target
analytes into electrical signals. They have become pivotal to
recent advancements in portable diagnostic technology with the
potential for real-time, location-independent detection.3,7 In
point-of-care testing and in vitro diagnostics, sensors must offer
rapid testing, high accuracy, and user-friendliness.2,6,8 Among the
various types of biosensors, electrochemical biosensors, which
detect and quantify target substances by converting chemical or
biological signals into electrical signals, are actively researched as
a technology that meets these essential requirements.

Electrochemical sensors offer several advantages, including
miniaturization and portability, ease of use, rapid operation, high
measurement reliability, and cost-effectiveness.9–11 Therefore,
they have been applied to on-site diagnostic analysis devices in
RSC Adv., 2025, 15, 13497–13504 | 13497
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various industrial elds. Moreover, they enable numerical
monitoring beyond the level of qualitative analysis, which only
determines the presence or absence of target substances. Elec-
trochemical sensors, capable of quantitative analysis at low
detection limits and high operating speeds, have been researched
and developed as forensic tools for sensing narcotic
substances.12–15 The performance and electrochemical properties
of these sensors can be further improved through electrode
modications employing functional materials and advanced
processing techniques.16–18 Among various electrode materials,
carbon-based materials, such as glassy carbon, graphite, and
screen-printed carbon, are widely utilized in forensic electro-
chemical sensor research due to their excellent durability, wide
potential window range, and low background current.19–22 Modi-
fying carbon electrode surfaces with various materials, such as
metals, metal oxides, conductive polymers, and nanomaterials,
can enhance their electrochemical catalytic properties and signal
amplication, thereby improving the critical performance
metrics of the electrochemical sensor, including the limit of
detection (LOD), sensitivity, and selectivity.23–25

In this study, we aimed to improve the electrochemical
properties of a forensic electrochemical sensor electrode by
selectively modifying the carbon electrode surface via the elec-
trochemical deposition of Au and nickel oxides (NiOx, nickel
oxide, or nickel hydroxide). Au has demonstrated exceptional
electrical conductivity, high chemical stability, excellent
biocompatibility, and versatile surface modication capabil-
ities, making it widely applicable in electrochemical biosensors
and chemical sensors.26,27 Moreover, NiOx is a promising
candidate for electrochemical sensors owing to its excellent
electrochemical catalytic properties, good chemical stability,
and low cost.28–30 Au nanoparticles were electrochemically
deposited onto the electrode surface, thereby increasing the
surface area and reducing the charge transfer resistance at the
electrode interface to improve the signal-to-noise ratio and
signal amplication. Subsequently, NiOx formed a nanolm on
the electrode surface via electrodeposition, further enhancing
the electrode's electrochemical catalytic properties.31–33 In
addition, we focused on using the Au–NiOx-modied electrode
to detect narcotic/psychotropic substances, such as fentanyl
and morphine, which are critical targets for forensic analysis
due to their widespread misuse and signicant impact on
public health. The possibility of simultaneous detection of both
fentanyl and morphine was also investigated to explore its
potential as a dual forensic electrochemical sensor.

Experimental
Materials

Sodium tetrachloroaurate(III) dihydrate (NaAuCl4$2H2O), sodium
perchlorate (NaClO4), sodium acetate (NaAc), acetic acid (HAc),
potassium phosphate monobasic (KH2PO4), potassium phos-
phate dibasic (K2HPO4), sodium hydroxide (NaOH), potassium
hexacyanoferrate(II) trihydrate (K4Fe(CN)6$3H2O), and potassium
hexacyanoferrate(III) (K3Fe(CN)6) were purchased from Sigma-
Aldrich (Merck). Nickel(II) nitrate hexahydrate (Ni(NO3)2$6H2O)
was purchased from Alfa Aesar (Thermo Fisher Scientic).
13498 | RSC Adv., 2025, 15, 13497–13504
Sulfuric acid (H2SO4) and potassium chloride (KCl) were
purchased from Daejung Chemicals & Metals Co., Ltd. Fentanyl
citrate was supplied by Lipomed, and morphine sulfate hydrate
was supplied by Cayman Chemical. Both compounds were
acquired from Sam Eung Industrial Co., Ltd. We obtained
approval from the Gyeongin Regional Office of Food and Drug
Safety, part of the Ministry of Food and Drug Safety, to handle
narcotics in this study as academic researchers.

A 0.1 M acetate buffer (AB) solution (pH 4.0) was prepared by
dissolving appropriate proportions of the supporting electro-
lytes NaAc and HAc for nickel oxide (NiOx) electrodeposition. A
0.1 M phosphate buffer (PB) solution (pH 7.0) was prepared by
dissolving appropriate amounts of the electrolytes KH2PO4 and
K2HPO4 for the passivation step of the NiOx-electrodeposited
electrode. All chemicals and reagents were of analytical grade
and used directly without modications, and all aqueous solu-
tions were prepared in deionized water (18 MU cm).

Surface modication of the carbon electrode via the
electrodeposition of Au and NiOx

A screen-printed carbon electrode (SPCE; thick-lm carbon
electrode by Micrux Technologies) was used as the working
electrode for the forensic electrochemical sensors. An electro-
chemical cell with a three-electrode system was used, and Ag/
AgCl (in 3 M NaCl) and Pt-coiled wire were employed as the
reference and counter electrodes, respectively. The electro-
chemical experiments were performed using a Multi AutoLab
M204 electrochemical workstation (Metrohm AG, Switzerland).
First, the carbon surface of the SPCE was modied via Au elec-
trodeposition using a precursor solution containing 2 mM
NaAuCl4 in 0.2 M NaClO4. The deposition was conducted using
a potential pulse, applied through a multi-potential stepmethod,
with a holding potential of−0.2 V for 1 s and stepping to 0.7 V for
500 ms. The potential pulse was repeated 2000 times. Cyclic
voltammetry (CV) was performed in 0.5 M H2SO4 to examine the
electrodeposited Au on the electrode surface. The cathodic elec-
trodeposition of NiOx onto the Au–SPCE surface was performed
in a 0.1 M AB solution containing 4 mM Ni(NO3)2$6H2O by
applying a constant potential of −0.1 V for 3600 s. Subsequently,
the metallic Ni on the electrode surface was passivated in a 0.1 M
PB solution by cycling the potential between−0.5 and 0.8 V for 10
cycles at a scan rate of 200 mV s−1. Finally, the Au–NiOx-modied
electrode was electrochemically activated in a 0.5 M NaOH
solution for 100 cycles, with a potential range from −0.2 to 0.6 V
at a scan rate of 100 mV s−1.31,32

Electrochemical characterizations of the Au–NiOx-modied
SPCEs

The electrochemical properties of Au–NiOx-modied SPCEs
were characterized by CV and electrochemical impedance
spectroscopy (EIS) using a potentiostat (Multi AutoLab M204,
Metrohm AG, Switzerland). All electrochemical analyses were
performed using three-electrode cells. The working, reference,
and counter electrodes were the Au–NiOx-modied SPCE, Ag/
AgCl (in 3 M NaCl), and coiled Pt wire, respectively. A
ferricyanide/ferrocyanide ([Fe(CN)6]

3−/4−) redox couple was
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Electrodeposition of Au and NiOx onto the surface of SPCE and
subsequent electrochemical confirmation. (a) Au electrodeposition
onto SPCE. The top image shows the profile diagram of pulse
potentials applied for Au electrodeposition, and the bottom image
shows the corresponding current–time (i–t) curve for Au electrode-
position. The inset graph in the lower image of (a) shows the zoomed
in i–t curve according to the applied pulse potentials. The blue area
represents an applied potential of −0.2 V for 1 s, and the gray area
represents an applied potential of 0.7 V for 500 ms. (b) NiOx electro-
deposition onto Au-electrodeposited SPCE. The top image shows the
profile diagram of the constant potential applied for NiOx electrode-
position, and the bottom image shows the corresponding i–t curve for
NiOx electrodeposition onto the electrode.
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prepared as an electron transfer mediator, and CV proles and
Nyquist plots were obtained in 0.1 M KCl containing 1 mM
[Fe(CN)6]

3−/4−. CV was performed by cycling the potential from
−0.1 to 0.5 V at a scan rate of 50 mV s−1, and EIS was conducted
in a frequency range of 10 kHz to 0.1 Hz at a potential of 0.25 V.

Characterization of the Au–NiOx-modied SPCE surface

The Au–NiOx-modied SPCEs were characterized using the
analytical equipment at the Gyeonggi Semiconductor Innova-
tion Center analysis laboratory (Advanced Institute of Conver-
gence Technology). The surface and cross-sectional
morphologies of the Au–NiOx-modied SPCEs were investigated
using focused ion beam eld-emission scanning electron
microscopy (FIB/FE-SEM; Helios 5 UC, FEI Company, USA)
operating at 2.0 kV. The images were obtained at appropriate
magnications for comparison. The crystal structure of NiOx on
Au–SPCEs was characterized by X-ray diffraction (XRD; D8
Discover, Bruker, Germany) in a 2q range of 5–90°. The chemical
compositions of NiOx on the Au–SPCEs were determined using
high-performance X-ray photoelectron spectroscopy (XPS; AXIS
Supra+, Kratos Analytical Ltd, UK).

Electrochemical determination of narcotic substances using
the Au–NiOx-modied SPCE

To conrm the electrochemical detection of fentanyl and
morphine, CV proles were measured in a 0.1 M PB solution
containing 1 mM of fentanyl citrate or morphine sulfate hydrate
in the potential range of 0.1–1.0 V at a scan rate of 100 mV s−1.
Linear sweep voltammetry (LSV) was performed to monitor the
current change in response to the concentration gradients of
fentanyl or morphine from low (0.25 mM) to high (500 mM) by
sweeping the potential from 0.2 to 1.0 V at a scan rate of 100 mV
s−1. The calibration curve was acquired by obtaining the current
values at specic voltages for each concentration of fentanyl and
morphine at potentials of 0.85 and 0.50 V, respectively. To eval-
uate the feasibility of simultaneous sensing of fentanyl and
morphine, three types of fentanyl/morphine mixed samples were
prepared: samples A (0.25 mM fentanyl + 0.5 mM morphine), B
(0.5 mM fentanyl + 0.25 mM morphine), and C (1 mM each of
fentanyl and morphine). These samples were electrochemically
detected using LSV, and the difference in current values obtained
at the low and high concentrations was investigated at potentials
of 0.85 and 0.50 V for fentanyl and morphine, respectively.

Results and discussion
Surface modication of the SPCE via the electrodeposition of
Au and NiOx

The SPCE surface was electrodeposited with Au and NiOx to
improve its electrochemical activity for detecting trace amounts
of narcotic substances. An electrodeposition method was
employed to selectively and uniformly deposit Au and NiOx onto
the SPCE surface with high reproducibility. First, Au was elec-
trodeposited using a multi-potential step method with pulsed
deposition (−0.2 V) and resting (0.7 V; open circuit) potentials
applied in an Au precursor solution of 2 mM NaAuCl4 in 0.2 M
© 2025 The Author(s). Published by the Royal Society of Chemistry
NaClO4 (Fig. 1a). By repeatedly applying pulsed deposition and
resting potentials for 1 s and 500 ms, respectively, the Au
precursor was rapidly diffused and uniformly deposited onto
the electrode surface. The cathodic and anodic current densities
gradually increased with successive pulsed potentials, indi-
cating that Au was seeded and grew on the electrode, thereby
increasing the electrochemically active surface area. To deposit
NiOx onto the Au–SPCE, a constant cathodic potential (−1.0 V)
was applied (Fig. 1b), and the reduction current of NiOx was
continuously monitored throughout the reaction.

The electrodeposited Au on SPCE was conrmed by
observing the oxidation and reduction peaks using CV in 0.5 M
H2SO4 (Fig. S1a†). These peaks indicated the formation and
removal of an oxide lm on the Au surface. NiOx on the Au–
SPCE was activated by performing CV in 0.5 M NaOH, and the
redox peak of NiOx was observed.28,32 Specically, oxidation–
reduction reactions occurred through the conversion of Ni(II)
(NiO or Ni(OH)2) to Ni(III) (NiOOH) (Fig. S1b†). The electro-
deposited NiO was transformed into Ni(OH)2, and OH− ions
inltrated Ni(OH)2 to form NiOOH via electrochemical activa-
tion in an alkaline environment:32–34

NiO + H2O 4 Ni(OH)2

Ni(OH)2 + OH− 4 NiOOH + H2O + e−

Electrochemical characterization of the Au–NiOx-modied
SPCE

The electrochemical properties of the Au–NiOx-modied SPCEs
were analyzed using the ferricyanide/ferrocyanide redox couple
([Fe(CN)6]

3−/4−) as an electron transfer mediator. The Au–NiOx-
modied SPCEs exhibited improved electrochemical activity
and catalytic properties compared to bare SPCEs. Fig. 2a shows
RSC Adv., 2025, 15, 13497–13504 | 13499
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the CV proles obtained at a concentration of 1 mM
([Fe(CN)6]

3−/4−) in 0.1 M KCl. The Au–NiOx-modied SPCEs
exhibited larger peak currents (ipa/ipc) and narrower redox peak-
to-peak potentials (Epa/Epc) compared to the bare SPCE. Owing
to the excellent electrical conductivity of the electrodeposited
Au, the surface area of the electrode contributing to the elec-
trochemical reaction was increased, thereby leading to signal
amplication. In addition, the electrodeposited NiOx possesses
good electrocatalytic properties, enabling a rapid electron
transfer at the electrode interface. Thus, the electrochemical
properties of the electrode were improved, which directly
enhanced the performance of the electrochemical sensor.

EIS was employed to compare the interfacial properties of
the SPCEs before and aer Au–NiOx modication, with the
results displayed in the Nyquist plot shown in Fig. 2b.
Compared to the bare SPCE, the semicircular portion decreased
for the Au–NiOx-modied SPCE, resulting in a lower interfacial
resistance. Furthermore, CV was performed at different scan
rates to investigate the electrochemical behavior at the interface
between the Au–NiOx-modied SPCE and the electrolyte. The
CV proles of the modied SPCE at different scan rates of 5–
500 mV s−1 are illustrated in Fig. 2c. The anodic and cathodic
peak potentials (Epa and Epc, respectively) gradually increased
with increasing scan rates. As shown in Fig. 2d, the anodic and
cathodic peak currents (ipa and ipc) were linearly proportional to
the square root of the scan rate. Thus, the electrochemical
behavior on the surface-modied SPCE surface was reversible.
Both ipa and ipc followed linear relationships with v, and the
regression equations are ipa = 0.04433v − 0.03836 (R2 = 0.999)
and ipc = −0.03546v + 0.00606 (R2 = 0.999). These results
indicated that redox reactions occurred as a diffusion-
controlled process on the modied SPCE surface.
Fig. 2 Electrochemical characterizations of Au–NiOx-modified SPCE.
(a) Comparison of the cyclic voltammograms for (1) bare SPCE versus
(2) Au–NiOx-modified SPCE at a scan rate of 50 mV s−1. (b)
Comparison of the EIS profiles for (1) bare SPCE versus (2) Au–NiOx-
modified SPCE from 0.1 Hz to 10 kHz with an amplitude of 0.005 V. (c)
CV profiles at different scan rates: 0.005, 0.01, 0.02, 0.05, 0.1, 0.2, and
0.5 V s−1. (d) Plot of the oxidation (Ox) and reduction (Red) peak
currents of the Au–NiOx-modified SPCE vs. scan rate in the CV
profiles. The black line is from the fitting analysis of the plot. All
experiments were performed in a 0.1 M KCl solution containing 1 mM
[Fe(CN)6]

3−/4−.

13500 | RSC Adv., 2025, 15, 13497–13504
Multifaceted characterization of the Au–NiOx-modied SPCEs

The surface and cross-sectional morphologies of the Au–NiOx-
modied SPCEs were investigated using FIB/FE-SEM. To
examine the formation of Au and NiOx on the SPCE surface via
electrodeposition, a comparative analysis was performed using
bare SPCE as the control. Fig. 3a shows the relatively smooth
surface of the bare SPCE, whereas Fig. 3b clearly demonstrates
that the sequential electrochemical deposition of Au and NiOx

markedly roughens the electrode. When Au was electro-
deposited onto the bare SPCE under the conditions shown in
Fig. 1a, Au was initially seeded on the electrode surface and
subsequently grew uniformly into nanoparticles with an average
size of approximately 226 nm. In addition, regions of excessive
Au growth were observed, forming leaf-shaped particles with
branches extending up to several micrometers (Fig. S2†).
Following Au modication, NiOx was electrodeposited under
the conditions presented in Fig. 1b. Nanograins accumulated
across the entire Au surface, as shown in Fig. 3b and S3,† con-
rming the successful deposition of NiOx on Au–SPCE. Notably,
a uniform NiOx nanolm was formed even on the three-
dimensional, leaf-shaped, overgrown Au structures (Fig. S3†).
A direct comparison between the Au surface obtained by Au-
only deposition (Fig. S2d†) and that obtained by sequential Au
and NiOx deposition (Fig. S3b†) further reveals that the origi-
nally smooth Au surface becomes rough due to the coverage of
NiOx nanograins. Moreover, a cross-sectional analysis of the
Au–NiOx-modied SPCE (Fig. 3d) and the bare SPCE (Fig. 3c)
reveals a distinct difference: a uniform NiOx nanolm with
a thickness of approximately 60 nm is clearly shown on the
surface of the electrodeposited Au nanoparticles. In contrast,
when NiOx was deposited alone onto the bare SPCE under the
same conditions, the electrode surface was also covered with
nanograins; however, the thickness of the nanolm was
approximately 150 nm (Fig. S4†). Thus, the NiOx layer on the
unmodied electrode is roughly twice as thick as that on the
Au–SPCE, possibly due to the interference caused by the three-
dimensional morphology of Au during NiOx deposition. Despite
the differences in NiOx thickness, electrochemical character-
ization conrmed that the Au–NiOx-modied SPCE exhibited
Fig. 3 FIB/FE-SEM images of the Au–NiOx-modified SPCE compared
to a bare SPCE. (a) and (b) Surface morphology images of the bare and
Au–NiOx-modified SPCEs, respectively. (c) and (d) Cross-sectional
images of the bare and Au–NiOx-modified SPCEs, respectively.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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stable electrochemical activity, which was attributed to the
uniform NiOx nanolm covering the Au surface.

The surface of the Au–NiOx-modied SPCE was analyzed
using XRD and XPS to conrm the presence of Au and Ni and
their chemical states. The XRD patterns of the Au–NiOx-modi-
ed and bare SPCEs are shown in Fig. 4a. The XRD pattern of
the SPCE, revealed strong substrate peaks (below 2q of 30°),
along with several additional peaks, indicating the presence of
unknown substances. This complexity makes it difficult to
clearly assign peaks to the deposited materials. To clarify this
ambiguity, XRD measurements were conducted on glassy
carbon plate (GCP) electrodes, which provide a clean baseline
due to their simple carbon composition. Au and NiOx layers
were electrodeposited individually (Au–GCP, NiOx–GCP) and
sequentially (Au–NiOx–GCP) on the GCP under the same
conditions used for the SPCEs. The XRD patterns of the bare
GCP conrmed the absence of interfering substrate peaks,
enabling the identication of peaks originating from the
deposited layers. Then, the peaks observed in the Au–NiOx-
modied SPCE were compared with those from the Au–NiOx–

GCP (Fig. S5†), allowing for the proper assignment of each peak
to its corresponding chemical species. On the GCP electrode,
the electrodeposited Au layer was identied as a cubic Au phase
(JCPDS No. 66-0091), with 2q values of 38.12°, 44.30°, 64.58°,
77.63°, and 81.80° corresponding to the (111), (200), (220),
(311), and (222) crystalline planes, respectively. The subsequent
NiOx layer covered the surface of the Au-modied GCP elec-
trode. The XRD patterns of Au–NiOx–GCP showed peaks corre-
sponding to cubic NiO (JCPDS No. 04-0835), hexagonal b-phase
Fig. 4 Surface characteristics of the electrochemically modified
electrode. (a) XRD patterns of the bare SPCE (black line) and Au–NiOx-
modified SPCE (red line). (b) XPS survey scan of the Au–NiOx-modified
SPCE. (c) High resolution Ni 2p spectrum of the Au–NiOx-modified
SPCE fitted with Ni2+ and Ni3+. (d) High resolutionO 1s spectrum of the
Au–NiOx-modified SPCE fitted with three O species: O2−, Odef, and
OH−.

© 2025 The Author(s). Published by the Royal Society of Chemistry
Ni(OH)2 (JCPDS No. 14-0117), and hexagonal g-phase NiOOH
(JCPDS No. 06-0075). This nding was consistent with previous
studies showing that NiOx electrodes fabricated via electrode-
position initially comprise metallic Ni, which undergoes
passivation and alkaline treatment to form Ni(OH)2 and
NiOOH.32,35–37 For Au–NiOx-modied SPCEs, despite peak over-
lapping, specic peaks related to the NiOx layer were identied.
For example, the peaks at 44.30° and 75.26° were assigned to
the (200) and (311) planes of NiO, respectively. The peaks at
38.12°, 39.92°, and 52.10° corresponded to the (101), (002), and
(102) planes of Ni(OH)2, respectively. The peak at 44.30° was
attributed to the (105) plane of NiOOH. These results conrmed
the successful deposition of NiOx phases onto the SPCE. The
chemical states of the elements present on the surface of the
Au–NiOx-modied SPCE were analyzed using XPS. As shown in
the survey scan (Fig. 4b), peaks corresponding to carbon from
the SPCE substrate, along with Au, Ni, and O from the modi-
cation, were observed at their respective binding energies. To
analyze the chemical states of Ni and O on the surface of the
modied electrode, high-resolution XPS spectra were obtained
and deconvoluted using Gaussian–Lorentzian tting (Fig. 4c
and d). As shown in Fig. 4c, the Ni 2p spectrum exhibited two
major peaks at 873.20 and 854.40 eV, corresponding to Ni 2p3/2
and Ni 2p1/2, respectively. The Ni 2p3/2 prole was further
deconvoluted into three peaks, corresponding to Ni2+ from NiO
(852.37 eV), Ni3+ from NiOOH (854.87 eV), and Ni2+ from
Ni(OH)2 (855.84 eV). Similarly, the Ni 2p1/2 prole was decon-
voluted to peaks at 870.67, 872.69, and 873.99 eV, correspond-
ing to NiO, NiOOH, and Ni(OH)2, respectively.32,38–40 The O 1s
spectrum shown in Fig. 4d presented a dominant peak at
531.10 eV. Aer deconvolution, three peaks at binding energies
of 528.92, 530.75, and 531.61 eV were assigned to O2−, defective
oxygen (Odef), and OH−, respectively. In this study, the oxygen
peaks do not correspond to a single NiOx species but rather
reect the complex results of all three forms of NiOx, as shown
in Fig. 4d. NiO generally shows an O2− peak; however, in envi-
ronments where Ni3+ is present (such as NaOOH), an Odef peak
also appears. The oxygen species in Ni(OH)2 are represented by
the OH− peak, while NiOOH exhibits both O2− and OH− oxygen
peaks, which is consistent with previous studies.40–43 Therefore,
the peaks in the O 1s spectrum are the result of interactions
between the three NiOx species. In particular, the O2− and Odef

peaks are related to the interactions between Ni2+ and Ni3+ in
NiO and NiOOH, while the OH− peak is inuenced by Ni(OH)2
and NiOOH.
Electrochemical sensing of narcotic substances using Au–
NiOx-modied SPCE

The electrochemical detection capability of the developed
electrode for target narcotic substances was evaluated at high
concentrations (1 mM) of fentanyl citrate or morphine sulfate
hydrate in 0.1 M PBS (pH 7.0) using CV (Fig. 5a and b). In
contrast to the CV prole of 0.1 M PBS without narcotic
substances (black line), oxidation reactions were observed on
the surface of the modied electrode. For fentanyl, the current
increased from 0.7 V, and the oxidation peak appeared at 0.85 V.
RSC Adv., 2025, 15, 13497–13504 | 13501
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Fig. 5 Electrochemical analysis of target narcotic substances using
the Au–NiOx-modified SPCE. CV results of high concentration
narcotics in 0.1 M PB solution at a scan rate of 100 mV s−1: (a) 1 mM
fentanyl (red line) and (b) 1 mM morphine (red line). The CV results of
the 0.1 M PB solution without target substances are co-plotted as
a black line. LSV profiles at a scan rate of 50 mV s−1 for the concen-
trations of 0.25, 2.5, 25, 250, and 500 mM for (c) fentanyl and (d)
morphine, and calibration curves for (e) fentanyl and (f) morphine (n =
3).
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The CV prole of morphine showed an increasing current from
0.3 V with an oxidation peak at 0.5 V. Thus, the proposed Au–
NiOx-modied SPCE demonstrated its potential as an electro-
chemical sensor for detecting fentanyl and morphine. More-
over, the irreversible electrochemical behaviors of fentanyl and
morphine have been reported in previous studies,15,44–48 and the
possible routes for the electrooxidation processes on the
modied electrode are as follows:

Fentanyl + H2O / Norfentanyl + Phenylacetaldehyde

+ 2H+ + 2e−

Morphine / Pseudomorphine + 2H+ + 2e−
Table 1 Performance comparison of different sensors for determination

Analyte Sensing method
Modied electrode
or sensing platform

Fentanyl Electrochemistry Au–NiOx–SPCE
NiO@CNTs/GCE
MWCNTs/GCE

Colorimetry CB[7]-FCA
Raman (SERS) MOF-Au-nanostructure

Morphine Electrochemistry Au–NiOx–SPCE
NiO/SWCNTs/DDPM/CPE
NiO/MWCNT paste electro

Photochemistry Cr-MOF-NPs
D-cys-GQDs

13502 | RSC Adv., 2025, 15, 13497–13504
To evaluate the sensing performance of the modied elec-
trode, LSV measurements were conducted for fentanyl (Fig. 5c)
and morphine (Fig. 5d) in the concentration range of 0.25–500
mM. As shown in Fig. 5c and d, the peak current increased with
the concentration of the narcotic substance, with peak poten-
tials of 0.85 and 0.5 V for fentanyl and morphine, respectively.
Calibration curves were plotted to show the relationship
between the peak current measured at the peak potential and
the concentration of each analyte. As shown in Fig. 5e and f,
both calibration curves exhibited linearity over a low-
concentration range from 0.25 to 25 mM and a high-
concentration range from 25 to 500 mM. To determine the
sensitivity and the LODs of the fentanyl and morphine sensors
based on the Au–NiOxmodied SPCE, linear regression analysis
was performed on the low-concentration range. The resulting
calibration equations were as follows: jp,fentanyl =

0.02931Cfentanyl + 0.23775 (R2 = 0.969) and jp,morphine =

0.00367Cmorphine + 0.06214 (R2 = 0.874). Accordingly, the
sensitivities of the sensors were calculated to be 2.0718 mA mM−1

for fentanyl and 0.25942 mA mM−1 for morphine, while the
corresponding LOD values were determined to be 0.01088 mM
and 0.03601 mM, respectively. In addition, the sensing perfor-
mance of the Au–NiOx-modied SPCE was compared with that
of previously reported sensors for the detection of fentanyl and
morphine. As summarized in Table 1, the developed sensor
based on Au–NiOx-modied SPCE exhibits comparable or better
analytical performance compared to other reported electro-
chemical and non-electrochemical sensing platforms. The
enhancement in electrochemical performance and sensing
sensitivity is attributed to the uniform and homogeneous
modication of the SPCE surface with Au–NiOx via an electro-
chemical depositionmethod, which provides a synergistic effect
by combining the excellent conductivity of Au and the strong
electrocatalytic activity of NiOx.

As shown in Fig. 5, fentanyl and morphine exhibited oxida-
tion peaks at distinct potentials; therefore, it is possible to
detect the two substances in mixed solutions simultaneously.
To conrm this, three mixed solutions (A, B, and C) were
prepared with fentanyl/morphine concentrations of 0.25 mM/
0.5 mM, 0.5 mM/0.25 mM, and 1 mM/1 mM, respectively, for
LSV analysis. Fig. 6a shows the LSV proles of the mixed solu-
tions, and Fig. 6b illustrates the current densities at the peak
of fentanyl and morphine

Linear range LOD Ref.

0.25–500 mM 0.01 mM This work
1–160 mM 0.01 mM 14
0.5–100 mM 0.1 mM 45
0.1–10 mM 5 mM 49
5–200 ng mL−1 0.46 ng mL−1 50
0.25–500 mM 0.036 mM This work
0.9–400 mM 0.4 mM 51

de 0.34–12 mM 0.14 mM 52
0.1–350 nM 0.167 nM 53
0–88 mM 1.9 mM 54

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) LSV profiles of a mixed samples of fentanyl andmorphine at the following concentrations: (A) 0.25 mM fentanyl and 0.5 mMmorphine,
(B) 0.5 mM fentanyl and 0.25 mM morphine, and (C) 1 mM fentanyl and 1 mM morphine. (b) Current densities at the peak potentials of each
substance: fentanyl at 0.8 V and morphine at 0.5 V.
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potential for both substances. The current density increased
with increasing concentrations of fentanyl and morphine in the
mixed solutions. For fentanyl, both the concentration and its
current density increased in the order A < B < C, while for
morphine, the order was B < A < C. These ndings indicated that
the developed sensor based on Au–NiOx-modied SPCE
demonstrated great potential to detect different narcotic
substances simultaneously as long as their peak potentials
during the electrochemical reaction were separated.

Conclusions

This study successfully developed a forensic electrochemical
sensor that could detect narcotic substances (fentanyl and
morphine). To construct the sensor, the SPCE surface was
selectively electrodeposited with Au of high conductivity and
NiOx, which possesses excellent electrocatalytic properties. The
electrochemically deposited Au nanoparticles and NiOx nano-
lms improved the electrochemical properties of the sensor
electrode. In addition, the chemical state and structure of the
NiOx nanolm, which was the outmost layer of the modied
electrode, were analyzed in detail. This layer exhibited electro-
chemical catalytic properties; therefore, it participated in the
direct electrochemical reaction with fentanyl/morphine. The
surface-modied electrodes could generate signals at specic
potentials (0.85 and 0.5 V for fentanyl and morphine, respec-
tively), and the signals show a linear relationship with the
concentration of the analytes. Moreover, the electrode can
simultaneously detect fentanyl and morphine in their mixed
solutions. This study contributes to the future development of
forensic electrochemical sensors that can be used directly in
real world to ensure reliable detection in samples, such as
biological uids or food and beverages.
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