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Abstract

Adressed herein, we report the synthesis and characterization of a tert-nonyl mercaptan
(TNM) funtionalized reduced graphene oxide (rGO) supported palladium (Pd) nanoparticles (NPs)
(Pd/TNM@rGO) as electrochemical sensor. The highly monodisperse Pd/TNM@rGO nanocomposite
was applied for electrochemical determination of hydrogen peroxide (H,0,) at a potential range of -
0.6 to +0.8 V. The Pd/TNM@rGO sensor demonstrated very high activity, sensitivity, reusability and
durability toward H,0, sensing. The well dispersed Pd/TNM@rGO nanocomposite has been
characterized by using several analytical tecniques such as, X-ray photoelectron spectroscopy (XPS),
transmission electron microscopy (TEM), electron energy loss spectroscopy (EELS) and
electrochemical impedance spectroscopy (EIS). The catalytic performance of prepared biosensor was
also characterized by using cyclic voltammetry (CV) and chronoamperometry (CA) methods. The
proposed H,0, biosensor showed a broad linear range up to 12 mM, and a very low detection limit of
0.0025 uM, with a quick response time of less than 10 s. Additionally, the biosensor exhibited great

capability, reproducibility and durability for the examination of H,0..

Keywords: EIS, H,0, sensor, Highly monodisperse, Pd nanomaterial, TNM functionalization.



1. Introduction

Carbon materials like graphene, carbon nanotubes etc are recently received significant attention as
an attractive supporting material because of its unique properties and employed to different areas
[1-6]. On the other hand, carbon materials especially graphene have also potential applications
towards electrochemical applications by forming advanced carbon materials [7-15]. The graphene
can be fabricated in a large quantities by using several different techniques which are adaptable and
scalable to various types of applications. Carbon nanotubes (CNT) can also be given as a great
examples of graphene frameworks for the impressive production of graphene [16-23]. More recently,
the straightforward, green, and quick electrochemical methods for reducing GO were created
independently by some researchers [24-33]. All the more vitally, the oxygen containing functional
groups in the graphene oxide can be reduced by electrochemical methods to overcome energy
barriers [24-30]. Electrochemical sensors which are obtained by electrochemical reduction of GO
(rGO) has been applied for NADH, ascorbic acid, uric acid, H,0,, uric acid and dopamine etc. [34-39].
From this organic compounds, H,0, attracted much attention because of wide range of applications
in different fields such as food security, pharmaceuticals, environmental protection, fuel cells, and
paper industry [40-42]. Noble nanoparticles (NPs) were also extensively studied as an electrocatalytic
sensing of H,0, [43-44] because of their enhanced catalytic performances. The enhanced catalytic
performances of the metal-rGO interactions can be attributed to their excellent conductivity, fast
electron transfer, their quantum size effect, reusability and high stability properties. For this reason,
In current study, we report the synthesis of reduced GO with tert-nonyl mercaptan (TNM) (rGO-
TNM), based Pd NPs (Pd/TNM@rGO). These NPs were fully characterized by using several analytical
methods such as X-ray photoelectron spectroscopy (XPS), Raman spectroscopy, transmission
electron microscopy (TEM),and electron energy loss spectroscopy (EELS) [45]. After that, the glassy
carbon electrodes (GCEs) were modified by using these proposed Pd/TNM@rGO materials and used
as a H,0, biosensors with electrochemical measurements (CV and CA). The highly uniform well
dispersed Pd/TNM@rGO nanomaterials have been simply synthesized, and indicated outstanding
performance for sensing of H,0,. These nanomaterials have been used as a enzyme-free biosensors
for the efficient determination of H,0,. The synergistic effect of metal, TNM and rGO caused the
modifications of electron density in the nanomaterial and as a result enhanced catalytic activity of

our newly designed biosensor for the determination of H,0,.
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Scheme 1. The general mechanism of the synthesis of Pd/TNM@rGO

2. Experimental

2.1 Chemicals

Graphite powder (~325 mesh, 99.999%), potassium tetra- chloropalladate (K,PdCl;), sodium
borohydride (NaBH,), tert-nonyl mercaptan (TNM) were obtained from Aldrich. Membrane filters
(pore size 0.45 um, diameter 47 mm) were purchased from Tokyo Roshi Kaisha, Ltd. All other
reagents were of analytical grade and were used without further purification. Phosphate buffer
solution (PBS) was prepared with 0.1 M NaHPQ,; and the pH was adjusted with 0.1 M NaOH and 0.1

M H;PO,. Double distilled water was used in the preparation of the aqueous electrolyte solutions.

2.2 Instruments

A three-electrode assembled cell was employed. A GCE (3.0 mm diameter) was made with a working
electrode, platinum-wire counter electrode, and an Ag/AgCl (3.0 M NaCl) reference electrode.
Electrochemical characterization by CV, CA and electrochemical impedance spectroscopy (EIS) were

performed using a Reference 3000 potentiostate system (Gamry, USA). TEM samples were made
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ready by dropping of 0.5 mg/mL ethanol solution of the prepared catalysts with an activated carbon
support on a carbon covered 400-mesh copper grid, and then the solvent was vaporized. Elimination
of excess solution was performed with an adsorbent paper and the sample was dried under vacuum
at room temperature before analysis. TEM analysis was carried out by a JEOL 200 kV. More than 300
particles were calculated to get the integrated information about the overall distribution of Pd-based
catalyst sample.

During X-ray Photoelectron Spectroscopy (XPS) analysis, Specs spectrometer was employed and as an
X-ray source Ka lines of Mg (1253.6 eV, 10 mA) was used. Sample preparation was done by
depositing the catalyst on Cu double-sided tape (3M Inc.). C 1s line at 284.6 eV was selected as a
reference point and all XPS peaks were fitted using a Gaussian function.

XRD analysis were performed with a Panalytical Empyrean diffractometer with Ultima+theta—theta
high resolution goniometer, having an X-ray generator (Cu Keo radiation, k = 1.54056 A ) and
operating condition of 40 kV and 40 mA.

Raman spectrum was carried out using an in via Raman microprobe (Renishaw Instruments) with 514

nm laser excitation.

2.3 Preparation of Pd/TNM@rGO

The modified Hummers’'method was applied to produce graphene oxide from graphite [46]. Briefly,
the GO (50 mg) was dispersed in THF (10 mL) in round-bottom flask followed by the addition of tert-
nonyl mercaptan (TNM) (1 mg/mL). It was then stirred for 1h at room temperature and after that
ultrasonicated for 1 h. The mixture was filtrated to separate of dark brown material from solution
and washed with EtOH to clean up the final product and was dried in a vacuum oven at 50 °C for 24h.
NaBH,; was used as an efficient material to reduce and support Pd nanoparticles on rGO-TNM. The
sonication method was employed to combine of 30 mg rGO-TNM and K,PdCl, (0.25% w/v) in the
mixture with 30 mL of deionized water, and followed by vigorous stirring at 55 oC for 12 h. Afterward,
every 5 min 100 uL of NaBH, solution was injected to solution and after that repeatedly washed with
deionized water. Pd/TNM@rGO NPs have been dried in a vacuum chamber. Electrochemical

preparation and fabrication of modified electrode were given in detail in supporting information.

2.4 Electrochemical preparation and fabrication of modified electrode

Firstly, the GCE surfaces were exceedingly cleaned with alumina paste, and were then washed

successively with distilled water, and flushed with methanol in ultrasonic bath. The pre-cleaned GCEs
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were sonicated for 5 min in a water bath and then covered with a 10 uL suspension of Pd/TNM@rGO
NPS and dried at room temperature. The produced electrode was indicated as Pd/TNM@rGO/GCE. 5
successive cyclic voltammograms were performed in the potential range of -0.6 V to +0.8 in an
electrochemical cell containing 0.1 M PBS solution (pH 7). The subsequent Pd/TNM@rGO/GCE was

washed several times with distilled water and then afterward each analysis.

3. Results and discussion
3.1 Characterization of Pd/TNM@rGO NPs

The preliminary characterizations of well dispersed Pd/TNM@rGO were carried out by using XRD,
TEM, HR-TEM, EELS, Raman and XPS. The X-ray diffraction (XRD) spectra was studied to define the
crystal structure and average crystallite size of highly monodisperse Pd/TNM@rGO and was
illustrated in Figure 1(a). The peak at around 24.8° is assigned to the carbon (002) plane of rGO.
Moreover, four reflactions at around 20 = 40.2° , 46.8° , 68.3° and 82.3° attributable to Pd (111),
(200), (220) and (311) crystal planes of a face centered cubic (fcc) structures of palladium (JCPDS-
ICDD, Card No. 04-802), respectively. To calculate the lattice parameter (aPd) values of the metal
particles, the Pd (220) diffraction peak of the prepared catalyst Pd/TNM@rGO was used. The lattice
constant values of uniformly dispersed Pd/TNM@rGO nanoclusters was obtained to be 3.887 A using

the following equation that is in good aggrement with 3.890 A for pure Pd.

. AVh24+k2 412
sinf = # (for a cubic structure) (Eq.1)

Furthermore, the average crysallite palladium particle size of well dispersed Pd/TNM@rGO have

been calculated 3.57 £ 0.38 nm using Debye Scherer equation [47-50].

Raman spectroscopy is additionally a successful and effective technique to recognize the ordered and
disordered structure of carbon in carbonaceous materials. The Raman spectroscopic analysis was
performed for GO, rGO and Pd/TNM@rGO are appeared in Fig. 1b. Two prominent scattering peaks
located at 1351 and 1575 cm™* can be assigned to the D-band (E2g phonon of sp” carbon atoms) and
the G-band (breathing mode of k-point phonons of Alg symmetry), respectively. The intensity ratio
of D to G band (ID/IG) generally used to evaluate the degree of modification or defects of GO and
rGO. In this work, the ID/IG values of GO, rGO and Pd/TNM@rGO are 0.98, 1.04 and 1.10,

respectively which demonstrates that the Pd has functionalized with the TNM@rGO.

The high resolution electron micrograph (HRTEM) and particle size histogram of Pd/TNM@rGO show
the highly monodisperse morphology of the sensors as indicated in (Figure 1 (c,d,e)). The average

particle sizes of Pd/TNM@rGO were found to be 3.89 + 0.43 nm and a uniform distribution of the



nanoparticles with a very narrow range on rGO was detected. The HRTEM results also revealed that
most of the particles were in a spherical shape, and no agglomerations were observed in the
prepared sensors. Moreover, as shown in Fig 1(c), the representative atomic lattice fringes obtained
by HRTEM was found to be 0.22 nm for Pd/TNM@rGO which is in good agreement with nominal Pd
value (Celik et al; 2016). Besides, the EELS elemental color-map the EELS line profile scanned on the
arrow shown in HRTEM for palladium indicates the existence of Pd in prepared as shown in Fig 1 (d

and e).

X-ray photoelectron spectroscopy (XPS) was used to evaluate the surface elemental compositions,
and chemical oxidation states of metals in the Pd/TNM@rGO NPs. XPS (Fig. 1 g and h) show that the
core level of Pd 3d5/2 was at 335.3 eV, indicating that most of the Pd atoms were present in the
metallic state. These results display that Pd is present as elements in Pd/TNM@rGO nano clusters
rather than oxygen-containing compounds. As illustrated in the Figure 1 (g and h), the Pd (Il) peak at
338.5 eV may be caused by the surface oxidation and/or chemisorption of environmental oxygen

during the preparation process.
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3.2. EIS measurement

As an illustrated in Figure 2, the redox couple of 5.0 mM H,SO, (1:1) has been achieved at 10°Hz —
107°Hz by using Nyquist plot. The bare glassy carbon electrode (GCE) exhibited an enormous
semicircle of up to 2.8 kQ diameter (Fig. 2) compared to the TNM@rGO-GCE and Pd-TNM@rGO-GCE.
After addition of rGO to the GCE surfaces significantly increased the electron transfer resistance (Fig.
2), and it can be explained that rGO prevents interfacial electron transfer due to the disturbed sp’
bonding systems [32-33]. As shown in Fig. 2 after addition of rGO-TNM and the following addition of
Pd NPs diminished resistance. Besides, Pd/TNM@rGO nanocomposites have increased conductivity

and and permitted electron transfer more and more compared to the other modified electrodes [48].
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Fig.2. Electrochemical impedance spectra of the Nyquist plots of bare GCE, rGO, TNM@rGO and
Pd/TNM@rGO modified GCE, in 5.0 mM H,SO,.

3.3. Electrochemical determination of H,0,

The electrochemical performance of the rGO/GCE and Pd/TNM@rGO/GCE nanocomposites were
investigated using cyclic voltammograms for 5 mM H,0, in 0.1 M PBS (pH 7.4) as illustrated in Fig. 3.
While rGO /GCE demonstrated a highly low current density, Pd/TNM@rGO /GCE indicated very high
current density. The electrochemical reactions mechanism was already given in literature for the
existence of H,0, as indicated in Fig. 3. [49]. It can be suggested that the electrocatalytic reduction of

H,0, can only take place efficiently by the help of Pd/TNM@rGO nanocomposites.

H,0, + € = (OH),¢s + OH (by the help of Pd/TNM@rGO) (Eq. 2)

H,0; + H™ + OHagq) + € > 2 OHaq5) + H,0 (by the help of Pd/TNM@rGO) (Eq. 3)



In this mechanism, the reduction of the first H,0, molecule provides the initial source of OH,q) at a
small overpotential, which also allow the reduction of the secondary H,0, molecule at a faster rate.
This process also results in the accumution of OH ) intermediates on the electrode surface,

provided that the reduction of H,0, takes place continuously [49].
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Fig.3. Cyclic voltammograms of rGO and Pd-TNM@rGO in 0.1 M PBS, with 5 mM H,0, (a) 6, 7, 8, 9
and 10 mM H,0, addition (b). Scan rate: 50 mV/s

The Pd/TNM@rGO modified electrode displayed significantly higher efficiency and electrocatalytic
activity compared to the rGO /GCE because of easier electron transfer of Pd/TNM@rGO /GCEs. The
amperometric current-time curves of rGO /GCE and Pd/TNM@rGO /GCE for progressive
augmentations of 1 mM H,0, at an employed potential of -0.1 V are displayed in Fig. 4. An employed
potential of -0.1 V on the Pd/TNM@rGO /GCE demonstrated a decent of ca. 3.678 mA mM™ cm™
(3.0 mm diameter). The response current density versus H,0, concentration demonstrated great
linear range up to 12 mM, and steady-state signals were accomplished within very short times. Fig. 4
also illustrates that the sensitivity of Pd/TNM@rGO /GCE was higher than the other prepared ones,
which additionally exhibited the extra catalytic effect offered by the Pd/TNM@rGO.

Chronoamperometry (CA) was also utilized to decide the limit of detection for the prepared sensors,
with inspecting up to 12 mM H,0, (Fig. 4). Pd/TNM@rGO /GCE indicated linear current density

ranges at concentrations of 1 mM-12 mM.
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3.4. Stability, selectivity and repeatability of H,0, biosensor

In the determination of real samples, some common electro-active substances such as, ascorbic acid
(AA), dopamine (DA) and uric acid (UA), were tested. As shown in Fig. 5, the responses to following
addition of 1.0 mM H,0,, 0.15 mM AA, 0.2 mM dopamine, 0.5 mM UA, and 1.0 mM H,0, were
measured at -0.1 V. Interference concentrations have been used depending upon the endogenous
levels of AA, dopamine, and UA (ca. 0.125 mM, 4.4 mM-6.6 mM, and 0.33 mM, respectively) in
blood. Asindicated in Fig. 5, these substances have negligible interference to H,0, responses, which
indicate the Pd/TNM@rGO nanocomposites exhibit the great selectivity to sensing of H,0,. The
prepared biosensor demonstrated excellent repeatability, with low RSD (relative standard deviations)

in response to 1 mM H,0, of 5.12 % found for Pd/TNM@rGO /GCE, from five different electrodes.
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Fig.5. Amperometric response of Pd/TNM@rGO to the sequential addition of 1 mM H,0,, 0.15 mM
ascorbic acid (AA), 0.2 mM dopamine (DA), 0.5 mM uric acid (UA), and 1 mM H,0,. Applied potential:
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Table 1: Comparison of rGO-based biosensors’ activities and H,0, detection

Tvpes of Detection Sensitivity Linear Detection
ypP potential (A mm-1 range limit Ref.
electrode 2
(V) cm~4) (mM) (1LM)
ER-GNO/IL-SPE -0.2 78.13 0.1 x10°3-2.0 0.05 [35]
-3
rGO/ZnO/GCE -0.38 1.34 x 10~2 1.0 %10 S 0.02 [36]
2.25x 10
NF/CAT/rGO/GCE -0.45 7.76 5x102-191 | = - [50a]
';"T'g’j{,g'}ggg -0.2 492.09 0.1 x 10-3-10 0.016 50b
Pd/Tl\,l“l\ll,ls@rGO 01 3678 Up To 12 0.0025 [This Work]
PA@rGO NPs -0.15 1052 Up To 10 0.010 [This Work]
Pd NPs -0.2 476 UpTo 8 0.021 [This Work]
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3.5. Analytical Application of the Biosensor

The accuracy of the biosensor was evaluated by determining the recoveries of hydrogen peroxide in

a disinfectant using a standard addition method. Corresponding experiments were carried out with
the titration method and the results displayed good consistent and precision between the two
methods, as listed in Table 2. As seen in Table 2, the results obtained by the biosensor are

satisfactory, with the recovery ranging from 99.1% to 101.1 %.

Table 2. Recovery determination results (The average of three measurements).

Sample Added Found H,0, by current Recovery by current Found H,0, by
Number H,0, (mM) biosensor (mM) biosensor (%) titration method (mM)
1 0.2 0.821 101.1 0.812
2 0.6 1.264 100.6 1.256
3 1.2 1.814 99.1 1.830

4.Conclusions

As a result, the highly monodisperse Pd/TNM@rGO nanocomposites were prepared via a facile
approach and they were fully characterized by several analytical methods such as, TEM, XPS, XRD,
HR-TEM, and EELS. Besides, the electrocatalytic efficiency of newly prepared catalyst was studied by
cyclic voltammetry and chronoamperometry techniques. The created electrochemical sensor
Pd/TNM@rGO /GCE indicated great electro biosensing activity toward H,0, determination. A highly
monodisperse Pd/TNM@rGO was obtained with GO functionalized with TNM [TNM@rGO], and
palladium supported NPs. The results show that the Pd/TNM@rGO electrode indicates great
electrocatalytic biosensing performence towards hydrogen peroxide with good durability, high
sensitivity, excellent reproducibility, good selectivity and very low detection limits. The unique
structure, the specific interactions between Pd and TNM@rGO and their large surface area to volume
ratio may lead to a one of the record electrosensing activity. Another advantegous feature of the
Pd/TNM@rGO/GCE is its stability, as it showed great stability even it was kept under dry conditions
for more than ten weeks. These great electrochemical sensing properties of Pd/TNM@rGO/GCE can
be explained by the ultrasmall sizes, monodispersity and high Pd % surface of novel materials. Finally,
the Pd/TNM@rGO amperometric H,0, sensors could be promising enzyme-free electrocatalytic

electrode material for electrochemical sensors towards the determination of H,0,.
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» An easy and facile synthesis of monodisperse novel PA/TNM @rGO nanocomposites
* Rapid, Sensitive, and Reusable Detection of H,O, by novel nanocomposites
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