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We present a one-step, solid-state synthesis of Al;NiCoOs nanoflakes (ANC) modified glassy carbon electrode
(GCE) for ultra-selective and trace level simultaneous detection of HMIs like copper (Cu2+), mercury (Hg2+),
cadmium (Cd>"), and lead (Pb*") ions in aqua and simulated blood serum samples. ANC/GCE sensor exhibits a
low limit of detection (LOD = 3S/m) of 0.00154 ppb, 0.00232 ppb, 0.00261 ppb and 0.00114 ppb towards Pb*,
Hg?" Cu®" and Cd?" ions, correspondingly that are far lower than the perilous limits of HMI concentration
reported for blood serum and water samples. The quantitative study and multiple response analysis of the sensor
towards each metal ions are accomplished via principal component analysis (PCA) which verifies the selectivity
of the ANC/GCE sensor with satisfactory recovery percentages. The superior performance, reproducibility and
stability of the sensor are attributed to the electrocatalytic active sites of ANC nanoflakes facilitated by the Ni**/
Ni* and Co?*/Co®" redox couple along with the oxy-functional groups. The sensor was efficacious in detecting
the trace level concentrations of HMIs in samples like simulated blood serum, drinking water and tap water with
good recovery percentages. This efficiency of the sensor demonstrates it as a promising platform for a broad-
spectrum of environmental and bioanalytical applications.

1. Introduction

Heavy metals i.e., metals with a specific density greater than 5 g/
em?®, play a vital role in the metabolic functions of living organisms at
trace level concentrations and recognized as lethal at higher concen-
trations [1,2]. Among the range of heavy metals found in the environ-
ment lead, cadmium, copper, arsenic, mercury, chromium, nickel, and
zinc are known as the noxious heavy metals that have severe adverse
health effects [1,2]. The standard physiological concentration of lead in
the human body is 50 ppb, above which it can cause neurological dis-
orders like attention discrepancy, hyperactivity syndrome, inferior
birthweight etc [3]. Likewise, the excessive concentration of cadmium
(normal physiological concentration; 5 ppb) mercury (normal physio-
logical concentration; 0.2 ppb) in human blood can lead to various types
of cancer such as breast, pancreas, kidney cancers and harm directly
harms systems like the nervous, digestive, the immune system of the
human body, respectively [4,5]. In contrast, the low concentration of
copper below 100 ppb (normal physiological range 100 ppb to 150 ppb)
can be associated with kidney disease, nutritional deficiency, and
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inability to absorb copper while the higher concentration above 150 ppb
can cause liver diseases, under reactive thyroid leukaemia, lymphoma,
rheumatoid arthritis etc. [6]. Generally, these heavy metals ion (HMIs)
easily accumulated into the human physiological system via the con-
sumption of contaminated water and foods [7]. In the past few decades,
a wide range of analytical techniques have been reported for the
detection of HMIs in blood and water samples like atomic fluorescence
spectroscopy, inductively coupled plasma-mass spectroscopy (ICP-MS),
X-ray fluorescence spectroscopy, inductively coupled plasma atomic
emission spectroscopy (ICP-AES) and electrochemical analysis [8,9].
However, these analytical techniques involve time-consuming proced-
ures and expensive equipment this making them inapt for portable and
in-situ analysis. The electrochemical analysis provides a low-cost and
rapid platform for HMI detection in water and blood samples but, the
coexistence of different HMIs at trace level concentrations in human
blood and water bodies requires a highly stable and selective technique.
The inevitability of the simultaneous sensing of HMIs has attracted
significant attention [8]. Chemically modified electrodes are
cost-effective and portable with the facile fabrication process, high
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stability, sensitivity, and selectivity via anodic stripping voltammetry
(ASV) [9], square-wave anodic stripping voltammetry (SWASV) [10],
etc. Hu et al. reported a copper-based metal—organic framework
(HKUST-1) modified GCE as an electrochemical sensor for the detection
of Pb** and Cd*" ions in water samples [11]. Malik et al. reported zinc
oxide-decorated multiwalled carbon nanotubes modified GCE for elec-
trochemical sensing of Pb%" ions [12]. Huo et al. demonstrated an
amino-functionalized MOF (3DGO/UiO-66-NH,) based electrochemical
sensor for simultaneous sensing of HMIs [13]. Though these sensors
reported simultaneous detection of HMIs with complex fabrication
techniques and they failed to provide high chemical stability and
reliability.

In recent years, perovskite materials have attracted significant in-
terest for sensing due to their high mechanical stability, facile synthesis,
and electrocatalytic active sites [8]. Among the lead-free perovskites,
Al;NiCoOs (ANC) is the least studied double perovskite material with an
A,BB’Os structure. Owing to their high mechanical stability and energy
density, double perovskites have been widely studied for energy storage
applications [14]. There are numerous reports on the efficacious syn-
thesis of double perovskite materials via conventional wet-chemical
synthesis techniques like sol-gel, co-precipitation, hydrothermal, etc.
[15]. Though these techniques provide control over the size, geo-
morphology of the material, they require expensive precursors and
result in low yield. To overcome limitations and obtain excellent purity
and chemical homogeneity, direct solid-state reaction-assisted synthesis
is preferred.

Principal component analysis (PCA) is one of the reliable multiple
response statistical analysis techniques that reduce the dimensionality in
large datasets and improve the interpretability through smaller sets of
summary indices which can be more easily analyzed and visualized by
persevering as much variability as possible [16]. Generally, PCA gen-
erates a linear combination of the original variables to generate the axes
which are known as principal components (PCs), which reduces to
solving an eigenvalue or eigenvector problem [17]. Besides, the adapt-
ability of the PCA technique has made it more interesting and signifi-
cantly useful for a wide variety of datasetslike binary, ordinal,
compositional, discrete and symbolic from various disciplines [18]. The
major advantages of the PCA over other statistical analysis techniques
are as follows, (1) deficiency in data is given thru orthogonal compo-
nents, (2) elimination of correlated variables which don’t contribute
towards decision making, (3) disabling data overfitting issues by
reducing the number of features, (4) high variance and (5) improved
visualization with minimized noise data [17-19]. Hence, the PCA
technique was used in this work for the data visualization process and to
confirm the spanned scatter plot distributions of the chronicled sensor
response towards HMIs.

Here, we present a novel, one-step, solid-state reaction-assisted
synthesis of ANC nanoflakes for simultaneous sensing of copper
(Cu®"), lead (Pb?"), mercury (Hg?"), and cadmium (Cd?") in water and
simulated blood serum samples. The ANC modified GCE (ANC/GCE)
sensor displayed an outstanding selectivity, sensitivity, and stability
towards simultaneous sensing of HMIs via anodic stripping differential
pulse voltammetry analysis (ASDPV). The overall efficacy of the ANC/
GCE sensor towards HMI detecetion can be accredited to the high
electrocatalytic property of the ANC nanoflakes which is enabled with
Ni2*/Ni®* and Co?*/Co®" redox couples and oxy functional groups at
their surface. To the best of our acquaintance, this is the first report on
the ANC nanoflakes for the versatility of application in the trace-level
determination of HMIs in biofluids (i.e., simulated blood serum) and
aqua (i.e., drinking and tap water) samples.

2. Experimental
2.1. Materials

The chemical like Aluminium oxide (Al;03, 99.9%), Mercury nitrate
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(Hg(NOs3)2, 99.9%), Nickel oxide (NiO, 99.9%), Cobalt oxide (CoO,
99.9%), Copper nitrate (Cu(NO3)2, 99.9%), Cobalt nitrate (Co(NOs)s,
99.9%) and ethanol (99.9%) were acquired from Sigma Aldrich. DI
water with 18 MQ.cm was obtained from the Millipore system.

2.2. Synthesis of ANC nanoflakes

The solid state synthesis of ANC nanoflakes was perfomed as re-
ported in a recent work from our lab [21]. In brief, the stoichiometric
measure of AloO3, CoO, and NiO was grounded using mortar and pestle.
The obtained powder was then reacted at 950 °C for 24 h with 30 °C/min
as the ramping temperature using a muffle furnace. The end product was
naturally cooled and grounded. to a fine powder. The overall chemical
reaction is given in Eq. (1)

NiO + CoO + AlLO3— ALNiCoOs @

2.3. Sensor fabrication

Generally, the fabrication of chemically modified GCE is achieved
via the drop-casting technique. Here the obtained fine powder of ANC is
homogenously dispersed via ultrasonication (30 min) in dime-
thylformamide (DMF) solution at room temperature. The 6 pL of the
resultant solution was drop cast onto the cleaned and polished GCE
electrode and dried at 70 °C in a hot air oven for 10 m. Finally, the dried
ANC/GCE was used for all successive electrochemical measurement and
simultaneous detection of HMIs

2.4. Physicochemical analysis

The surface morphology and the crystalline structure of the as-
synthesized ANC nanoflakes was achieved via field emission scanning
electron microscope (FESEM) from Zeiss (model: Zeiss Ultra-55) and X-
ray diffraction (XRD) from lineon X’pert PRO X-ray diffractometer
(Source: Cu-Ka). The chemical bonding of theANC nanoflakes and their
vibrational modes were analyzed via Raman spectra obtained form Wi-
Tech Alpha 600 confocal Raman spectrometer (wavelength of the laser
source: A = 532 nm). The presence of different surface functional ele-
ments were studied via Fourier Transform Infra-Red (FTIR) spectra
collected from IRAffinity spectrophotometer.

2.5. Electrochemical studies of ANC/GCE electrode

The entire electrochemical studies of as-fabricated ANC/GCE sensor
was achieved via a three-electrode setup commissioning ANC/GCE as
the working electrode, Ag|AgCl electrode in 1M KCl as a reference
electrode and Pt wire electrode as the counter electrode connected to
CHI 660E (an electrochemical work station from CH Instruments).

The electrochemical active surface area (EASA) of the ANC/GCE
electrode was evaluated using cyclic voltammetry (CV) technique in
presence of 1 M KCl containing 5 mM of Fe (CN)¢>74" electrolytic so-
lution. The EASA was assessed via Randle-Sevik equation, given as Eq.
(2).

ipaOFipe = 2.69 X 10° x A, X D¥ x nf x v} x ¢ ®)

where, A, is the effective surface area of the electrode, D is the diffusion
coefficient (i.e., D = 7.6 x 10® em?/s), n is the number of electrons, and
c is the concentration (mol/cm3) of redox probe and v is the scan rate of
the cyclic voltammetry analysis performed (i.e., 10 mV/s,),

The chronocoulometric analysis of ANC/GCE was performed to
obtain the active surface coverage area (I') of reactant ions from the
electrolyte. The I' was estimated employing Eq. (3).

O = nFAT 3
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Where T is the active surface coverage area, n is the number of trans-
ferred electrons, F is the faraday constant, Q is the variance between
reverse and forward intercepts and A is the active area of electrode (i.e.,
0.0707 c¢m?). The induviual and simultaneous detection of HMIs were
performed via anodic stripping differential pulse voltammetry (ASDPV)
technique in presence of acetate buffer solution (0.1 M ABS) with
optimized pH value.

3. Results and discussion

The detailed physiochemical analysis of the as-fabricated ANC
nanoflakes is provided in the supplementary information (SI).

3.1. Electrochemical study

The electrocatalytic characteristics of the ANC nanoflakes modified
GCE (ANC/GCE) were examined via cyclic voltammetry (CV) analysis in
the presence of 5 mM Fe (CN)63'/ 4~ redox probe with 1 M KCl with a scan
rate of 10 mV/s. Fig. S3 (a) shows the characteristic CV analysis of bare
GCE and ANC/GCE. Noteworthy, that the increase in the redox peak
current (Ip) was more significant than the unmodified GCE. The inten-
sification in the Ip was accredited to the excellent electrocatalytic ac-
tivity of the ANC nanoflakes facilitated with the Ni%*/Ni** and Co?*/
Co>* redox couples at the octahedra sites. In addition to the electro-
catalytic activity of the ANC nanoflakes the oxy functional surface
groups, significantly contribute towards the redox reaction of Fe>*/Fe**
present in the Fe (CN)63'/ 4~ redox probe [8]. The EASA of the ANC/GCE
was calculated as 0.698 c¢m? (i.e., ~119.89% larger than the bare GCE
(0.175 ecm?)). This increase in the EASA was ascribed to the existence of
electrocatalytic sites in the ANC nanoflakes. The peak potential sepa-
ration (AEp), (i.e., the difference between the cathodic and anodic peak
potentials) was appraised as 80 mV (vs Ag|AgCl) that is inferior to the
bare GCE (i.e., 98 mV (vs Ag|AgCl)). This reduction in the AE,, can be
ascribed to the faster electron transfer mechanism at the surface of the
ANC/GCE electrode than the bare GCE. Fig. S3 (b) illustrates the
chrono-coulometry analysis of the GCE and ANC/GCE. The sensor was
estimated with an active surface coverage (I') of 8.68 nmol cm™2 (i.e.,
180% greater than bare GCE). This substantial agumentation in the I’
was accredited to the presence of abundant OH functional groups at the
surface of ANC nanoflakes [20].

3.2. Optimization studies

The four major conditions that impact the sensitivity and stability of
any surface modified electrode for HMI detection are (i) the loading of
active material (wt.%), (ii) the pH of the electrolyte used, (iii) deposition
voltage and (iv) deposition time. These parameters were optimized for
the as-fabricated ANC/GCE sensor to acquire the maximum efficacy
towards trace level detection of HMIs in ecological and biological fluids.

3.2.1. Effect of Wt.%

In this process of optimizing the wt.% of the active material ANC
nanoflakes (such as 0.1, 0.3, 0.5, 0.7, and 0.9 wt.%.), the ASDPV
response of the sensor towards equimolar concentration of 0.05 ppb
cu®*, Hg?", Pb?®" and Cd*" were analyzed. Fig. S4 (a) shows the per-
formance comparison chart of ANC/GCE sensors at different wt.% to-
wards targetted HMIs in presence of 0.1M ABS electrolytic solution. The
maximum retort of the ANC/GCE sensor towards targeted analytes was
pragmatic at 0.7 wt.% of ANC modified GCE sensor. This behavior of the
electrode was accredited to the optimal obtainability of catalytic active
sites facilitating the redox mechanism of the HMIs in the redox probe.
The realtively low performance observed overhead 0.7 wt.% was
attributed to the disproportionate concentration gradient at the
electrode-electrolyte interface due to the high electronegativity of the
active material which disturbs the average diffusion length in the
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electrolytic medium. On the other hand, the dearth of active sites leads
to the comparatively low performance of the sensor at wt.% below 0.7.

3.2.2. Effect of pH

The pH of the electrolytic solution has a significant impact on the
sensitivity and overall performance of an electrochemical sensor. Fig. S4
(b) shows the performance comparison of the ANC/GCE sensor
depending on ASDPV response towards equimolar concentration of 0.05
ppb Cu?*, Hg?*, Pb?* and Cd?™ at different pH of supporting electrolytic
solutions ranging from 3 pH to 6 pH. The sensor exhibited maximum
sensitivity at pH 4.5 than other pH levels of the supporting electrolyte (i.
e., 0.1 M ABS) owing to the excellent electrostatic attraction between
HMIs and the electrode surface followed by the mechanism of
complexation. In addition to the above description, ANC/GCE at 4.5 pH
has a curtailed effect of OH™ ions towards the targeted HMIs with an
optimum level of H' ions [21]. The discrepancy in the performance of
the sensor towards HMIs at a higher pH level was accredited to the
excessive influence of OH™ ions surrounding the HMIs which is known
as the hydrolysis process of HMIs [8]. In contrast, the performance
degradation of the ANC/GCE at low pH levels was ascribed to the
presence of excessive H' cations in the electrolyte which reduces the
diffusion length and sensitivity with overall performance of the sensor
[21].

3.2.3. Effect of deposition voltage

ASDPV relies on two major mechanisms (i) deposition of metal ions
onto the electrode surface and (ii) stripping where the deposited metal
ions are oxidized into the electrolytic medium. As the deposition
mechanism of HMIs plays a crucial role the voltage used for the process
should be optimized to obtain maximum sensitivity. Performance
comparison of the sensor towards 0.05 ppb equimolar concentration of
cu?*, Hg?", Pb?>" and Cd?* via ASDPV technique in presence of 4.5 pH
0.1 M ABS with a deposition time of 25 s at different deposition voltages
(i.e., -0.8 to -1.4 V) is as shown in Fig. S3(c). Though the sensor
responded at all deposition potential the maximum response was
recorded at -1.2 V. This characteristic was ascribed to the unique stan-
dard potentials of HMIs. Decisively, -1.2 V was employed as the depo-
sition potential of the ANC/GCE sensor in all upcoming HMI detections
using the ASDPV technique.

3.2.4. Effect of deposition time

The deposition time of the sensor using the ASDPV techniques im-
pacts the performance and stability of the sensor towards HMI detection.
Fig. S3 (d) depicts the ASDPV performance comparison of ANC/GCE
towards 0.05 ppb equimolar concentration of Cu?*, Pb?*, Hg?" and
Cd?* at different deposition times from 15 to 35 s and the deposition
voltage of -1.2 V. The maximum performance of ANC/GCE sensor to-
wards HMIs is evident at 25 s while the deterioration in sensor response
was observed at lower and higher deposition periods. This can be owed
to the deficiency of HMI deposition at the electrode surface at a short
deposition period and surface saturation of the sensor at a longer
deposition period which would shield the electrocatalytic active sites of
ANC nanoflakes from accommodating more HMIs [22].

3.3. Electrochemical sensing of HMIs

Convincingly, the optimized parameters of 0.7 wt.% ANC/GCE
sensor in presence of 4.5 pH 0.1 M ABS electrolyte with -1.2 V deposition
potential and 25 s deposition time was employed for all successive
electrochemical sensing of HMIs using ASDPV analysis.

3.3.1. Electrochemical sensing of HMIs — individual

Initially to understand the sensing ability of the sensor towards each
HMIs was analyzed via ASDPV in presence of individual HMI. Fig. 1(a)
depicts the ASDPV curve of ANC/GCE towards a range of Cd** con-
centrations (ranging from 0.01 to 1000 ppb). The distinctive peak
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Fig. 1. ASDPV response of ANC/GCE towards (a) Cd>*, (b) Cu®*, (c) Hg?* and (d) Pb®" at concentrations ranging from 0.01 ppb to 1000 ppb.

pragmatic at -0.71 V (vs Ag|AgCl) was ascribed to the oxidation of Cd?*
ions from the electrode surface during the striping phase of the proposed
ASDPV technique. As the concentration was increased a surge in the
oxidation peak current was experiential with an inconsequential peak
shift. This augmentation in the oxidation peak current was attributed to
the amount of deposited Cd?* ions and their electro-oxidation reaction
during the stripping phase of the mechanism. The shift in the peak po-
tential was due to the polarization effect at the electrode surface. The
calibration curve obtained for ANC/GCE concerning the response to-
wards Cd?* ions is shown in Fig. S5(a). The limit of detection (LOD =
3S/m, the signal to noise ratio is 3, S is the standard deviation, and m is
the slope value of the linear calibration curve) of electrode towards cd?*t
was estimated as 0.00114 ppb. The sensitivity of the sensor was calcu-
lated as 10.68 pA ppb~! em 2. Similarly, the sensing ability of the sensor
towards the variable concentration of Cu?*, Hg?" and Pb*" were
examined individually via ASDPV analysis as shown in Fig. 1(b), 1(c),
and 1(d), respectively. The minor peak observed from -0.4 to -0.6 V(vs
Ag|AgCl) for Cu* (Fig. 1(b)) and Pb>*ions (Fig. 1(d)) can be attributed
to the electrochemical reduction of nitrate (NO3) to ammonium (NH})
[23] as shown in Eq. (4).

NO; + 10 H" + 8¢~ - NH, + 3H,0 ©)]

However, this reduction process of the nitrate anions does not have a
significant impact on the sensor response towards the detection of tar-
geted HMIs. Though the sensor exhibits a minor response at -0.4 to -0.6
V(vs Ag|AgCl) for all HMIs in this analysis, the current exhibited was
negligible. Hence the peak was not visible in the obtained ASDPV curve
shown in Fig. 1(a) and (c). In contrast, the nitrate reduction peak was

observed as an additional peak with the ions during the stripping
mechanism of ASDPV for Pb?" and Cu?" which can be due to its strip-
ping potential and the high sensitivity of the sensor towards the cations
than the anions (nitrate ions).

The sensor exhibited a stable response towards individual HMIs at
different oxidation potentials such as -0.07 V (vs Ag|AgCl) for cu®t, 0.
208 V (vs Ag|AgCl) for Hg?" and -0.536 V (Ag|AgCl) for Pb2* ions. The
calibration curves obtained for the ANC/GCE sensor towards individual
sensing of Cu2+, Hg2+’ and Pb2* are illustrated in Fig. S5 (b), (c) and (d)
respectively. The LOD of the sensor towards Cu?", Hg", and Pb%* was
appraised as 0.00261, 0.00232, and 0.00154 ppb, respectively. The
sensor displayed a sensitivity of 20.34 , 23.85 and 22.92 pA ppb~! cm™2
towards Cu®", Hg?t and Pb?" ions, respectively.

3.3.2. Electrochemical sensing of HMIs — simultaneous

The simultaneous sensing of the cu?t, Hg2+, cd?*, and Pb%* was
performed via the ASDPV technique with optimized parameters in the
existence of 0.1 M ABS (pH 4.5) electrolytic solution. Fig. 2(a) depicts
the ASDPV curve with variable HMI concentrations from 0.01 to 10 ppb.
The conventional sensing process of the HMI detection using the ASDPV
technique consists of two key phases such as deposition and stripping as
shown in Fig. 2(b). In the deposition phase of the process, the metal ions
get reduced (like Cuo, Hgo, Pbo, and Cd°) and deposited onto the elec-
trode surface. Later in the stripping process, as the voltage was swept
from lower potential to higher potential (i.e., from -0.8 to +0.8), the
deposited HMIs gets oxidized into the electrolytic medium at different
oxidation potentials. This can be ascribed to the key aspect that favored
the simultaneous sensing of HMIs, i.e., the standard oxidation potentials
of the metals.
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Fig. 2. (a) the simultaneous ASDPV response of ANC/GCE towards Cd>", Cu®>", Hg?>" and Pb?" with concentrations ranging from 0.01 ppb to 10 ppb (c) HMI sensing

mechanism of ANC/GCE sensor.

The peak-to-peak separation (AEp) of ANC/GCE in simultaneous
detection of HMIs was observed as 193 mV (between Cd** and Pb®"),
515 mV (between Pb?>* and Cu?*"), and 260 mV (between Cu?* and
Hg?"). This proves the efficacy and simultaneous sensing ability of the
ANC/GCE sensor. The calibration curve corresponding to the ASDPV
response of the ANC/GCED sensor with the linear regression line is
shown in Fig. S6 (a—d). The sensor was estimated with a LOD of 0.00094
ppb (Cd%*™), 0.00105 ppb (Pb2™), 0.00121 ppb (Cu>™), and 0.00198 ppb
(Hg?"). The sensitivity was calculated as 22.99 pA ppb~! em™2 (Cd?h),
32.70 pA ppb~! em~2 (Pb?"), 60.18 pA ppb~! em~2 (Cu®") and 30.31
pA ppb~! cm~2 (Hg?"). Comparing the response of ANC/GCE sensor to
individual HMIs, the simultaneous detection exhibits low LOD and high
sensitivity which can be attributed to the intermetallic compound

formation (such as Pb-Hg) at the electrode surface. This contributes
towards the augmentation in the sensitivity of the sensor towards other
HMIs. The reliability of the simultaneous sensing of HMIs via CV anal-
ysis was examined as shown in Fig. S7. The AEp observed has a good
agreement with ASDPV analysis proving the efficacy of the sensor. This
outstanding Performance of the ANC/GCE can be accredited to the
electrocatalytic activity of the ANC nanoflakes facilitated with Ni®*/
Ni* and Co?*/Co®* redox couple at the octahedral sites of the material
inline thru the oxy-functional groups. The sensor exhibited a low LOD
with a wide linear range of detection covering the entire safe range of
HMIs in the biological fluids and other ecological bodies like ground-
water. The performance of the ANC/GCE electrode for simultaneous
detection of HMI was compared with the earlier reported HMI sensors is
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shown as Table 1.
3.4. PCA analysis

Generally, the overlap of the sensor response towards different HMIs
leads to the complication in the abstraction of specificity of the sensor.
Hence, principal component analysis (PCA) analysis was employed as
the data visualization technique to confirm the spanned scatter plot
distributions of the chronicled sensor response towards HMIs via the
ASDPV technique. The PCA data analyzed for the detection of four heavy
metal ions with ten replicates was observed with 99% original variance
with three principal components (i.e., PC1 — 68.07%, PC2 — 24.32%, and
PC3- 7.59%) as depicted in Fig. 3. Due to the differentiated sensitivity of
the sensor towards HMISs (i.e., Cu?*, Cd**, Hg>" and Pb?"), their fin-
gerprints were very well distinguished via the formation of clusters in
four different regions of the score plot. This distinct cluster formation of
replicates of the same metals proves the eminence of simultaneous
sensing. Thus, proves the excellent selectivity of the ANC/GCE towards
each targeted HMIs concentration.

3.5. Mutual interference

The interference between the response of the targeted HMIs was
surveyed as shown in Fig. 4. The mutual interference between the
response of the sensor to Cd?* - Pb%* ions and Cu®* - Hg?*" ions were
examined as depicted in the Fig. S9(a, b) and S9(c, d), respectively and
discussed in SI. Besides, the two analyte’s mutual interference, the
overall mutual interference between the four targetted HMIs was
explored. In this process, the interference of Cd?* ions towards the other
three HMIs was examined as shown in Fig. 4(a). The Cd?** concentration
was varied while the concentration of other HMIs were kept constant.
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Here, no specific augmentation in the response of the ANC/GCE sensor
was observed. Similarly, Fig. 4 (b), (c), and (d) describe the response of
ANC/GCE towards constant HMI concentration with varying Cu?*,
Hg?" and Pb?* concentrations, respectively. The change in peak current
for the constant HMI concentration as a response for varied metal ion
concentration was observed to be less than 5% which proves the sin-
gularity and non-significant interference in the response of the ANC/
GCE sensor. In contrast, the variable concentration of Hg?* has a sig-
nificant impact on the response of the sensor towards constant Cu?*
concentrations shown in Fig. 4(c), which can be due to the formation of
the Hg-intermetallic layer at the surface of the electrode [8]. Though the
response of the sensor towards Cu?" ions increased, no specific shift in
the characteristic peak or degradation in the response was observed.
This proves the selectivity of the sensor towards the targeted HMI in the
presence of other metallic ions.

3.6. Stability and reproducibility

The reproducibility of the ANC/GCE towards HMI sensing was
examined by using five identically fabricated sensors for simultaneous
determination of HMIs via ASDPV in the existence of 0.1M ABS elec-
trolytic solution (data not shown). The relative standard deviation (RSD)
value appraised for ANC/GCE concerning the response of five devices
was ~2.10% (Cd*"), ~3.12% (Hg?"), ~3.01% (Cu®") and ~4.32%
(Pb2™). The aging process of the ANC/GCE was considered to estimate
the reusability of the electrode (data not shown). Initially, the as-
fabricated ANC/GCE electrode was employed for simultaneous deter-
mination of HMIs via the ASDPV technique and the used sensor was
gently rinsed in the DI water and stored in a desiccator for 7 days. After
the storage period, the same sensor was employed for the simultaneous
detection of HMIs and observed with an RSD value of ~4.10% (Cd”),

Table 1
Performance comparison of ANC/GCE sensor with previously reported sensors for simultaneous sensing of HMIs.

Sensors Procedure Linear range of detection (ppm) Limit of Detection (ppm) Real- Time sample Refs.

AFO/GCE DPASV cd®**  2.0x107°-20x10' 1.0x1073 Simulated blood serum [8]
Pb>t  3.0x107°-33x10! 1.6x107°
cu®**  2.0x10°-20x10' 1.0x107°
Hg>*  3.0x1073-3.0x10' 1.0x107°

NiCoP-GCE DPV Pb>t  3.0x107°-3.0x10' 1.0x107* Groundwater [91
Hg>* 3.0x10°30x10' 1.0x1073
Ccd**  2.0x103-20x10' 1.0x107°

0.3(Fe304/F-MWCNT) SWSV cd**  1.0x107%7.1 3.0 x 1072 Tap Water [10]
Pb>t 9.0 x 107%-9.9 2.8 x 1073
Hg>* 4.0 x 1073-10.5 1x1073
Zn*t 3.0 x 1072-32.5 1.2 x 1072
cu®** 1.0 x 107%31.5 1.0 x 1073

Cerium Hexacyanoferrate/ LSV cd*t 2.3-2355 2.1 Water [24]

GCE pPb>t  3.3-3312 3.2 x 1072

cu®**  1.7-1846 1.4 x 107!
Hg?*  3.2-3231 4.8 x 107!

N-doped graphene / GCE DPASV Pb*" 9.0 x 1072-2.3 1.3 x 1072 Water [25]
cu**  1.0x107'-1.8 3.8 x 1072
Hg>* 6.0 x1071-3.2 1.3x 107!

Antimony film ASV cd**  5.9-18.9 2.61 x 107! - [26]
P>t 8.2-26.4 9.9 x 1072

Bismuth Bulk ASV Pb>t  3.3-33.1 3.5 x 1072 Rain Water [27]
Cd**  2.0x10°20x102 1.3x1072

F-GO/GCE SWASV cd*™ 1.0 x107-1.1 2.0 x 1073 - [28]
Pb>t 9.0 x 107%1.6 3.0 x 1072

Biy03 modified carbon paste DPASV cd** 2.6-23.6 1.1 Water, [29]
pPb>t  3.3-33.1 1.6 Urine

Blast Furnace Slag ASDPV Pb>*  3.31 x 107%-2.6 2.8 x 1072 - [30]
cu®**  9.x107%15.00 8.3 x 1072

ANC/GCE ASDPV cd** 1.0 x 107°-1.0 1.14 x 107 Drinking water,Tap water and Simulated blood serum  This work
Pb>* 1.0 x 107°-1.0 1.54 x 107°
cu** 1.0 x107°-1.0 2.61 x 107°
Hg>* 1.0 x 107°-1.0 2.32 x 107°

AFO-AlFe03, Bi>03- Bismuth Oxide, NiCoP — Nickel Cobalt Phosphide, AA- Amino Acid, F-GO- Florine doped Graphene Oxide, F-MWCNT- Florine doped Multiwalled
Carbon nanotubes, N-doped — Nitrogen-Doped, Fe304 — Iron (III) Oxide, LSV- Linear Sweep Voltammetry, ASV- Anodic Stripping Voltammetry, SWSV- Square wave

Stripping Voltammetry
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Fig. 3. PCA score plot of ANC/GCE towards simultaneous sensing of 4 different HMIs with 10 replicates.
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Fig. 4. Mutual interference analysis based on ASDPV response of ANC/GCE between (a) a variable Cd?*, (b) a variable Cu®", (c) a variable Hg2+ and (d) variable
Pb2* with other constant HMIs concentrations.
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~3.25% (Hg%™), ~3.89% (Cu?"), and ~4.25% (Pb?"). The stability and
reusability of the sensor prove it as a durable and cost-effective platform
for HMI detection.

3.7. Selectivity

The major ionic constituents reported in human blood samples are
Na®, K*, and Ca?" [31]. Likewise, the tap and drinking water samples
are reported with cationic constituents such as Ca?t, Fe?t, Mn?T, Zn?",
Ni2*, cr?* along with Na*t, K*, and Ca* due to various reasons like rust
via water distribution system, leaching of from nickel/chromium-plated
taps, dezincification of brass, etc [32]. Besides, a trace level concen-
tration of Co®" is naturally found in water, soil, rock, and plants which
can interfere with the sensitivity and selectivity of the HMI sensor.
Hence, the selectivity of the ANC/GCE sensor towards the HMIs (i.e.,
Cd?*-10 ppb, Pb?*- 10 ppb, Cu* - 50 ppb, Hg>" - 1ppb) was examined
in the presence of interfering species like Nat, K*, Ca®*, Cr?*, Mn?",
Fe2*, Co?*, Ni%* and Zn?" as shown in the ASDPV curve in Fig. 5(a). The
corresponding change in the response of the sensor towards HMIs was
analyzed as shown in Fig. S8 (a—d) in which the variation in the peak
current was experiential to be less than 5%. This singularity proves the
non-significant interference of the co-existing species in the response of
ANC/GCE towards the targeted HMIs.

3.8. Real sample analysis

Fig. 5(b) demonstrates the ASDPV response of the ANC/GCE towards
HMIs in the drinking water samples. Here we deployed the standard

(a) —— ANC/GCE
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o
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Sensors and Actuators Reports 4 (2022) 100097

addition technique to evaluate the feasibility of the sensor via recovery
percentages [8,9]. Fig. S10 (a—d) portrays the corresponding calibration
curve with a linear regression line. The regression coefficient exhibited
by the sensor towards the HMI detection was above 0.99 for all HMIs.
The sensor was estimated with recovery % ranging from 99.20% to
127.13% as shown in Table S1. Likewise, the ASDPV response of
ANC/GCE towards HMIs in tap water samples and simulated blood
serum samples were examined as shown in Fig. 5(c) and Fig. 5(d),
respectively. The corresponding calibration curves with a linear
regression line is shown in Figs. S11(a—d) and S12(a-d). The sensor was
assessed with recovery percentages of 99.50% to 118.84% (shown in
Table S2) and from 95.44% to 126.05% (shown in Table S3) for tap
water and simulated blood serum samples, respectively.

4. Conclusion

In summary, we demonstrated a one-step solid-state synthesis of
ANC nanoflakes for simultaneous detection of HMIs in water and
simulated blood serum samples. The ANC/GCE sensor showed a ultra-
low LOD of 0.00114 ppb(Cd%"), 0.00154 ppb (Pb>"), 0.00261 ppb
(Cu®") and 0.00232 ppb (Hg?"). The PCA analysis proved the excellent
selectivity of the sensor between the targeted HMIs in the medium. The
ultra selectivity of sensor towards the targeted HMIs in presence of
different interfering species (such as Na*, K*, Ca?", cr**, Mn?", Fe?",
C02+, Ni%* and Zn®") and the successful trace level determination of
HMIs in tap water, drinking water, and simulated blood serum (with
decent recovery percentages) proved the outstanding efficacy of the
ANC/GCE sensor. The overall performance exhibited by the sensor

R, Spiked drinking waterfs
1% standard addition of {
80 {=—2"" standard addition

ple containing Cd*", Pb*", Cu®* and Hg”|
, Pb*, Cu’ and Hg™
L Pb*", Cu’" and Hg*"

90
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Current (UA)
Z

0.6 -04 -02 00 02 04 06 08

Potential (V) vs Ag|AgCl

04 -02 0.0 0.2 0.4 0.6 0.8
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Fig. 5. (a) Selectivity analysis and real sample analysis of ANC/GCE towards HMI detection in (b) drinking water, (c) tap water and (d) simulated blood samples.
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proved it as an promising platform for a variety of ecological and bio-
analytical applications.
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