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A novel and effective method for immobilization of active ruthenium (II) bipyridine complex on screen printed
gold electrode surface was developed for simultaneous determination of Cd (II) and Pb (II) in an environmental
water sample. The electrostatic interaction between negatively charged graphene oxide (GO) or citrate-capped
gold nanoparticles (AuNPs) and positively charged ruthenium (II) bipyridine complex ([Ru(bpy)s]*>) was
studied with the incorporation of cation exchanging Nafion polymer, which enhanced electron transfer rate,
reduced the interference caused by active compounds and results in long term stability. The comparison between
the hybrid Ru-GO/Nafion and Ru-Au/Nafion nanocomposites’ behavior was electrochemically investigated in
this paper through cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS), and square wave
anodic stripping voltammetry (SWASV). Additionally, the surface morphologies of the screen-printed electrode
were evaluated using energy-dispersive X-ray spectroscopy (EDX) and scanning electron microscopy (SEM). The
proposed Ru-GO/Nafion sensor exhibited a higher sensitivity towards cadmium ion with a detection limit of 4.2
ppb compared to the Ru-Au/Nafion assay, which reveals low sensitivity with a limit of detection of 12.01 ppb.
The developed assays show excellent electrochemical performance towards lead ions with a detection limit of 5.3
ppb and 2.5 ppb for Ru-GO/Nafion and Ru-Au/Nafion, respectively, indicating that the lead ions can be accu-
mulated more on the surface of Ru-Au/Nafion SPGE. The hybrid nanocomposite assays were successfully
employed in river and tap water samples and validated using Atomic Absorption Spectroscopy (AAS).

1. Introduction high sensitivity, and low cost [8]. Among several electrochemical pro-

cedures, electrochemical stripping voltammetric analysis is a particu-

Heavy metals are particularly damaging contaminants in the
biosphere, and even trace concentrations represent a risk to human
health due to their toxicity [1]. Thus, it is critical to develop an
analytical approach that is simple, fast, and sensitive for the determi-
nation and monitoring of these toxic contaminants in the aquatic envi-
ronment. There are numerous conventional techniques for analyzing
heavy metals, including atomic absorption spectroscopy [2,3], induc-
tively coupled plasma emission spectrometry [4,5], and inductively
coupled plasma mass spectrometry [6,7]. These spectrometric ap-
proaches, however, are extremely expensive and unsuitable for in situ
monitoring due to the instrumentation’s bulk and complexity. On the
other hand, electrochemical strategies have been introduced as an
effective method for metal ions detection as an alternative to these
spectroscopic techniques due to their portability, short processing time,
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larly effective approach for metal ions determination because it is highly
sensitive and capable of simultaneously analyzing numerous heavy
metal ions [9,10].

The chemical modifiers are extensively used to enhance the effi-
ciency of accumulation ions and increase the sensitivity of the stripping
method [11]. Various nanomaterials are generally employed for heavy
metal ions detection [12]. Among them are carbon-based nanomaterials,
which have recently gained significant attention from researchers due to
their distinctive features and potential for applications in various
nanotechnology-related fields.[13]. Graphene and graphene oxide are
such types of carbon-based nanostructures, which are readily used in a
wide range of applications due to their distinct physical and chemical
properties such as high potential adsorption capacity, large specific
surface area, superior electrical and thermal conductivity [14]. Rather
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than using graphene alone, scientists have employed the graphene oxide
(GO) form, which has excellent oxidant characteristics in addition to the
existence of carboxyl (eCOOH), hydroxyl (eOH), and epoxy (CeOeC)
functional groups, which make it more appropriate for processing,
synthesizing, application and more easily spread. [15] Compared to
graphene, GO has proved to be a superior material for a variety of ap-
plications, including the purification of drinking water due to its
imperishable hydrophilicity. Additionally, GO exhibits excellent x - ©
conjunction and doping properties for inorganic or organic complexes,
such as ruthenium (II) complexes based on the pyrene moiety [16]. This
complex has the potential to further increase the efficiency of mass
transport and charge transfer as well as sensitivity and selectivity due to
their unique properties, including excellent chemical stability, strong
visible light harvesting property, photophysical, photochemical, and
redox properties that are highly applicable at both the ground and
excited states, as well as electron-transfer processes and versatile
excited-state energy [17].

Metal-based nanomaterials have also presented distinct advantages
in numerous areas, and they are currently an exciting area of research
since they allow for a new level of freedom in varying the particle
properties by combining two metals in a single particle. This broadens
their potential used in electrocatalysis [18]. Gold nanoparticles are
among the most common and promising conducting nanomaterials due
to their fascinating optical and electrical properties, in addition to their
unique stability [19]. It has recently received considerable attention due
to its ease of synthesis as well as its unique environmental and
biomedical applications [20]. Generally, many synthetic strategies have
been developed to prepare GNPs, including in situ synthesis using
reducing agents such as formaldehyde, polyols, oxalic acids, hydrogen
peroxide, and sugars [21,22]. It is reported that gold nanoparticles can
be generated by the reduction of chloroauric acid using sodium citrate
according to the well-known Turkevich method [23], presenting high
stability and excellent homogeneity [24]. Also, ruthenium (II) com-
plexes and gold nanoparticles could be electrostatically immobilized on
the electrode surface to form (Ru-AuNPs) composites, promising
outstanding physical and chemical properties [25,26].

Nafion (NA) is a cation exchange membrane, which is well known for
its electrochemical performance and thermal stability [27]. The incor-
poration of [Ru(bpy)g,]2+ into Nafion films can be easily fabricated.
However, poor long-term stability of metal complex-based Nafion is the
main drawback because the immobilized [Ru(bpy)g]2+ tends to be
migrated into the hydrophobic inactive electro area with time [28].
Consequently, the immobilization of [Ru(bpy)g]2+ on the electrode
surface has received considerable attention in recent years, and novel
methods and materials are being developed to improve long-term sta-
bility and sensitivity. Therefore, Various materials have been combined
to [Ru(bpy)3]2+—Naﬁon film to enhance its performance [29,30].

Several ruthenium complexes with immunosensor and DNA probe
assays have been reported in medical applications [31-33]. However, it
is rather unfortunate that less attention is being given to
ruthenium-based sensors for heavy metal detection, and few papers have
been reported. In terms of environmental analysis, in 2017, the dip
coating technique was employed to deposit a thin film of Nafion doped
with [Ru(bpy);;]2+ on ITO-coated glass substrates to detect cadmium
and lead using anodic stripping voltammetry [34]. In an earlier report in
2017, Gump et al. demonstrated for the first time [Ru(bpy)s] 2t.Go
nanocomposite for simultaneous detection of heavy metal ions in water
[35]. The active redox molecule (ruthenium (II) complex) is integrated
on the surface of GO to improve the inherent electrical conductivity. In
this research, [Ru(bpy)s]®" was incorporated into the graphene oxide
through the electrostatic and n-n stacking interactions for simultaneous
detection of cadmium and lead in water samples. Also, the
cation-exchange Nafion polymer was incorporated into the GO-Ru
hybrid materials, which has a major contribution to accelerating elec-
tron transport and improving stability. For comparison, gold nano-
particles electrostatically incorporated to [Ru(bpy)s]>* and dispersed in
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Nafion polymer. Additionally, the screen-printed electrode was selected
due to its electro response which provides great surface area for elec-
trostatic m-m interactions for [Ru(bpy)g]2+ ligand binding, and its ad-
vantages of great reproducibility, good electrical resistivity, and low
cost. Besides, it has the potential to be used as an on-site monitoring
system.

2. Experimental
2.1. Materials

Nafion (5 wt % in a mixture of 45 % lower aliphatic alcohols and
water), acetic acid, sodium citrate, sodium acetate, sulfuric acid,
ethanol, lead (II) nitrate, cadmium (II) nitrate, gold (III) chloride tri-
hydrate, tris(2,2'-bipyridyl) ruthenium (II) dichloride hexahydrate, po-
tassium ferricyanide (III), potassium chloride, and potassium
hexacyanoferrate (II) trihydrate were purchased from Sigma Co., Ltd.
(Ireland). Deionized water was obtained from the laboratory water
system of an ERI (Environmental Research Institution). All ingredients
were used exactly as they were received, and all experiments were
carried out at room temperature. Disposable screen-printed gold elec-
trode (SPGE)- (refs. 220AT) was purchased from DropSens (Spain). It
was fabricated with high temperature curing inks and contains a silver
reference electrode. The size of the whole SPGE was 3.4 x 1.0 x 0.05 cm
(Length x Width x Height).) and the diameter of the gold working
electrode was 4 mm.

2.2. Solutions preparation

Deionized water was used to prepare all the aqueous solutions.
Nafion (5 %) was dissolved in anhydrous ethanol to prepare various
Nafion concentrations. A stock solution of gold (II) chloride trihydrate
(0.1 %) was prepared by dissolving 0.1 g in 100 mL of water and pre-
served at 4 C. Tris(2,2'-bipyridyl) ruthenium (II) dichloride stock solu-
tion was made by dissolving a proper quantity in deionized water. 1 %
sodium citrate was prepared by dissolving 0.5 g in 50 mL of water. A
1000 ppm stock solution of Cd (II) and Pb (II) was prepared in an
aqueous solution. To make an acidic solution buffer, an adequate
amount of sodium acetate was dissolved in 0.1 M acetic acid to adjust
the pH to 5.

2.3. [Ru(bpy)3]2+- GO/NA nanocomposite synthesis

Under the dark condition, 5 mL aqueous solution of graphene oxide
(2 mg/mL) and 5 mL ethanolic solution of tris(2,2'-bipyridyl) ruthenium
(ID) dichloride (1 mg/mL) were mixed and stirred at 800 rpm for 12 h.
Then, the nanocomposite solution was centrifuged for 40 min at 12,000
rpm and properly cleaned with deionized water and ethanol to remove
untreated [Ru(bpy)s]?>" from the suspension. The resulting precipitate
was suspended in 1 % ethanolic Nafion solution and sonicated for 30
min.

2.4. [Ru(bpy)3]*" - AuNPs/NA nanocomposite synthesis

Gold nanoparticles (AuNPs) were prepared by citrate reduction of
gold (III) chloride in an aqueous solution. In short, 0.01 g of gold (III)
chloride trihydrate was dissolved in 100 mL of water. Then, 3 mL of 1 %
sodium citrate solution was added under stirring. After that, the solution
was maintained boiling for another 30 min before cooling to room
temperature. Prior preparation of Ru-AuNPs, an aqueous solution of
0.05 M tris(2,2'-bipyridyl) ruthenium (II) dichloride was prepared, and
300 pL was taken and added to 20 mL of the previous solution under
stirring. A few minutes later, a significant proportion of black precipitate
was created [36]. The formed result was centrifuged, rinsed multiple
times with water, suspended in 1 % ethanolic Nafion solution, and
sonicated for 30 min.
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2.5. Physical and electrochemical measurements

The morphological characteristic of modified nanocomposite screen
printed electrodes was studied using Scanning Electron Microscopy
(SEM); structural studies were carried out using energy dispersive X-ray
spectroscopy (EDX). PalmSens (Netherlands) handheld potentiostat/
galvanostat was used to investigate the performance of the electro-
chemical analysis. cyclic voltammetry (CV) was performed to charac-
terize the electrode surface. For quantitative analysis, square wave
anodic stripping voltammetry (SWASV) was carried out for the simul-
taneous detection of metal ions. A magmatic stirrer was used after
impressing the electrodes in a solution of acetate buffer (pH 5.0). The
following parameters were performed: frequency; 25 Hz pulse ampli-
tude;50 mV; deposition potential; —1.6 V; deposition time; 120 s

2.6. Fabrication of modified hybrid nanocomposites

Prior to fabrication, screen-printed gold electrodes were electro-
chemically activated using cyclic voltammetry within the range of 0-1.6
in 0.5 M sulphuric acid at 0.1 V/s scan rate and then cleaned with water
and dried at air [37]. Subsequently, 6 uL of Ru-GO/NA and Ru-Au/NA
were dropped cast at the SPGE surface and allowed to dry in air. The
electrodes were then utilized for electrochemical analysis.

2.7. Real sample preparation

River water samples were collected from River Lee (Cork, Ireland).
Prior to sample testing, a 0.22-m filter was used to remove any sus-
pended material. Tap water was obtained from environmental research
institution (ERI).

3. Results and discussion

3.1. Characterization of hybrid [Ru(bpy)g]2+ - GO /NA and [Ru
(bpy)3J2+- AuNPs /NA nanocomposites

3.1.1. Surface morphology of SPGEs

Scanning electron microscopy (SEM) was employed to examine the
surface morphology of GO and Ru-GO/NA nanocomposite. The wrinkled
layered structure of graphene oxide can be seen in Fig. 1.b, providing
ultrathin and homogeneous graphene film. Additionally, The EDX
technique was performed to study the chemical elements of nano-
composites. The carbon and oxygen peaks correspond to GO, whereas
the signal of florid is attributed to Nafion, as seen in Fig. lc. In com-
parison to GO, nanocomposite of Ru-GO/NA presented a thick-packed
sheet structure with a gently corrugated form (Fig. 1.d) [38,39].
Further, the EDX spectra of nanocomposite of Ru-GO/NA is displayed in
Fig. 1.e., it revealed an additional peak of ruthenium, indicating that the
GO and [Ru(bpy)s] 2+ were successfully immobilized on the surface of
the screen-printed electrode. The obtained morphology of the synthe-
sized gold nanoparticles is observed in Fig. 1.f, which shows uniform
polydispersed distribution on the surface with traces of agglomeration
[40]. An organic element layer was formed after the Ru-Au coating, and
the EDX analysis of the nanocomposite revealed the presence of the Ru
element (Fig. 1.i) [41,42]. Further confirmation through the use of
energy-dispersive X-ray spectroscopy measurement reveals the presence
of Ru, Ay, N, O, and C elements, demonstrating that the Ru complex was
modified on the electrode surface [42].

3.1.2. Electrochemical characterisation of hybrid [Ru(bpy)3]2+— GO /NA
and [Ru(bpy)3]2+— AuNPs /NA nanocomposites

The electrochemical performance of hybrid nanocomposite modified
electrodes was studied using cyclic voltammetry in the presence of
1 mM K3[Fe (CN)®] in 0.1 M KCl solution at a scan rate of 0.1 V/s. A well
-defined redox peak appears at bare SPGE, and when the electrode
surface was modified with Nafion, the Polymeric Nafion film inhibited
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the one-electron redox behavior of Fe (CN)® 3~/4~ and the cathodic and
anodic peaks were nearly disappeared. The redox couple peaks were
observed again due to the existence of graphene oxide in the composite
film, which immobilized on the electrode surface, demonstrating that
the conductive graphene facilitates electron transfer. Obviously, further
increase in redox probe at Ru-GO /NA/ SPGE, demonstrating that the
rate of electron transfer had significantly improved as a result of the GO
and Ru-GO nano-interface electrocatalytic behavior (Fig. 2. a) Also, the
conductive AuNPs enhanced the electron surface, and the redox probe
shows a significate increase compared to the bare electrode, as seen in
Fig. 2. b. Dramatic reduction in the redox peak was noticed when the
Ru- AuNPs /NA was coated on the surface of SPGE, which is due to the
kinetics barrier between [Fe (CN)°1*~/ [Fe (CN)®]®~ and the negatively
charged Nafion.

Further confirmation was also found by cyclic voltammograms; the
reversibility and diffusion-controlled properties of the redox probe were
evaluated for modified Ru-GO/NA and Ru-Au /NA nanocomposite
electrodes. The plots of peak currents vs. square roots of scan rate were
seen in Fig. 2. ¢, d, indicating that the reversible electron transfer re-
action is completely diffusion-controlled as the relationship between
peak current and the square root is linear with r values of 0.997 for Ru-
GO /NA/ SPGE and 0.996 for Ru-Au /NA/ SPGE.

Electrochemical impedance spectroscopy (EIS) was used to evaluate
the nanocomposite modified electrodes’ interface properties (Fig. 3.a).
The equivalent circuit model used to fit the EIS data has also been
represented in (Fig. S1 in supporting materials). The line at a low fre-
quency is related to the diffusion-controlled system, and the impedance
spectra at a high frequency correspond to the kinetic controlled process.
The values of charge transfer resistance (R.;) were determined based on
the values of semicircle diameter, which is equivalent to the resistances
to faradaic charge transfer. Obviously, the lowest semicircle could be
found in the bare EIS plot, indicating a slower electron transfer resis-
tance of the redox probe. After the Nafion film coated the SPE surface,
the Re; was largely improved as a result of the existence of sulfonic
groups in Nafion film, which could inhibit [Fe (CN)6]3’/ 4~ from
reaching the electrode surface at low frequencies. In contrast, the R¢ of
the GO/NA/SPGE decreased rapidly (Rt ~ 1750 Q) but remained
greater than that of bare SPGE, suggesting that the graphene oxide had
excellent electrical conductivity and had the potential to accelerate
electron transfer. Following the incorporation of the ruthenium complex
into the nanocomposite, the charge transfer resistance was reduced (Rt
~ 750 Q), indicating superior electrical conductivity of hybrid nano-
material, which can enhance the electron transfer and mass exchange of
electro-active indicators on the surface. The electrochemical response of
AuNPs was nearly a straight line, which is a typical property of the
diffusion process [43]. Obviously, a significant increase was obtained
after coating the surface with Ru-Au/ NA, attributed to the fact that the
electron hindered the redox probe towards the surface of the electrode.

The effective electroactive surface area for modified nanocomposite
sensors was determined using the Randles-Sevcik equation [44], as
shown below:

FD
I — +0.446nFA,, Cy | -2t

pf RT @

Where n is the number of electrons in the electrochemical reaction, I, is
the voltammetric current using the forward peak of the electrochemical
process, F is the Faraday constant (96,485 C/mol), v is the applied
voltammetric scan rate (V/s), T is the temperature in Kelvin (273.15), R
is the universal gas constant (8.314 J/mol/K), A, is the electroactive
area of the electrode (cmz) and D is the diffusion coefficient in cm?/s.

Thus, A, was calculated to be 0.0763 cm? and 0.025 cm? for Ru-GO
/NA/ SPGE and Ru-Au /NA, respectively. The A, values were compared
to Ago values, and % real were determined to be 95.38 % for Ru-GO
/NA/ SPGE and 83.33 % for Ru-Au /NA/SPGE using the following
equation:
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Fig. 1. SEM images of bare (a), GO/NA/SPGE (b), GO-Ru/NA/SPGE (d) at 5000 magnifications: Au-citrated /SPGE (f) and Au-Ru/NA/SPGE (h) at 10000 magni-
fications. EDX spectrum of GO/NA/SPGE (c), GO-Ru/NA/SPGE (e), Au-citrated /SPGE (g) and Au-Ru/NA/SPGE (i).
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%Real = (A /Ages) x 100

(2)

SPGE. The electron transfer rate constant (K¢) values were determined

using Eq. (1), as shown below.

This assumes that GO interfusion could increase the load quantity of

[Ru(bpy)?,]er in the Nafion film more than the interfusion of AuNPs.

Additionally, electrochemical impedance spectroscopy was used to

study the charge transport process of GO-Ru/NA/SPGE and Ru-Au /NA/

Ko = RT / n? FPA Cg Ry

3

Where R is the gas constant (8.314 J/K mol), T is the temperature in



L. Albalawi et al.

Kelvin degrees, n is the number of electrons, F is Faraday’s constant
(96,485 C/mol), A is the electrode surface area in cmz, C is the redox
probe concentration in mol/L and R, is the charge transfer resistance in
Q, which was determined based on impedance measurements. The ket
values of Ru-GO /NA/ SPGE and Ru-Au /NA/ SPGE were calculated to
be 2.03 x 10~* em/s and 0.16 x 10™* cm/s, respectively. Obviously,
The K value of Ru-GO /NA was higher than Ru-Au /NA, indicating a
higher rate of electron transfer between redox species and the Ru-GO
compared to the Ru-Au modified SPGE interface. This finding con-
firms that nanocomposites can assist the modified electrode in acceler-
ating electron transfer, whereas Nafion with a negatively charged group
(SO3) can help to improve resistance to anions and bulky compounds
and allow it to pre-concentrate the target cations. The EIS analysis re-
sults are consistent with cyclic voltammogram studies.

Anodic stripping voltammetry was applied to study the performance
of developed sensors toward cadmium and lead detection in a solution
containing 200 ppb of each metal species in 0.1 M acetate buffer (pH
5.0). The recorded voltammograms are seen in Fig. 3. b., presenting a
higher stripping current for the modified hybrid nanocomposites
compared to bare SPGE. Obviously, Ru-GO provides excellent electro-
chemical performance for cadmium detection, suggesting that cadmium
cation can be accumulated more on the Ru-GO/NA electrode compared
to the Ru-Au surface. In contrast, the lead current is higher at Ru-Au by
about 15 % compared to the GO-Ru electrode.

3.2. Optimization studies

3.2.1. Effect of pH and Nafion concentration

The pH of the solution has a significant effect on the electrochemical
behavior of the modified Ru(bpy)s 2+_ GO/NA/ SPGE. Thus, A series of
acetic acid buffers with different pH values were examined to determine
the optimal pH conditions. Fig. 4. a shows the influence of pH on the
stripping currents of cadmium and lead with a gradual increase from 4.0
to 5.0, as well as the observation of shifted potential toward more
negative values with a maximum current response of 151 pA and 142 pA
for cadmium and lead respectively. Beyond pH 5, the current response
was reduced considerably, and the potential tended to shift to more
positive values, promoting the interferent’s interaction. The dependence
intensity on the Nafion concentration, which was incorporated into the
hybrid nanomaterials, was investigated in the range of 0.1-1.5 %. The
analysis findings revealed that the current response gradually increased
as Nafion concentration increased (Fig. 4. b). Obviously, when 1 %
Nafion was applied, the stripping current reached its maximum. The
signal then decreased slightly as the concentration kept increasing due
to the nature of the Nafion film, which became thicker and prevented the
physical diffusion of analytes when the Nafion concentration increased.
As a result,1 % Nafion was used in the experimental analysis. Similarly,
the effect of Ph and Nafion concentration ware studied at Ru-Au /NA/
SPGE. It was observed that the peak current increased gradually for both
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analytes, reaching the maximum current response of 80 pA and 250 pA
for cadmium and lead, respectively. The current then tends to be
reduced rapidly. Thus, pH 5 was selected as the effective condition.
Additionally, the amount of Nafion concentration mixed with Ru-Au was
also tested. The results revealed that as the concentration of Nafion
increased, the current response increased gradually, achieving the
maximum at 1 % Nafion. Consequently, 1 % Nafion was selected for
experimental studies.

3.2.2. Stripping time, potential, and stirring speed

Square wave anodic stripping voltammetry (SWASV)was conducted
to optimize striping time and potential towards the detection of ions
using Ru-GO/NA/SPGE in 0.1 M acetate buffer (pH 5.0). The stripping
currents improved gradually when the potential increased from —0.9 to
—1.5 V. Apparently, at —1.6 V, a massive increase in current was re-
ported, implying that at this potential, a high concentration of analytes
is accumulating on the Ru-GO/NA modified SPE (Fig. 5. a) Additionally,
the accumulation time was varied at 30's, 60's, 90 s, 120 s, 240 s, and
300 s and the deposition potential was set constant at —1.6 V. Obvi-
ously, as seen in Fig. 5. b, the peak currents were constantly and linearly
increasing with deposition time, reaching the maximum at 300 s. Taking
into account the cost factor, 120 s was selected for further experiments.
The influence of stirring speed on the metal stripping current was also
examined, and the result is seen in Fig. 5. c. Obviously, the peak currents
of cadmium and lead increased constantly as the stirring speed increased
from 30 to 600 rpm. As the Levich equation states, the stripping current
plot demonstrates that mass transport behavior is sequentially propor-
tional to the square root of the electrode stirring speed (Fig. 5. d) [45].
SWASV was also conducted to investigate the effect of stripping time,
potential, and stirring speed on the metal’s detection using Au-Ru/ /NA/
SPGE. The time of 120 s and the potential of —1.6 V were selected for
further study (Fig. S2 in supporting materials).

3.3. Calibration, repeatability, and reproducibility

Under the optimum condition, square wave anodic stripping vol-
tammetry (SWASV) was applied for the simultaneous determination of
cadmium and lead in 0.1 M acetate buffer (pH 5.0) using [Ru(bpy)s] 2+,
GO/NA/ SPGE and [Ru(bpy)s]?>*- Au/NA/ SPGE. As seen in Fig. 6. a,
with increasing cadmium and lead concentrations, the stripping peak
currents increased, indicating a linear relationship over the range
50-350 ppb with a correlation coefficient of 0.9998 and 0.9996 for
cadmium and lead, respectively (Fig. 6.b). Based on the slope of the
linear curve, the sensitivity of the developed sensor is 0.8 pA/ppb for
cadmium and 0.7 pA/ppb for lead. The limit of detection and quantifi-
cation were calculated for cadmium to be 4.2 ppb and 15.06 ppb,
respectively, and for lead, 5.3 ppb and 18.09 ppb. For [Ru(bpy)s]*>*- Au/
NA/ SPGE, the stripping peak currents increased with increasing lead
concentrations over the range 10-300 ppb and cadmium concentrations
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Fig. 4. (a) Effect of pH (a) and Nafion concentration (b) on the stripping current of 200 ppb Cd (II) and Pb (II) in 0.1 M acetate buffer (pH 5.0) at GO-Ru/NA/SPGE.
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Fig. 5. SWASV of 200 ppb Cd (II) and Pb (II) in 0.1 M acetate buffer (pH 5.0) at GO-Ru/NA/SPGE with a deposition potential ranging from —1.0 V to —1.6 V (a),
with a deposition time ranging from 30 to 300 s (b); plot of peak currents vs. deposition potentials (a) (inset), and vs. deposition times (b) (inset). Effect of stirring
speed ranging from 60 rpm to 600 rpm (c). Plot of peak currents vs. stirring speed (d).

over the range 100-300 ppb, as shown in Fig. 6.¢c, d, indicating a linear
relationship with a correlation coefficient of 0.9992 and 0.09994 for
cadmium and lead respectively. Additionally, the limit of detection and
quantification were determined for cadmium to be 12.01 ppb and 36.39
ppb and for lead to be 2.5 ppb and 11.8 ppb, with a sensitivity of 0.7 pA/
ppb and 1.4 pA/ppb for cadmium and lead, respectively. The repeat-
ability and reproducibility of the hybrid nanocomposite [Ru(bpy)s]?*-
GO/NA/ and [Ru(bpy)3]2+— Au/NA/ sensors were examined in the
presence of 200 ppb cadmium and lead in 0.1 M acetate buffer (pH 5.0)
using SWASV, indicating an excellent degree of reproducibility and
repeatability of the present sensors (supporting materials).

3.4. Effect of interference and stability

To identify the selectivity of the nanocomposite assays, the 20-fold
concentration of ions, including Hg (II), Ni (II), Zn (II), Fe (III), and
Cu (II), were examined in the presence of 200 ppb Cd (II) and Pb (II).
Fig. 7.a shows the stripping response of the assays against interfering
ions. Obviously, there was a slight effect toward Pb (I) with a decrease
of less than 7 %, indicating a minor change can be recorded compared to
the Cd (II) response. The influence of Hg (II) and Zn (II) on Cd (II)
stripping current was significant, with a reduction by about 30 %,
whereas other interfering ions generated a decrease by 20 %. Possible
interference by ionic species in stripping voltammetric detection was
also investigated using Ru-Au/NA SPGE. The results are summarized in

Fig. 7.b There is an increase in the current response of lead by 20 % in
the presence of Cu (II) and Hg (II), whereas, in the presence of Ni (II), Zn
(ID), and Fe (III), there is more than 25 % suppression of the stripping
response. The effect of interfering ions on the stripping response of Cd
(II) has been studied, and the results showed that the Hg (II), Zn (II), and
Cu (II) had an effect by about 20-30 %. Other metals do not have a
significant effect on the Cd (II) response. This interference is caused by
several factors, such as the formation of intermetallic compounds and
the competition for Ru-GO/NA and Ru-Au/NA SPGE active sites be-
tween interfering ions and analytes. Additionally, the developed Ru-GO/
NA/SPGE and Ru-Au/NA/SPGE were evaluated for long-term stability
in the presence of 200 ppb cadmium and lead. As seen in Fig. 7.c, after
one month, the findings confirm a high current response for Cd (II) and
Pb (II) with retained sensitivity of 92 % and 95 %, respectively, prom-
ising that the developed sensors had excellent stability. The stability of
the Ru-Au/NA assay was also studied, as apparent from Fig. 7.d, pre-
senting very good results for both analytes.

3.5. Real sample analysis

The developed hybrid Ru-GO/NA and Ru-Au/NA nanocomposite
sensors were evaluated to measure the quantity of cadmium and lead in
river and tap water samples using SWASV. As presented in Table 1., for
both species, the spiked samples’ recovery values ranged between 87 %
and 103 %. With RSD < 7.2 % using Ru-GO/NA and between 88 % and
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Fig. 6. (a) SWASV of GO-Ru/NA/SPGE with different concentrations of Cd (II) and Pb (II) (50-350ppb). (b) The plot of peak currents of Cd (II) and Pb (II) vs.
concentrations for GO-Ru/NA/SPGE. (c) SWASV of Au-Ru/NA/SPGE with different concentrations of Cd and Pb (II) (10-300ppb). (d) The plot of peak currents of Cd

(I) and Pb (II) vs. concentrations for Au-Ru/NA/SPGE.

117.3 % with RSD < 9.3 % using Ru-Au/NA, assuming that the devel-
oped sensors are capable of quantitative determination of both metal
ions with very precise results. Moreover, the recovery tests for metallic
analytes were determined using AAS as a conventical method, and the
values ranged between 88.6 % and 120 %, with RSD < 1.6. In com-
parison, it was observed that the results obtained by present sensors are
more sensitive to lead detection than the traditional approach.

4. Conclusion

In the present study, sensitive electrochemical assays based on
ruthenium complex were developed for cadmium and lead detection in
water samples. The electrostatic interaction between graphene (GO)
oxide/citrate-capped gold nanoparticles (AuNPs) and ruthenium (II)
bipyridine complex ([Ru(bpy)3]2+) was assessed in the presence of
Nafion polymer, and the research revealed that the Nafion has a major
contribution to accelerating electron transport and improving electrode
stability. The electrocatalytic behavior of [Ru(bpy)s] 2+.GO/Nafion and
[Ru(bpy)3]2+—Au/Naﬁon towards the simultaneous detection of metals
ion were investigated using anodic stripping square wave voltammetry.
Energy dispersive X-ray spectroscopy and scanning electron microscopy
were used to assess the surface morphologies of screen-printed elec-
trodes, as well as cyclic voltammetry and electrochemical impedance
spectroscopy. The developed hybrid [Ru(bpy)s]*>*-Au/Nafion nano-
composite assay shows a good sensitivity towards cadmium ion
compared to [Ru(bpy)3]2+—Au/Naﬁon sensor. The limits of detection
were determined to be 4.2 ppb and 5.3 ppb for cadmium and lead,
respectively using [Ru(bpy)s]*>*-Au/Nafion, and 12.01 ppb and 2.5 ppb

using [Ru(bpy)3]2+-Au/Naﬁon. The disposable sensors were success-
fully applied in the river and tap water samples, and the recovery values
ranged between 87 % and 103 % with RSD < 7.2 % using Ru-GO/NA
and between 88 % and 117.3 % with RSD < 9.3 % using Ru-Au/NA,
indicating that the developed sensors have potential to determine the
concentration of analyte ions with very precise results.

Funding

The Saudi Ministry of Higher Education supported this work.

CRediT authorship contribution statement

Ibtihaj Albalawi, Conceptualization, Formal analysis, Data cura-
tion, Methodology, Investigation, Resources, Software, Validation,
Visualization, Funding acquisition, Writing — original draft, Writing —
review & editing. Anna Hogan, Investigation, Validation, Software
Hanan Alatawi, Investigation, review & editing, Samia Alsefri,
Investigation, review & editing. Eric Moore, Conceptualization, Project
administration, Supervision, Visualization, Funding acquisition, Writing
- review & editing.

Declaration of Competing Interest
The authors declare that they have no known competing financial

interests or personal relationships that could have appeared to influence
the work reported in this paper.



1. Albalawi et al. Sensors and Actuators: B. Chemical 380 (2023) 133273

180 a 350 b
-Cd(II) =
i Cd(n
160 Pbdn 300 4 = = T IPban
140
250 4
120 4 <
<
= 1001 ; 200
< c
3 80 2 150 -
5 >
O 60 o
100
40 -
50
20 4
0 0 |
None Cu(lly Fe(lll) Hg(Il) Ni(l1) Zn(ll) None Cu(in Fe(ll) Hg(ll) Ni(I1) Zn(l)
Interfering ions Interfering ions
180 c

300

d
S
160 [ 1Pbar I Po(

140 ] 250
120 4 200 4
100
80
60
40
20 A
0 - (o]

day1 day 7 day 14 day 21 day 30 day 1 day 7 day 14 day 21 day 30
Time/days Time/days

Current / pA
Current / pA
g &

a
o
L

Fig. 7. The effect of interferences using GO-Ru/NA/SPGE (a) and Au-Ru/NA/SPGE (b) on the current of 200 ppb Cd (II) and Pb (II) using 20-fold of each metal
separately. The stability of GO-Ru/NA/SPGE (c) and Au-Ru/NA/SPGE (d) in the presence of 200 ppb Cd (II) and Pb (II) in 0.1 M acetate buffer (pH 5.0).

Table 1
Determination of Cd (II) and Pb (II) in real water samples using GO—Ru/NA/SPGE, Au—Ru/NA/SPGE and traditional F-AAS.
Added (ppb) Found (ppb) Recovery % RSD %
Techniques Sample — _— —_— —
Cd Pb Cd Pb Cd Pb Cd Pb
River water 150 150 154.4 130.3 103 86.9 7.2 4.3
Ru-GO/NA/SPGE Tap water 150 150 147 135 98 90 5.3 6.7
River water 150 150 176 156 117.3 104 8.2 5.6
Ru-Au/NA/SPGE Tap water 150 150 152 132.2 101.3 88 9.3 6.6
F-AAS River water 150 150 183 133 120 88.6 1.9 1.6
Tap water 150 150 155 139.5 103.3 93 1.4 1.8
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