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Abstract

The synthesis and application of composites of N—graphene decorated with a bimetallic
palladium-silver alloy (PdAg/NG-GCE) for the detection of methotrexate (MTX) are
described. The nanocomposites were synthesized with different ratios of Ag and Pd (3:1, 1:1
and 2:1). Energy dispersive X-ray spectroscopy (EDS) and X-ray diffraction (XRD) show
that the Pd and Ag cations were completely reduced to Pd and Ag, respectively, during the
formation of PdAg/NG. Transmission electron microscopy (TEM) showed a good loading
between the PdAg alloy nanoparticles and the NG nanosheets with a Pd:Ag ratio of 1:1. The
TEM results also depicted the existence of PdAg alloy nanoparticles with sizes between 3—13
nm, decorated on the surface of NG nanosheets. Electrochemical impedance spectroscopy
(EIS) data also showed a decrease in the charge transfer resistance of Pd;Ag/NG-GCE
compared with Pd/NG, Ag/NG, NG and GCE, which suggests that the electron-transfer
kinetics for MTX oxidation is highly facilitated at the Pd;Agi/NG interface. The
electrocatalytic activity of Pd;Ag;/NG-GCE towards MTX was also explored using cyclic
voltammetry (CV) and differential pulse voltammetry (DPV) at pH 5.8. The anodic peak
currents of MTX on Pd;Ag;/NG—GCE were approximately 8-fold higher than on the non-
modified electrodes. A good linear ratio of the oxidation peak currents and MTX
concentrations over the range of 0.02-200 puM with a limit of detection of 1.32 nM was

achieved.
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1. Introduction

The synthesis and characterization of nanostructured materials have attracted attention due to
their high surface area and significantly different properties compared with coarse-sized
conventional materials. Many studies have been carried out on the catalytic properties of
noble metal nanoparticles ! due to their large surface area, conductivity and chemical
stability. However, most of the pure noble metals demonstrate poor selectivity, low
sensitivity, which are important issues to be addressed for research applications. To further
improve the sensitivity, selectivity and electrocatalytic performance of noble metal
nanoparticles, secondary metals, such as Fe, Co, Ni, Sn and Ag, are combined with pure
noble metals to form bimetallic alloys. Bimetallic alloys often exhibit superior catalytic
performances compared to their monometallic counterparts due to the synergistic effect
between the two metals and the high flexibility of chemical compositions and structures. The
incorporation of multiple metals into a single system compared with the single metal element
is useful for a wide range of applications; therefore, the fabrication of alloy nanoparticles has
become a major research topic 2 Based on this motivation, the choice of the noble metal or
metal oxide for the synthesis of nanocomposites for catalytic and sensor applications is
another essential factor which must be addressed. Palladium and silver are the common types
of metals used as electrochemical sensors®®. The relatively low cost and strong structural
properties of silver make it an attractive material to combine with palladium for sensor
applications, as well as for hydrogen purification and storage. Another method to improve the
electrocatalytic activity of noble metal is to introduce a support material that facilitates
electronic interactions between the support and the nobel metal nanoparticles. The materials
that have been used as supports are carbon nanotubes ” ®, carbon nanodots °, carbon

11-13

nanofibers '’ , reduced graphene oxide and conducting polymers '*'®. Among the
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support materials, graphene exhibits excellent properties as a matrix for the nanocomposites
due to its large surface area, good electrical conductivity, good chemical stability and quick
charge carrier mobility 7 Previous reports have shown that chemical doping of graphene
with foreign atoms, such as boron, nitrogen, fluorine, chlorine, phosphorus, and sulfur,
manipulates the surface chemistry and introduces a considerable number of defects into the
graphene lattice'™'. Due to the comparable atomic size and valence electrons of nitrogen 2
it can be used as an excellent dopant for graphene. Likewise, strong valence bonds can be
formed between the nitrogen lone pair electrons and the graphene m-electron system.
Therefore, nitrogen doping can enhance the formation of a band gap in the graphene energy
levels. This method leads to a significant increase in the electron conductivity, spin density
and charge distribution of the carbon atoms, which lead to the formation of an activation
region on the graphene surface »* that increases its ability to bind guest molecules. Doped
nitrogen atoms can also provide efficient anchorsites for well dispersion of metallic
nanoparticles on the surface of carbon support. The large surface area, defect density and
abundant functional groups of N-graphene (NG) on the surface facilitate the adsorption of
nanoparticles. Apart from excellent electrocatalytic activity, biocompatibility, high electronic
conductivity, excellent chemical, mechanical and thermal stability demonstrated by NG,
based on the previous work, NG, also has large surface area, which is necessary for the
adsorption of more Ag nanodendrites by n-m stacking, PtRu nanoparticles and so on ** %,
This large surface area is attributed due to its two-dimensional carbon structure. This good
advantage of NG encouraged us to use it as a platform for depositing bimetallic
nanoparticles. Previous studies have shown that the presence of NG and noble metal
nanoparticles have important applications in different types of electrochemical applications,
such as sensors and catalysis® 2. Moreover, the synthesis of nanoscale composites composed

of bimetallic alloys, graphene and conductive polymers as electrochemical sensors has been
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reported >*. In addition, there has been extraordinary progress in the discovery of sensitive
analytical determination methods of pharmaceutically active compounds used in the
diagnosis, prevention and treatment of human diseases. From this perspective, the use of
noble metal nanoparticles in drug oxidation reactions has become an interesting topic due to
their relatively good performance. Therefore, considerable efforts have been focused on
developing simple and practical techniques to prepare PdAg electrocatalysts with enhanced
performance for the analytical determination of certain drugs. Methotrexate (MTX) is an anti-
folate analog, in a class of folic acid that can be widely used for the treatment of various
neoplastic and acute lymphoblastic leukemia diseases™” **. It has also been used as an
effective anti-inflammatory and immune-suppressive drug for the cancer treatment of head
and neck, breast and bladder respectively *', rheumatoid arthritis, juvenile idiopathic arthritis
and other diseases *2. However, MTX is not often used clinically because of its toxicity which
normally affects the renal, gastrointestinal lesions, liver, among others. Therefore, the design
of highly sensitive equipment for the determination of MTX is of paramount important in
clinical and pharmaceutical sectors. Several methodologies have been used for the analysis of
MTX in pharmaceutical formulations and biological fluids™™, despite the fact that, these
methods are time consuming, high cost and very low sensitivity which limit their application.
In recent years electrochemical methods have given much considerations for the analysis of
MTX due to their fast response, high sensitivity, accuracy, simplicity and low cost **. MTX
exhibits slow direct electron transfer process at glassy carbon electrodes (GCEs), without any
modification which leads to a lower detection sensitivity. Previous studies reported that,
chemically modified electrodes enhance the electrochemical sensing performance and could
be also used in the fabrication of ion sensors and biosensors **. Currently, nanomaterials such

as carbon nanotubes (CNTs), nano-titania and Au nanoparticles have been used to develop
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sensitive MTX electrochemical sensors *°. Based on these findings nanomaterials can play a
significant role in the construction of highly sensitive MTX sensors.

The current research demonstrates a facile and one—step method to synthesize composites of
N-graphene decorated with a palladium silver bimetallic alloy (PdAg/NG-GCE) with
different ratios of Pd and Ag in the presence of NG. To the best of our knowledge, there are

no reports on the use of (PdAg/NG—GCE) nanocomposites for MTX monitoring.

2. Experimental methods

2.1. Chemicals

MTX, silver nitrate, potassium phosphate dibasic (K;HPO,) and potassium phosphate
monobasic KH,PO,4 were purchased from Sigma Aldrich. Palladium (II) nitrate dihydrate and
all other chemicals (E. Merck, Germany) were of analytical grade and were used without
further purification. Double-distilled water from a Millipore system was used in all

experimental procedures.

2.2. Instrumentation and apparatus

All electrochemical measurements, such as electrochemical impedance spectroscopy (EIS),
cyclic voltammetry (CV) and differential pulse voltammetry (DPV), were performed on a
potentiostat/galvanostat (Autolab PGSTAT30, Ecochemie Netherlands). A GCE modified
with nanocomposites of NG decorated with a palladium silver bimetallic alloy (PdAg/NG—
GCE) was the working electrode, a platinum wire was the auxiliary electrode, and Ag/AgCl
(3 M NacCl) was the reference electrode. Unless otherwise stated, all potentials are reported
with respect to the reference. The CVs were scanned between 0.2 and 1.4 V at 20 mV s ' in

0.1 M phosphate buffer solution (K, HPO4and KH,PO,) at pH 5.8.
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2.3. Synthesis of NG

NG was prepared using a procedure similar to a previous study *>. GO, synthesized by the
Hummers method *°, was used as the starting material. The GO dispersion (0.2 mg mL'l) was
sonicated in an ultrasonic bath for 30 min to obtain a yellow-brown dispersion. The chemical
reduction method was initiated by adding 0.8 mL of hydrazine to 30 mL of GO dispersion.
Then, the product was irradiated in a microwave oven on high power for 5 min to obtain a
stable black dispersion of the NG sheets. The black NG sheets were collected by ultra-

centrifugation of the NG suspension. Finally, the sample was dried in an oven at 50 °C.

2.4. PdAg/NG— nanocomposite synthesis and electrode preparation

The nanocomposites were synthesized with different ratios of Pd and Ag (1:3, 1:1 and 1:2).
In a typical process, 20 mL of 0.05 M Pd(NOs3),.2H,0 and 20 mL of 0.05 M AgNO; aqueous
solutions were added to 2 mL of NG suspension (10 mg mL™). The pH of the mixture was
adjusted to 8 with the addition of sodium hydroxide (0.1 mol L™). The mixture was heated to
80 °C with continuous stirring for 35 min before the addition of 0.01 mL of hydrazine
monohydrate. This process was allowed to occur for another 30 min, during which the Pd and
Ag were decorated on the surface of the NG nanosheets to form Pd;Ag;/NG. Finally, the
suspension was cooled to room temperature and centrifuged at 4000 rpm for 15 min to
separate the Pd;Ag;/NG from the solution, followed by drying in a vacuum oven at 60 °C for
24 h. The entire process was repeated for the synthesis of PdA/NG and Ag/NG.

The modified electrode was fabricated as follows: the prepared PdAg/NG (with different
ratios of Ag and Pd), Pd/NG, Ag/NG and NG (1 mg) was dispersed separately in 1 mL of
water with ultra-sonication for 1 h to obtain a homogenous suspension. Then, 15 pL of each
homogenous suspension was dropped on the surface of a polished GCE separately and dried

at room temperature.
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2.5. Characterization methods

Phase composition of the composites with different Pd:Ag ratios was investigated by X-ray
powder diffraction (XRD) using an automated diffractometer (PANalytical’s Empyrean) with
monochromated CuKa radiation (A = 1.54056 °A). The particle size and structural
characterization of PdAg/NG (with different ratios of Ag and Pd) were obtained by high-
resolution transmission electron microscopy (HRTEM-FEIG-4020, 500 kV). The energy
dispersive X-ray (EDAX) analysis was performed using an EDAX-System (Hitachi SUS000)
instrument attached to a FESEM instrument to investigate the elemental composition of the

samples.

2.6. Electrochemical measurements

The experiments were performed by studying the cyclic voltammetric behavior of the
electrode in phosphate buffer (pH 5.8) as the supporting electrolyte between 0.2—1.4 V at 5—
100 mV s™. EIS measurements were obtained in a frequency range of 0.1 Hz to 10° Hz with
an AC voltage amplitude of 5 mV in a 0.1 M KCI solution containing 1 mM [Fe(CN)¢]> "+
(1:1). The DPV was performed from 0.6 V to 1.4 V, with a step potential of 2 mV and a
modulation amplitude of 50 mV at 10 mV s™'. All experiments were conducted at 25 + 5 °C. It
should be noted that all experiments were performed in compliance with the relevant laws
and institutional guidelines, and the institutional committee(s) that has approved the

experiments.

3. Results and discussions

3.1. TEM/HR-TEM and EDS analysis

One outstanding advantage of bimetallic alloys for use as a biosensor over the single metal

counterpart lies in the chemical composition, which spans a wide range of measurement, and
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causes a synergistic effect between the two components in catalytic applications.
Nonetheless, the alterations in the atomic ratio of the components (two metals) may lead to
dramatic changes in morphological features *'. In the present work, the influence of different
Pd/Ag atomic ratios in the presence of a fixed amount of NG on the morphological evolution
is examined. For comparison, Pd/NG and Ag/NG hybrids were also prepared at the same
reaction condition. Fig. 1 shows the TEM images of the hybrid structures and PdAg/NG
nanocomposites with different Pd:Ag ratios. As shown in Fig. 1a, in the absence of AgNO;,
the reduction of Pd(NOs),.2H,0 with hydrazine produced non-uniform sized (from 5 to 10
nm) and spherical-shaped Pd, which is decorated on the surface of NG sheets. On the other
hand, in the absence of Pd(NOs;),.2H,0, well-dispersed rod-shaped Ag nanoparticles are
deposited on NG sheets homogeneously, and the size range of Ag nanoparticles is mostly
between 25-100 nm (Fig. 1b). From the HRTEM images (inset of Fig.1 a and b), the
measured lattice fringe spacing of 0.24 nm in Pd and 0.23 nm in Ag nanoparticles correspond
to the (111) crystal plane. After the deposition of Pd:Ag atomic ratio of 1:1, the individual
PdAg alloy nanoparticles with sizes between 3—13 nm are well separated from each other and
are well distributed on the NG nanosheets (Fig. 1¢). This figure also shows that no large areas
of the NG sheets remain undecorated with the PdAg alloy. As the Pd:Ag atomic ratio
changed to 1:2 (Fig. le), the PdAg alloy nanoparticles revealed a high tendency to
agglomerate due to the large surface to volume ratio of the nanoparticles, due to the Ostwald
ripening effect *>. When the two adjacent primary nanoparticles collide, coalescence may
occur on the premise that these two nanoparticles share a common crystallographic
orientation. Accordingly, two primary nanoparticles attach to each other and combine into a
secondary nanoparticle. Because the sizes of the secondary nanoparticles are very small, it is
reasonable that they will continue to collide and coalesce, which may ultimately lead to

agglomeration *. Further increase of the Pd:Ag atomic ratio to 1:3 gave a more scattering
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size distribution in the nanoparticles as shown in Fig. 1g. This shows that a lower content of
Ag is favorable to improve the uniformity of morphology and size of PdAg alloy
nanoparticles. From the HRTEM images in Fig. 1d, f and h, the distance (0.16 and 0.21 nm)
between the adjacent lattice fringes are in accordance with the dh and djq1 spacing of the
standard values. The above results indicate that Ag plays a key role in the formation of PdAg
alloy nanoparticles, by finely tuning the molar ratio of Pd/Ag will result in well-defined and
high-quality PdAg/NG nanocomposites. Considering the different standard reduction
potential of Ag and Pd ions, the variation in the Pd/Ag atomic ratio has a significant effect on
the nucleation process, which in turn affects the primary metal particle sizes and
morphological changes of the nanocomposites. This result is in good agreement with the
previous studies on Au—Cu* and Au—Pd*’ bimetallic alloys, where the presence of Cu and
Pd also play an important role in inducing the nanowire and nanodendrite network
morphologies. However, neither morphology nor size was uniform possibly because the
nucleation rate was too fast to be controlled very well **. Therefore, it can be concluded that
any attempts to accelerate bimetallic alloy nanoparticle formation by using hydrazine as a

stronger reducing agent may lead to poor shape selectivity.

In this study, EDS analysis and elemental mapping were also utilized to investigate the
elemental composition and distribution of the synthesized PdAg/NG nanocomposites.
According to the EDS spectrum in Fig. 2a, the main elements of the nanocomposite are Pd,
Ag, and C. Moreover, no chemically stable contaminants resulting from the reduction process
are observed. The elemental mapping analysis indicates that Pd and Ag are homogeneously
dispersed in the nanocomposite, indicating the formation of the alloy structure (Fig. 2b).
Moreover, HRTEM and elemental mapping analysis strongly imply that the present
PdAg/NG nanocomposites are composed of multiple crystalline domains.

<Fig. 1>

10

Page 10 of 35



Page 11 of 35

RSC Advances

<Fig. 2>

3.2. Phase composition and structural evaluation

The crystalline structure of the PAAg/NG nanocomposite was further examined with XRD
analysis. Fig. 3a displays the XRD patterns of the products with different Pd: Ag molar ratios.
For comparison, the standards (Pd: 046-1043 and Ag: 004-0783) compiled by the Joint
Committee on Powder Diffraction and Standards (JCPDS) are also included. From the XRD
profiles, it is obvious that all the characteristic peaks of the raw materials have completely
disappeared, and only the diffraction peaks corresponding to the (1 1 1), (2 0 0), (2 2 0) and
(3 1 1) planes are detected. It can be clearly seen that compared with the standard data, the
diffraction peaks of the PdAAg/NG nanocomposite shift to lower 26 values, signifying a
reduction in the lattice constant. It should be noted that all the diffraction peaks of the
PdAg/NG nanocomposites are located between the positions expected for the pure Pd and
Ag, which confirms the alloying of Pd and Ag. This result is in good agreement with previous
studies *°**. In addition, neither a Pd nor Ag single component peak is observed, suggesting
that the PdAg alloys are of high purity. It should also be mentioned that from the standard
XRD pattern of Pd, the intensity ratio between the diffraction peaks of (1 1 1) and (2 0 0) is
1.66, but for the nanocomposite with Pd:Ag molar ratios of 1:1, 1:2 and 1:3, the ratio
increases to 3.76, 4.58 and 3.13, respectively. This shows the abundant (1 1 1) planes of the
PdAg in the nanocomposite structure, which is consistent with the (1 1 1) interplanar spacing
found in the HRTEM measurements (Fig. 1). Fig. 3b illustrates the variation in XRD profiles
between 26 = 35°-42° for the nanocomposite with different Pd: Ag molar ratios. It is obvious
that the intensity of the characteristic peaks of the PdAg alloy enhances significantly with the
change of the Pd:Ag molar ratio from 1:1 to 1:3, which is due to the crystallization of the
composite during the synthesis process. The structural features of the products are shown in

Figs. 3c and 3d. It is clear that the crystallite size and micro-strain of the as-synthesized

11
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nanocomposites are significantly affected by the molar ratio of Pd:Ag. With a Pd:Ag molar
ratio of 1:1, the crystallite size and lattice strain is 31£2 nm and 0.257%, respectively. When
the molar ratio of Pd:Ag changes to 1:2 and 1:3, the crystallite size reaches 28+2 and 48+2

nm, respectively.

<Fig. 3>

3.3. Raman spectroscopy

Raman spectroscopy is a powerful technique for the investigation of the structural and
electronic properties of carbon compounds. Accordingly, GO, NG and Pd;Ag;/NG structures
were further studied by Raman spectroscopy to detect the doping effects of graphene
materials (Fig. S1). The spectra of GO and NG show three features: the D, G and 2D bands
are centered at approximately 1346 cm™, 1597 cm™ and 2698 cm™ for GO, whereas they are
centered at 1335 cm™, 1577 cm™ and 2686 cm™ for NG, respectively. In addition to these
three peaks, NG presents a weak D' band located at 1695 cm™. This shows that the nitrogen
doping in the graphene lattice leads to the presence of a D' band in the Raman spectrum of
NG. In these spectra, the G and 2D bands arise from the in-plane bond stretching of the C-C
sp” bond, whereas the D and D' bands (activated by inter-valley and intra-valley double-
resonant Raman processes, respectively) are associated with various types of defects, such as
vacancy-like defects and sp® defects, that can be produced by oxidation and hydrogenation,
grain boundary edges, domain boundaries and electron doping. In the case of GO and NG, the
presence of a sharp D peak shows the generation of high defect levels (edges, defects,
functionalities), while the characteristic strong G band and the weak 2D-peak reveal the
vibration of the sp>-bonded carbon atoms in the two-dimensional hexagonal lattice. On the
other hand, the Raman spectrum of the Pd;Ag//NG composite indicates some changes

compared to GO and NG. The changes in G band spectral position and the broadening of the

12
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characteristic bands are more interesting because the G and D bands are sensitive to defects,
disorder and carbon grain size. Generally, Ip/Ig is a measure of the disordered carbon and the
average size of the sp’ domains, as expressed by the sp’/sp” carbon ratio and an increase of
the Ip/Ig is due to the degradation of crystallinity of graphitic materials **. The intensity ratio
of the D to G bands (Ip/Ig) increased from 0.65 for GO to 0.87 for NG, where nitrogen
doping led to the increase of defects in graphene after the microwave-assisted reaction.
However, the intensity of the 2D band in pristine GO is higher than that in NG; thus, the
intensity ratio of the 2D to G band (I,p/Ig) decreases for GO compared with NG, which
confirms the increase in the defect density and the successful reduction of GO. Note that the
intensity of the 2D band is reciprocal to the electron-hole scattering rate. Thus, nitrogen
doping creates defects in the graphene lattice, which leads to an increase in the electron-hole
scattering and a decrease in the 2D band intensity. For the Pd;Ag;/NG composite, the Ip/Ig
(1.17) of NG is clearly higher than that of the pure GO and NG, indicating that there are more

defects or disorders in the NG. This feature is likely to be influenced by the synthesis process.

3.4. EIS studies

Electrochemical impedance spectroscopy (EIS) is a useful method to investigate the
characteristics of the modified electrode-electrolyte interface. The application of a low
amplitude alternating voltage (V) leads to a sinusoidal output current (/). The electrochemical

impedance (Z) is defined as follows:

VoV Vpsin (wt) sin (wt) (5)
Z = 7= =

1) ~ I sin (ot +¢) Z0gin (wt+¢) et

where Z" and Z' are defined as the imaginary and the real part of the impedance, respectively.
The electrical conductivity of the bare, NG, Pd/NG, Ag/NG and Pd;Ag;/NG modified GCEs
was studied by electrochemical impedance spectroscopy (EIS) in an [Fe(CN)6]3'/4' solution.

Fig. 4 shows the Nyquist plots of the modified electrodes. The electron transfer resistance

13
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(Ret) can be directly measured from the semicircle diameter. The R value increases with the
surface modification of GCE with GO compared with the bare GCE, which suggests that GO
plays a role as an insulating layer against the electron transfer process due to the disruption of
the sp® bonding networks **°'. The abundance of the negatively charged oxygen-containing
groups in GO restricts the [Fe(CN)6]3_/4_ from reaching the electrode. With the alteration of
graphene by doped N through chemical reduction with hydrazine, the charge transfer
resistance decreases, which can be explained by the preservation of small band gaps
favorable for the electron transfer process. With the incorporation of Ag or Pd nanoparticles
in NG, the R, value decreases dramatically, which indicates that NG decorated with Pd and
Ag nanoparticles accelerates the electron transfer process between the modified electrode and
[Fe(CN)6]3'/4'. The primary reason for this can be attributed to a significantly improved
electrical conductivity of the NG sheets in the presence of Pd or Ag nanoparticles. The R
value of the Pd;Ag;/NG-modified GCE effectively decreases, which illustrates the successful
incorporation of Ag and Pd nanoparticles on the surface of the NG nanosheets. The anchoring
of Ag and Pd nanoparticles on the surface of the NG sheets introduced positively charged
Ag" and Pd’, which efficiently separates the NG sheets and attracts negatively charged
[Fe(CN)]*™. The higher conductivity of the Ag and Pd nanoparticles and the synergistic
effect of Ag, Pd and NG are the main reasons for the increase in the conductivity of the
modified electrodes. A comparison between the semicircle diameters from the Nyquist plots
of the bare GCE, GO, NG, Pd/NG, Ag/NG and Pd;Ag;/NG shows the decrease of the R, in
the following order:

GO > GCE > NG > Pd/NG> Ag/NG> Pd;Ag,/NG

Figure S2 (A) shows the Bode diagram of the samples and confirms the proposed R order.

Fig S2 (B) show the equivalent circuits.

<Fig. 4>

14
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3.5. Electrochemical behavior of MTX

Fig. 5 shows the comparison between the catalytic activities of modified PdAg/NG-GCE
electrodes prepared under similar conditions with different ratios of Pd and Ag. Recently, it
was reported that the presence of Ag in bimetallic nanocrystals with Pd enhances the surface
activation for the electrooxidation of MTX. The observations show that the modified GCE of
PdAg/NG (1:1) (Fig. 5¢) has high catalytic activity toward MTX electrooxidation compared
with the modified PdAg/NG—GCE with composite ratios of 1:2 (Fig. 5b) and 1:3 (Fig. 5a).
The higher electrocatalytic activity of Pd;Ag;/NG can be related to the increase of the ratio of
Ag in the bimetallic nanocrystals, as the catalytic performance decreases due to lower activity
of Ag to MTX electrooxidation. As shown, the current is more prominent for Pd;Ag,/NG—
GCE, indicating that the effective surface area of PAAg/NG—GCE is larger with a 1:1 ratio
than with the other two ratios.

The performance of Pd;Agi//NG-GCE was investigated by cyclic voltammetry in a 0.1 M
phosphate buffer solution (pH 5.8) in the presence of 100 uM MTX. It can be clearly
observed that the bare GCE has the weakest response for the detection of MTX. The broad
redox coupled peaks of MTX on the bare GCE, NG-GCE, Ag/NG-GCE and Pd/NG-GCE
(Fig. 6a—d) indicate a slow electron transfer process. The Ag/NG-GCE and Pd/NG-GCE
(Figs. 6¢ and 6d) have larger peak currents compared with the bare GCE (Fig. 6a) and NG—
GCE (Fig. 6b). The reason for the enhanced oxidation of MTX at the Ag/NG—GCE and
Pd/NG-GCE compared with the NG-GCE could be due to the increase in the surface area of
NG due to the presence of Ag NPs and Pd NPs because the deposition of Ag NPs and Pd NPs
on NG sheets effectively increases the total surface area of NG. It is obvious that the increase
in the peak currents of Pd;Ag;/NG-GCE (Fig. 6¢) compared with the other electrodes is due

to the large increase in the area of the electrode surface modified with Pd, Ag and NG. These

15
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results confirm that nitrogen doping in the graphene lattice in the presence of Ag NPs and Pd
NPs can improve the electrocatalytic activity of graphene toward MTX oxidation.
Fig. S3A indicates the effect of pH of the phosphate buffer solution on the oxidation current
of MTX on Pd;Ag;/NG-GCE. The current dramatically increases as the pH increases from 3
to 5.8 and gradually decreases for a pH value higher than 5.8. Therefore, pH 5.8 was selected
as the optimum pH for the electrochemical oxidation of MTX.
The effect of the phosphate buffer pH on E,, (anodic peak potential) was investigated, and
the results show that E,, was shifted toward negative potentials with a slope of -59 mV per
decade. A linear relationship of E,, (V) = -0.059 pH +1.38 was obtained with R? = 0.992
(Fig. S3B). The slope is notably close to the Nernstian value of -59 mV per decade, which
suggests that the numbers of protons and electrons transferred in the redox reaction of MTX
are equal. Two electrons and two protons are involved in the oxidation of MTX. Thus, the
mechanism of the redox process of MTX is proposed in Scheme 1 >,
The scan rate dependency of the modified electrode in 100 uM MTX was also investigated.
Fig. 7 shows the CVs in a 0.1 M phosphate buffer solution (pH 5.8) containing 100 pM MTX
on Pd;Ag;/NG-GCE at different scan rates from 5 to 100 mV s . As the scan rate increases,
the MTX oxidation peak slightly shifts toward the positive region, with an increase in the
peak current. A linear relationship between the oxidation current and the square root of the
scan rate is expressed using the following linear regression equation: I,/ pA =414.4X -
298.52v/imV s’ (R* = 0.998). These results indicate that the oxidation of MTX on
Pd;Ag|/NG-GCE is a diffusion-controlled process >°.

<Fig. 5>

<Fig. 6>

<Fig. 7>

<Scheme 1>
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3.6. Determination of MTX using differential pulse voltammetry

Fig. 8 shows the differential pulse voltammogram of different concentrations of MTX in 0.1
M phosphate buffer (pH 5.8) between 0.6-1.4 V with a step potential of 2.0 mV and a
modulation amplitude of 50 mV at 10 mV s-'. The anodic peak current, I, 1s linearly
proportional to the MTX concentration over the range of 0.02-200 uM. A linear equation of
Ipa (LA) =13.568[MTX] (uM) + 288.476 with (R2= 0.999) was obtained. The detection limit

of MTX at the Pd;Ag;/NG-GCE is 1.32 nM.

<Fig. 8>
3.7. Interference effects
The effect of common interfering species in biological samples on Pd;Ag;/NG-GCE
modified electrode was studied. Fig. 9. shows the amperometric response of the modified
electrode toward addition of 100 pM MTX and this is followed by 100 uM of wuric acid

(UA), ascorbic acid (AA), glucose and dopamine™* >

into 0.1 M phosphate buffer solution
(pH 5.8). As can be seen in the figure, the interfering substances responded with very weak
signals which demonstrate that the modified electrode has a good selectivity toward MTX.
Nonetheless, when 100 uM MTX is spiked into the phosphate buffer solution with UA, AA,
glucose and dopamine, I, sharply increases. The results indicate that the Pd;Ag;/NG has high
selectivity towards MTX detection, even in the presence of some common interfering
compounds that are normally found in biological samples.

Table 1 shows a comparison between the results of this study and other studies for MTX
determination. This table also shows the result of sensing performance of Ag/NG-GCE,
Pd/NG—GCE compared with Pd;Ag;/NG-GCE for MTX. The linear range of prepared sensor

(0.02 —200 uM) is considerably greater than that of other studies®™ ** *7. The limit of

detection of MTX at the Pd;Agi/NG—GCE shows better sensitivity than that in previous
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reports and also Ag/NG-GCE and Pd/NG—GCE. The high sensitivity, wide linear range and
low detection limit can be attributed to the presence of Ag in the anchoring bimetallic
nanocrystals with Pd on NG sheets and moreover existing NG as a substrate enhances the
conductivity of the system and effective surface area. Graphene composites with bimetallic
alloy revealed high catalytic activity in the fabrication of nanoscale sensors.

<Fig. 9>

<Table 1>

3.8. Analysis of real samples

3.8.1. The analytical determination of MTX in urine samples

To determine the accuracy of the sensor, the sensor was utilized for the determination of
MTX in three human urine samples using the standard addition method. Because MTX was
not found in healthy human urine samples, a recovery experiment was performed by adding
certain amounts of an MTX standard solution to the diluted urine samples of healthy
specimens. The non-pretreated samples (250 mL) with mid-range values are diluted 30 times
with phosphate buffer (pH 5.8). The calculated recovery and relative standard deviation
(RSD) values from Table S1 show that the prepared sensor can be used to determine certain

concentration ranges of MTX.

3.9. Reproducibility, repeatability and stability

The repeatability, reproducibility and stability of the prepared sensor were also studied.
Seven modified electrodes were prepared under the same conditions, with a relative standard
deviation (RSD) of the current response toward 100 uM MTX of 2.21%, confirming that the
results are reproducible. The repeatability of the sensor for the determination of 100 pM

MTX was relatively good, and the RSD was 1.68% for 10 successive assays. To investigate
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the stability of Pd;Agi/NG-GCE, the modified electrode was stored under ambient
conditions, and the current was periodically monitored for 21 days (Fig. S4). The current did
not show a considerable decrease in the first week, and from Fig. S4, the sensor retains
approximately 86.3% of its initial response after 3 weeks (Ip and I are the current response for
the first and following days, respectively). The overall performance concluded that

Pd;Agi/NG-GCE shows good reproducibility, repeatability and stability.

4. Conclusions

Composites of NG decorated with a palladium silver bimetallic alloy (PdAg/NG-GCE) with
different ratios of Pd and Ag (1:3, 1:1 and 1:2) were synthesized. The results demonstrated
that PAAg/NG—GCE with a Pd:Ag ratio of 1:1 gave superior electrocatalytic activity toward
MTX electrooxidation compared with Pd/NG, Ag/NG, NG and GCE. This is due to the
presence of Ag in the anchoring bimetallic nanocrystals with Pd on NG sheets, which
enhances the effective surface area. The impedance data confirmed that the charge transfer
resistance (R) of the modified electrode was significantly decreased. Additionally,
Pd;Agi/NG-GCE exhibits a lower detection limit for MTX oxidation, with improvement in
the anodic peak current. The proposed method was successfully applied to the determination
of MTX in human urine with good precision and accuracy. These improved performances,
such as high selectivity and sensitivity, ease of fabrication and, especially, wide linear range,
make Pd;Ag;/NG—GCE an excellent sensor for the determination of the MTX concentration

at nM levels.
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Figure and Figure captions:
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Fig. 1. TEM micrographs of the as-prepared (a) Pd/NG and (b) Ag/NG hybrids, as well as

TEM/HRTEM images of PdAAg/NG nanocomposites with different Pd:Ag ratios: (c,d) 1:1,

(e,f) 1:2 and (g,h) 1:3
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Fig. 2. (a) EDS analysis and (b) elemental mapping of the synthesized Pd;Ag|/NG

nanocomposite.
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Fig. 3.(a) XRD patterns of the nanocomposites with different Pd:Ag molar ratios, (b)
magnified XRD profiles in the range of 260 = 35°-42°, and structural features of the products

(c) crystallite size (nm) and (d) lattice strain (%).
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Fig. 4. (A) Nyquist plots of (a) bare, (b) GO, (¢) NG, (d) Pd/NG, (¢) Ag/NG and (f)

PdlAglfNG.

27



RSC Advances Page 28 of 35

2000

1500 -

1000 =

I1/pA

500 -

0.0

-500 -

.
0.2 0.4 0.6

E/V vs. Ag/AgCl

T
0.8 1.0 1.2 1.4

Fig. 5. CVs of PdAAg/NG-GCE in a 0.1 M phosphate buffer solution (pH 5.8) in the presence

of 100 uM MTX with different ratios of Pd:Ag: a: (1:3), b: (1:2), c: (1:1).
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Fig. 6. CVs of 100 uM MTX in a 0.1 M phosphate buffer solution (pH 5.8) at 20 mV s™ on

(a) bare GCE, (b) NG-GCE, (c) Ag/NG-GCE, (d) Pd/NG-GCE, and (e) Pd;Ag/NG-GCE.
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Fig. 7. CVs of 100 uM MTX in a 0.1 M phosphate buffer solution (pH 5.8) at the
Pd;Agi/NG-GCE at 5, 10, 20, 50 and 100 mVs'l; Inset: plots of oxidation peak current versus

the square root of the scan rate for MTX.

30



Page 31 of 35 RSC Advances

4200 — —
Eguation y=a+b'
Weight Instrurmental
3600 - Residusl Sum 047608
of Squares
Pearson's r 099992
7 Adj. R-Square 093081
3000 : Value Standard Error|
= i Intercept 28847607 6.91620
ﬂ‘ 2400 - 3500 Slope 13.56875 a.ov1o7
i 3000 4 i
= i 5
~ 1800 - P .
. = 2000 .
~ .
1200 - R .
1 1000 v
600 7 soo] o7
04— .
B 0 50 100 150 200 250
' C/pM
-600 — — n

04 06 08 10 12 14

E/V vs. Ag/AgCl

Fig. 8. Differential pulse voltammograms of 0.02, 5, 10, 25, 50, 100, 150 and 200 pM MTX

in phosphate buffer (pH 5.8) at Pd;Ag;/NG-GCE.
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Fig. 9. Amperometric response of Pd;Ag;/NG—GCE upon the successive addition of 100 pM

MTX, UA, AA, Glu and DA into 0.1 M phosphate buffer solution (pH 5.8) with an applied

potential 1.1 V.
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Scheme 1: Expected mechanism of MTX at Pd;Ag;/NG—GCE, (X= number of electron and

proton, in equal numbers).
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Table 1. Comparison of the performance of the modified electrodes from this study and

previous reports for the analytical detection of MTX.

Linear

Electrode materials Technique l-)et-ectlon Range Sensitivity Reference
limit (nA/uM)
(uM)
Square wave 3
DNA/SWCNT/Nafion/GCE voltammogram 8'1?; 10 (1)'22_ 9.19 »
(SWV) H '
MWCNT/Screen-Printed 29
Electrode (SPE) SWvV 0.1 uM 0.5-100 0.02302
Nano-AwMWNTs-ZnO SPE  SWV 0.010uM 6 0201 03006
p-aminobenzene sulfonic acid/ B 54
quaternary MWCNTSs/GCE DPV 0.015uM  0.1-8 0.5111
Cyclodextrin-graphene hybrid 57
nanosheets /GCE DPV 20 nM 0.1-1 67.8
Ag/NG-GCE DPV 1.48 uM  5-150 0.771
Pd/NG-GCE DPV 1.07 uM 5-150 1.528 This work
0.02—
Pd;Ag/NG-GCE DPV 1.32 nM 200 13.568
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Graphical Abstract:

The Pd;Agi/NG-GCE is a promising platform for the highly sensitive electrochemical detection
of MTX.




