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Abstract: A stable bimetallic catalyst composed of Co–Pd@Al2O3 was synthesized using a wet
impregnation method, followed by calcination and H2 reduction. The synthesized catalyst was
thoroughly characterized using XRD, BET, SEM, EDX, and TPR techniques. The catalyst was then
drop-casted on a glassy carbon electrode (Co–Pd@Al2O3/GCE) and applied for the sensitive and
selective electrochemical determination of a common antidepressant drug, venlafaxine (VEN). The
proposed sensor (Co–Pd@Al2O3/GCE) demonstrated a remarkable catalytic activity for the electro-
oxidation of VEN, with a decent repeatability and reproducibility. The pH dependent responsiveness
of the electro-oxidation of VEN helped in proposing the redox mechanism. A linear relationship
between the peak current and concentration of VEN was observed in the range of 1.95 nM to 0.5 µM,
with LOD and LOQ of 1.86 pM and 6.20 pM, respectively. The designed sensor demonstrated an
adequate selectivity and significant stability. Moreover, the sensor was found to be quite promising
for determining the VEN in biological specimens.

Keywords: electrochemical sensor; venlafaxine detection; electrochemical oxidation; limit of detection;
biological specimens

1. Introduction

Venlafaxine (VEN), chemically known as 1-[2-(dimethylamino)-1-(4-methoxyphenyl)
ethyl] cyclohexanol, is a member of a class of drugs known as selective serotonin and nore-
pinephrine reuptake inhibitors (SSNRIs). It is extensively prescribed as an antidepressant
to adults and children with nightmares, cataplexy, and narcolepsy [1]. The commonly
recommended dosage of VEN ranges from 75 to 375 mgs per day. Over dosages may
lead to cardiac arrhythmias, serotonin syndrome, depression, coma, hypertension, or hy-
potension, and may even cause death [2]. Thus, assessment of the toxicity, interactions,
and remedial proficiency, as well as observation of the level of the drug in bio fluid, has
become clinically and medically necessary [3]. A survey of the literature has revealed
chromatography to be a leading technique for the trace level sensing of VEN [4–10]. The
broadly used approaches for VEN studies in bio-specimens include high-performance
liquid chromatography (HPLC), along with ultraviolet detection [11,12], liquid chromatog-
raphy/mass spectrometry (LC/MS) [13], gas chromatography (GC) [14], solid-phase ex-
traction [15], capillary electrophoresis [16], and electrochemical methods [17–20]. Although
chromatographic approaches are quite sensitive and proficient, these approaches are quite
time-consuming and thus cannot be used for efficient drug analysis [21]. Furthermore,
chromatographic approaches have a higher on-column packing of the analytes at the LOQ
level, which might decrease the column efficiency and shorten the lifetime of the column.
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In contrast, electro-analytical methods are very efficient, sensitive, and selective, and do
not require any pre-treatment or any type of pre-separation [22,23]. The accessibility of
several chemically fabricated electrodes at a comparatively lower cost provides a significant
incentive for the determination of drug molecules using electroanalytical techniques. Thus,
we took interest in developing a somewhat simple, sensitive, and accurate alternate scheme
for the determination of VEN.

The modification of electrode surfaces plays a great role in electron transfer kinetics
and electrocatalytic studies. Modified electrodes are widely applied in electrocatalytic
studies, electrochemical devices, energy conversion, and chemical analysis [24]. Electrode
modification with metal nanoparticles (NPs) has presented an excellent electrochemical
activity owing to the optimum surface area, maximum metal dispersion, controlled mor-
phology, excellent durability, chemical inertness, and good conductive properties [25–27].
In addition, the preparation of electrochemical sensors by modifying the electrode surface
with NPs has been of great interest for the sensing of trace amount of analytes, which
can be attributed to the amplification of electrochemical signals, leading to ultrasensitive
assessments. NP-based electrochemical sensors have been developed either through the
direct use of NPs as electroactive species or in the form of semiconductors to enhance
electrochemical detection [28,29]. NPs are deposited on the electrode surface in order
to load the electroactive species for improving the detection limit of molecules [30–33].
In this scenario, the modification of electrode surfaces with metal catalysts has shown
an excellent electroactivity. Metal NPs are highly beneficial for electrocatalytic studies
due to their high surface area, maximum metal dispersion, controlled particle size, mor-
phology of the attached nanoparticles, good electrical characteristics, and stability [34,35].
The synergy of two metals in bimetallic catalysts sometimes results in a better activity,
good electrical conductance, excellent stability, and better mass/electron transfer prop-
erties [36,37]. Among the various supports, gamma alumina (γ-Al2O3) offers a large
surface area, mesoporous character, narrow pore-size distribution, and good mechanical
characteristics [38]. The oxide groups of alumina have a proton-donating nature. Hence,
alumina-coated glassy carbon electrodes (GCE) can overcome the overpotential and im-
prove the sensitivity of many materials [39,40]. The modified electrodes with metal NPs
such as Pd-Ni/C [41], Au/C [42–45], Ni/graphite [46,47], and Pt–Co/CNT [48] are widely
used for various electrochemical applications. In recent years, most studies have focused on
VEN electrochemical sensing using various metal oxides [49–52], whereas metal NP-based
electrochemical sensors for VEN studies are rather scarce. Hence, in the current article,
we report the synthesis of Co–Pd@Al2O3 bimetallic catalysts and their deposition on GCE
for designing a voltammetric sensor to detect venlafaxine in human serum samples. To
the best of our knowledge, no previous reports have been carried out on the quantitation
of venlafaxine using a Co–Pd@Al2O3 bimetallic catalyst. The designed sensing platform
presented an excellent performance towards venlafaxine oxidation, with a wide linear
range and low detection limit, which might be due to the high electrical conductivity and
synergistic effect of the bimetallic NPs.

2. Experiment
2.1. Reagent and Apparatus

Electrochemical studies were carried out on a Metrohm Autolab PGSTAT302N (Herisau,
Switzerland) using NOVA 1.11 and FRA software. The conventional three-electrode system
was used for electrochemical testing. A bare and modified glassy carbon electrode was
used as a working electrode, Ag/AgCl (3M KCl) as a reference electrode, and Pt wire as a
counter electrode. pH measurements were carried out using the INOLAB pH meter.

Venlafaxine hydrochloride (Fluka), cobalt acetate tetrahydrate (Co (C2H3O2)2·4H2O,
Aldrich, 99.9%), and palladium chloride (PdCl2, Aldrich, 99%) were used as received, with-
out any purification. Al2O3 powder and Nafion were purchased from Sinopharm Chemical
Reagent Co., Ltd., (Shanghai, China). Deionized water was used in the preparation of all
aqueous solutions.
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2.2. Catalyst Preparation

The alumina support was prepared using the precipitation method, as described
earlier [53] and as shown in Scheme 1. After calcination at 550 ◦C for 3 h, alumina was
ground finely into a fine powder form. The Co–Pd@Al2O3 bimetallic catalyst was prepared
via the impregnation method with a total metal loading of 10 wt%, as presented in Scheme 2.
For this purpose, Al2O3 powder was mixed with the aqueous solution of cobalt acetate
and palladium chloride. The concentration of both metal precursors was adjusted to obtain
the desired metal loading of the catalyst. The solution was stirred continuously for 5 h at
25 ◦C for thorough metal loading. Then, the suspension was concentrated under vacuum
conditions. Finally, the H2 reduction of the catalyst was conducted at 550 ◦C for 4 h.

Scheme 1. Preparation of the γ-Al2O3 support.

Scheme 2. Preparation of the Co–Pd/γ-Al2O3 catalyst using the wet impregnation method.

2.3. Electrode Modification

First, the GCE surface was thoroughly cleaned. The modification of bare GCE was
performed by coating Co–Pd@Al2O3 NPs according to the following procedure: 1 mg of
catalyst powder was dispersed in 5 µL ethanol via ultra-sonication for 20 min. Then, 5 µL
of the prepared suspension was drop-casted onto the electrodes, followed by two to three
drops of Nafion solution. The modified electrode was ready for use after being completely
dried at room temperature.
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2.4. Characterization

The elemental analysis was performed by the atomic absorption spectrophotometry
(AAS) technique by running the samples on the Perkin Elmer AA400. X-ray powder diffrac-
tion (XRD) analysis was performed on an analytical diffractometer (Rigaku D/Max 2500)
with a graphite monochromatic radiation source Cu Kα1 (λ = 1.54056 Å). The morphol-
ogy of the catalyst was examined using a scanning electron microscope (SEM) (MIRA3,
TESCAN) equipped with an EDX (energy dispersive spectroscopy) unit for the chemical
analysis. The surface area analysis was measured on the basis of the BET (Brunauer, Em-
mett, and Teller) method by using the Sorptometer Kelvin 1042 instrument after degassing
the sample at 120 ◦C for 1 h.

3. Results and Discussion

Elemental analysis of the synthesized catalyst by AAS revealed a Co metal content of
14.11 wt% and Pd content of 5.82 wt%. These results were found to be in good agreement
with the theoretical metal loadings (Co = 15 wt%, Pd = 5 wt%), thus presenting an effective
procedure for catalyst preparation.

Moreover, EDX analysis was conducted to ensure the elemental composition of the
catalyst. Figure 1a shows the EDX spectrum, in which the co-existence of Co and Pd
metals ensured the formation of Co–Pd alloy NPs. The EDX analysis of the prepared
catalyst detected Co = 13.34 wt%, Pd = 4.74 wt%, O = 47.97 wt%, and Al = 33.95 wt%. The
EDX composition was found to be close to the AAS results, thus confirming the metallic
stoichiometric contents. The surface morphology of the prepared Co–Pd nanoparticles
dispersed on alumina was analyzed by SEM. The SEM image (Figure 1b) of the prepared
catalyst presented the formation of spherical Co–Pd alloy NPs. The metal particles were
found uniformly distributed over the surface of the Al2O3. The size of the bimetallic NPs
varied, ranging from 45 to 85 nm. In addition, EDX mapping was recorded (Figure 1c),
where the uniform distribution of the metal NPs was observed over the alumina support.

Figure 1. (a) EDX profile, (b) SEM image, and (c) EDX mapping of the synthesized Co–Pd@Al2O3

bimetallic catalyst.
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The XRD analysis was conducted to study the crystalline features of the prepared
sample. Figure 2 presents the XRD profile of the Co–Pd@Al2O3 catalyst. The significant
peaks appeared at 37.3◦, 45.7◦, and 67.1◦, corresponding to the hkl values of (311), (400),
and (440), respectively. These values are consistent with the standard pattern of Al2O3
(ICDD card no. 00-001-1303), showing a cubic crystal structure. Moreover, two additional
broad peaks appeared at 32.9◦ and 59.6◦, which were consistent with the standard pattern
of Co (JCPDS:15-0806), with hkl values of (210) and (411), respectively. Small peaks were
noticed at 39.2◦ and 55.7◦ for the Pd metal, which may either be due to its low content or the
metal particles being too small, with corresponding hkl plans of (111) and (200), matching the
reference card (JCPDS: 46-1043). Broad diffraction peaks showed the nanosized nature of the
product, with an average crystallite size of 18 nm, as computed by the Debye–Scherrer formula.

Figure 2. XRD pattern of the prepared Co–Pd@Al2O3 bimetallic catalyst.

Figure 3a presents the adsorption–desorption isotherms of Co–Pd/Al2O3 with a type
IV hysteresis loop, which represented the mesoporous nature of the material [54–56].
The BET area of the catalysts was found to be 112 m2 g−1, which was much lower than
Al2O3 (205 m2 g−1). The decrease in the BET area can be related to the filling of Al2O3 pores
with metal particles as well as the sintering process. Figure 3b presents the distribution of
pores in a narrow range with a maximum pore size of 3.3 nm in diameter.

Figure 3. (a) N2 adsorption–desorption isotherm and (b) pore size distribution plot of the
Co–Pd@Al2O3 bimetallic catalyst.

Temperature programmed reduction (TPR) measurements were performed to study
the reduction behavior of metal alloy NPs in bimetallic systems. Figure 4 presents the TPR
profile of the Co–Pd@Al2O3 bimetallic catalyst. The Co/Al2O3 monometallic catalyst had a
strong interaction with the Al2O3 support, and therefore showed reduction peaks in the
high-temperature region. Upon the incorporation of Pd metal, the reduction peaks were
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shifted towards a lower temperature region. The alloying of Pd and Co metals resulted in
an improvement in the catalytic activity that could be related to an easing of reducibility,
better metal dispersion, and smaller particle size.

Figure 4. TPR profile of the prepared catalysts.

3.1. Electrochemical Characterization

The proficient electron transfer capability of Co–Pd@Al2O3-modified GCE was verified
in the electrochemical impedance spectroscopy (EIS) studies using a 5.0 mM solution of
K3[Fe(CN)6] in 1.0 M KCl solution. The Nyquist plots are shown in Figure 5, the data of
which have been analyzed and fitted using the analogous Randles circuit (displayed in
the inset). Rs is the electrolyte resistance, Rct is the charge (electron) transfer resistance,
and W is the Warburg impedance. A semicircle at a higher frequency is linked with an
interfacial charge transfer process and its diameter refers to the charge transfer resistance
(Rct), while the linear part at lower frequency is related to diffusion processes [57,58]. Rct
values for bare GCE and modified GCE were recorded as 6.41 kΩ and 3.33 kΩ, respectively.
The decrease in Rct values suggests an enhancement in the charge transfer process for
Co–Pd@Al2O3-modified GCE.

Figure 5. Nyquist plots for bare GCE and Co–Pd@Al2O3/GCE in the 5 mM solution of the redox
probe K3[Fe(CN)6].

The electron transfer process of Co–Pd@Al2O3-modified GCE was also studied by
cyclic voltammetry (CV) using a 0.1 M KCl solution containing 5.0 mM K3[Fe(CN)6] as
a model redox couple at a scan rate of mV s−1. Figure 6 presents the cyclic voltammo-
grams with a reasonably reversible redox behavior. For Co–Pd@Al2O3-modified GCE,
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the sharp peak current with a narrow peak potential difference and an obvious enhance-
ment in the oxidation–reduction was observed in comparison with bare GCE, signifying
a rapid electron transfer process. In order to demonstrate that Co–Pd@Al2O3 improves
the surface area and conductivity of the electrode, the Randles–Sevcik equation was used
(Ip = 2.6 × 105 n3/2 D1/2 ν1/2 AC). The surface area was calculated to be 0.02 and 0.04 cm2

for bare GCE and Co–Pd@Al2O3-modified GCE, respectively. A two-fold increase in the
surface area compared with the unmodified electrode led to an enhanced current intensity
of the redox probe.

Figure 6. Cyclic voltammograms at bare GCE and Co–Pd@Al2O3/GCE in a 5 mM solution of
K3[Fe(CN)6] in 0.1 M KCl.

Square Wave Anodic Stripping Voltammetric Analysis of the Targeted Analyte

By using SWASV, an electro-oxidation response of VEN was obtained at a poten-
tial of 0.65 V, as presented in Figure 7. A clearly enhanced current response for the
electro-oxidation of VEN was obtained at Co–Pd@Al2O3/GCE compared with the bare
GCE. This much boosted current response can be ascribed to the decent conductivity of
Co–Pd@Al2O3/GCE towards the facile oxidation of VEN oxidation. An observation of
Figure 6 reveals that the active surface area increased two times, while Figure 7 shows that
the peak current of the analyte at the modified electrode increased by about three times
compared with the bare electrode. Hence, the higher surface area of the modified electrode
accompanied with the catalytic role of the modifier is responsible for the peak current
amplification. The obtained outcomes confirmed that the proposed sensor is a suitable
platform for VEN detection.

Figure 7. (a) Blank voltammogram obtained at Co–Pd@Al2O3/GCE is for the buffered medium (BRB
solution of pH of 7), (b) voltammogram of the 2 µM solution of VEN in BRB of pH 7 at bare GCE,
(c) voltammogram of the 2 µM solution of VEN in BRB of pH 7 at Co–Pd@Al2O3/GCE. Conditions:
scan rate of 50 mV/s; deposition potential of −0.5 V; deposition time of 60 s.



Chemosensors 2022, 10, 400 8 of 14

3.2. Optimization of the Experimental Parameters
3.2.1. Influence of the Supporting Electrolyte and pH

The effects of several buffer solutions, including the Britton–Robinson buffer with
a pH ranging from 6 to 11, acetate buffer solution, and phosphate buffer solutions, were
studied. Among the selected buffer solutions, BRB produced the finest response in terms
of a higher peak current signal and well-defined peaks for the oxidation of VEN. The pH
effect on the oxidation peak current of VEN on the Co–Pd@Al2O3/GCE was also studied
at a pH ranging from 6 to 11. The best current signal was found at a pH of 7, as shown
in Figure 8A.

Figure 8. (A) Square wave voltammograms of the 2 µM solution of VEN in media of different pH
obtained at a scan rate of 50 mV/s, accumulation potential of −0.5 V, and accumulation time of 60 s.
(B) Plots of the peak potentials and peak currents versus pH.

As shown in Figure 8B, by increasing the pH, the peak shifted toward a more negative
potential. As the Nernstian dependency of the peak potential on the pH was observed
and the electrooxidation of VEN is well known to involve a two-electron transfer [33],
the number of involved protons could be estimated as two, which is consistent with the
following proposed mechanism (Scheme 3).

Scheme 3. Proposed mechanism of the oxidation of VEN at the Co–Pd@Al2O3/GCE.

3.2.2. Influence of the Deposition Potential and Deposition Time

The effect of the deposition potential and deposition time at Ip of 2 µM VEN was also
analyzed via SWASV in order to understand the adsorption process of VEN at the electrode
surface. The highest Ip was obtained at a deposition potential of −0.5 V and at a deposition
time of 60 s, as shown in Figure 9. Thus, further studies were carried out at this optimized
deposition potential and deposition time.
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Figure 9. (A) The effect of the deposition potential on the oxidation peak current of VEN, keeping
the deposition time constant (60 s), and (B) the effect of the accumulation time on the oxidation peak
current maintaining its accumulation potential (−0.5 V) for Co–Pd@Al2O3/GCE in the 2 µM solution
of INZ by applying the SWASV technique.

3.3. Analytical Characterization

The proposed Co–Pd@Al2O3/GCE was used for the determination of various con-
centrations of VEN in order to find the lowest detection limit using SWASV. The voltam-
mograms obtained for the different concentrations of VEN are presented in Figure 10. A
linear calibration plot was obtained for a concentration between 1.95 nM and 0.5 µM, as
shown in Figure 10 (inset). The calibration plot was then used to determine the limit of
detection (LOD = 3 s/m) and the limit of quantification (LOQ = 10 s/m) of VEN. The
current values (n = 11) of the blank solution at the peak position of VEN were used to
compute the standard deviation [48]. The computed detection and quantification limits of
VEN were 1.86 pM and 6.20 pM, respectively.

Figure 10. SWAS voltammograms of VEN in the concentration range of 0.5 µM to 1.95 nM at
Co–Pd@Al2O3/GCE in a BRB solution with a pH of 7 under optimized conditions (scan rate of
50 mV/s, accumulation potential of −0.5 V, and accumulation time of 60 s) and (graph in the inset)
the plot of Ipa versus the concentration of VEN.

A comparison of the proposed Co–Pd@Al2O3/GCE electrode with the previously
reported modified electrodes for the determination of VEN is shown in Table 1 [4,49,59–64].
The data show that our designed electrochemical sensor had a lower limit of detection
and good linearity range, which are considered to be two important figures of merit for
an effective sensing platform. Thus, the proposed sensor was found to be efficient for the
detection of VEN.
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Table 1. The comparison of the reported detection limits of VEN with this work.

Electrodes Linearity Range
(µM)

Limit of Detection
(µM) References

La3+/Co3O4 nanocubes/SPE 1–500 0.5 [4]

Eu3+ doped NiO/CPE 0.04–300 0.01 [49]

NAF-CNT-GCE 0.038–62.2 0.012 [59]

Mercury film microelectrode 1.27–24.3 0.69 [60]

Fe3O4@CNC/Cu/GSPE 0.05–600 0.01 [61]

MWCNT/CILE/CPE 10–500 0.47 [63]

MWCNT-RTIL/GCE 2–2000 1.69 [64]

Gd2O3/SPE 5–900 0.21 [52]

Co–Pd@Al2O3/GCE 1.95 nM–0.5 µM 1.86 pM Present work

3.3.1. Repeatability, Stability, and Reproducibility of Co–Pd@Al2O3/GCE

The repeatability of the fabricated electrode was examined under the optimized
conditions by five successive determination runs of the same Co–Pd@Al2O3/GCE in the
BRB with a pH of 7 and the 0.5 µM VEN solution, and at the end of each determination,
the current was recorded. The results obtained showed the relative standard deviation
(%RSD) in an acceptable range of less than 1%. The reproducibility of the electrode was also
examined by employing four separately fabricated electrodes for the detection of 0.5 µM
VEN under the same conditions, and the %RSD was found to be in the tolerable range, i.e.,
below 5%. The stability of the fabricated electrode was inspected for 10 days. The electrode
was implied for the SWASV detection of VEN after three days, six days, and nine days.
The %RSD was found to be 4%, as also shown in Figure 11. The stability of the fabricated
electrode was acceptable during this period. These outcomes indicate that the developed
Co–Pd@Al2O3/GCE had a good repeatability, reproducibility, and stability in the synthesis
procedure and voltammetric determination of VEN.

Figure 11. Current response in the context of (A) repeatability, (B) fabrication reproducibility, and
(C) stability of the proposed electrode.
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3.3.2. Interference Study

The selectivity of the fabricated GCE electrode was investigated for the determination
of VEN, in the presence of potential interfering species that are commonly found in human
plasma and pharmaceutical samples. The tolerance limit of these interfering substances
was considered as the maximum concentration that gave a %RSD of less than 5% at a
0.5 µM concentration of VEN under optimized conditions. The results obtained showed
that the 100-fold excess of citric acid, glucose, ascorbic acid, sucrose, and uric acid had no
noteworthy influence on the oxidation peak current of VEN (RSD was found to be less
than 5%). The results obtained also displayed excellent recoveries in the range of 95 to
99%, showing that the fabricated GCE electrode had great selectivity for the determination
of VEN in biological samples in the presence of the most common interfering species as
mentioned in Table 2.

Table 2. Interference study in the presence of various interfering species commonly found in the
pharmaceutical preparation of VEN.

Interferents VEN:Interferents Recovery% ± RSD a

Citric Acid 1:50
1:100

98.7% ± 0.45
99.0% ± 0.57

Glucose 1:50
1:100

98.1% ± 0.39
98.3% ± 0.35

Ascorbic Acid 1:50
1:100

97.1% ± 0.48
98.0% ± 0.43

Sucrose 1:50
1:100

97.9% ± 0.46
98.1% ± 0.43

Uric Acid 1:50
1:100

98.2% ± 0.49
98.7% ± 0.45

a: average of three readings.

We used the introduced technique to identify VEN in the serum specimens in order to
assess its analytical value. The proposed method was employed for the determination of
VEN in the test solution, with a known concentration of VEN added to the serum sample,
followed by an evaluation of the percentage of recoveries using direct calibration. The
recovery percentage of the VEN solution using Co–Pd@Al2O3/GCE in the serum samples
under optimized conditions can be seen in Table 3.

Table 3. The recovery percentage of the VEN solution using Co–Pd@Al2O3/GCE in serum samples.

Sample Before Addition Added
(µM)

Found
(µM)

Recovery (%) ±
RSD

Sample 1 - 0.50 0.490 98.0 ± 0.48

Sample 2 - 0.25 0.246 98.4 ± 0.49

4. Conclusions

Co–Pd@Al2O3 was employed for the first time as a modifier of the GCE surface. In an
aqueous BRB (pH 7.0) solution, the modified electrode exhibited an excellent venlafaxine
oxidation behavior. The quantitative measurement of VEN was achieved using a simple,
quick, and sensitive SWASV technique. The EIS and CV results revealed rapid charge
transport through Co–Pd@Al2O3/GCE in comparison with the bare GCE. Under optimized
conditions, the detection limit of VEN was estimated to be 1.86 pM. The slope of the plot
of the peak potential as a function pH revealed the involvement of an equal number of
electrons and protons in the oxidation mechanism of VEN. The modified electrode was
found to possess the qualities of anti-interference ability, repeatability, reproducibility, and
stability. Moreover, it showed a wide linearity range for VEN detection. The performance
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of the designed sensor in aqueous and serum samples demonstrated the applicability of
the adopted approach in the regular analysis of VEN samples. These figures of merit of the
Co–Pd@Al2O3/GCE nanosensor for VEN detection point to its promising candidature for
applications in clinical diagnostics.
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Gold–nickel/titania nanotubes as electrocatalysts for hydrazine oxidation. J. Power Sources 2014, 272, 362–370. [CrossRef]

48. Jiang, S.; Ma, Y.; Jian, G.; Tao, H.; Wang, X.; Fan, Y.; Chen, Y. Facile construction of Pt–Co/CNx nanotube electrocatalysts and their
application to the oxygen reduction reaction. Adv. Mater. 2009, 21, 4953–4956. [CrossRef]

49. Jahani, P.M.; Javar, H.A.; Mahmoudi-Moghaddam, H. A new electrochemical sensor based on Europium-doped NiO nanocom-
posite for detection of venlafaxine. Measurement 2021, 173, 108616. [CrossRef]

50. Zaimbashi, R.; Mostafavi, A.; Shamspur, T. ZnO nanoflower based electrochemical sensor for the selective determination of
venlafaxine. J. Iran. Chem. Soc. 2021, 19, 1329–1337. [CrossRef]

51. Ibrahim, H.; Temerk, Y. Novel sensor for sensitive electrochemical determination of luteolin based on In2O3 nanoparticles
modified glassy carbon paste electrode. Sens. Actuators B Chem. 2015, 206, 744–752. [CrossRef]

52. Beitollahi, H.; Jahani, S.; Tajik, S.; Ganjali, M.R.; Faridbod, F.; Alizadeh, T. Voltammetric determination of venlafaxine as an
antidepressant drug employing Gd2O3 nanoparticles graphite screen printed electrode. J. Rare Earths 2019, 37, 322–328. [CrossRef]

53. Parida, K.M.; Pradhan, A.C.; Das, J.; Sahu, N. Synthesis and characterization of nano-sized porous gamma-alumina by control
precipitation method. Mater. Chem. Phys. 2009, 113, 244–248. [CrossRef]

54. Jiang, Y.; Kang, Q.; Zhang, J.; Dai, H.B.; Wang, P. High-performance nickel–platinum nanocatalyst supported on mesoporous
alumina for hydrogen generation from hydrous hydrazine. J. Power Sources 2015, 273, 554–560. [CrossRef]

55. Wang, Z.; Xu, X.; Liu, Z.; Zhang, D.; Yuan, J.; Liu, J. Multifunctional Metal Phosphides as Superior Host Materials for Advanced
Lithium-Sulfur Batteries. Eur. J. Chem. 2021, 27, 13494–13512. [CrossRef]

56. Naik, B.; Prasad, V.S.; Ghosh, N.N. Development of a simple aqueous solution based chemical method for synthesis of mesoporous
γ-alumina powders with disordered pore structure. J. Porous Mater. 2010, 17, 115–121. [CrossRef]

57. Rudaz, S.; Stella, C.; Balant-Gorgia, A.E.; Fanali, S.; Veuthey, J.L. Simultaneous stereoselective analysis of venlafaxine and
O-desmethylvenlafaxine enantiomers in clinical samples by capillary electrophoresis using charged cyclodextrins. J. Pharm.
Biomed. Anal. 2000, 23, 107–115. [CrossRef]

58. Vaze, V.D.; Srivastava, A.K. Electrochemical behavior of folic acid at calixarene based chemically modified electrodes and its
determination by adsorptive stripping voltammetry. Electrochim. Acta 2007, 53, 1713. [CrossRef]

59. Toan, T.T.T.; Dao, A.Q.; Vasseghian, Y. A state-of-the-art review on the nanomaterial-based sensor for detection of venlafaxine.
Chemosphere 2022, 297, 134116.

60. Morais, S.; Ryckaert, C.P.; Delerue-Matos, C. Adsorptive stripping voltammetric determination of venlafaxine in urine with a
mercury film microelectrode. Anal. Lett. 2003, 36, 2515–2526. [CrossRef]

61. Khalilzadeh, M.A.; Tajik, S.; Beitollahi, H.; Venditti, R.A. Green synthesis of magnetic nanocomposite with iron oxide deposited
on cellulose nanocrystals with copper (Fe3O4@CNC/Cu): Investigation of catalytic activity for the development of a venlafaxine
electrochemical sensor. Ind. Eng. Chem. Res. 2020, 59, 4219–4228. [CrossRef]

62. Eslami, E.; Farjami, F. Voltammetric determination of venlafaxine by using multiwalled carbon nanotube-ionic liquid composite
electrode. J. Appl. Chem. Res. 2018, 12, 42–52.

63. Ding, L.; Li, L.; You, W.; Gao, Z.N.; Yang, T.L. Electrocatalytic oxidation of venlafaxine at a multiwall carbon nanotubes-ionic
liquid gel modified glassy carbon electrode and its electrochemical determination. Croat. Chem. Acta 2015, 88, 81–87. [CrossRef]

64. Senturk, H.; Karadeniz, H.; Erdem, A. Recent Applications of Nanomaterials Based on Electrochemical Drug Analysis. Curr. Org.
Chem. 2021, 17, 1215–1228. [CrossRef]

http://doi.org/10.1016/j.jelechem.2008.07.005
http://doi.org/10.1016/j.jfda.2016.12.005
http://doi.org/10.1016/j.jpowsour.2014.08.100
http://doi.org/10.1002/adma.200900677
http://doi.org/10.1016/j.measurement.2020.108616
http://doi.org/10.1007/s13738-021-02383-w
http://doi.org/10.1016/j.snb.2014.09.011
http://doi.org/10.1016/j.jre.2018.09.001
http://doi.org/10.1016/j.matchemphys.2008.07.076
http://doi.org/10.1016/j.jpowsour.2014.09.119
http://doi.org/10.1002/chem.202101873
http://doi.org/10.1007/s10934-009-9271-x
http://doi.org/10.1016/S0731-7085(00)00280-6
http://doi.org/10.1016/j.electacta.2007.08.017
http://doi.org/10.1081/AL-120024339
http://doi.org/10.1021/acs.iecr.9b06214
http://doi.org/10.5562/cca2420
http://doi.org/10.2174/2211352518999200703120517

	Introduction 
	Experiment 
	Reagent and Apparatus 
	Catalyst Preparation 
	Electrode Modification 
	Characterization 

	Results and Discussion 
	Electrochemical Characterization 
	Optimization of the Experimental Parameters 
	Influence of the Supporting Electrolyte and pH 
	Influence of the Deposition Potential and Deposition Time 

	Analytical Characterization 
	Repeatability, Stability, and Reproducibility of Co–Pd@Al2O3/GCE 
	Interference Study 


	Conclusions 
	References

