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Abstract

Hydrogen peroxide (H202) plays a major role in the signaling processes in various diseases
and its qualitative or quantitative analyses are of paramount importance in healthcare, process, and
food, etc. In this study, an electrochemical ultra-high sensor has been reported for the detection of
H20- based on nanocomposites consisting of polypyrrole (PPy), graphene oxide (GO), and gold
nanoparticles (AuNPs). These nanocomposites were studied using scanning electron microscopy,
ultraviolet-visible, Fourier transform infrared, Raman spectroscopies and cyclic voltammetry
techniques. The obtained final electrode (PPy-GO-AuNPs/GCE) showed high electrocatalytic
activity towards H,O2 allowing the detection of H.O> at a negative potential at the range of -20
V vs.Ag/AgCl. The amperometric response of the non-enzymatic H.Oz sensor exhibited a higher
sensitivity of 41.35 HA/mM at linear range around 2.5-25 mM, and a low detection limit of 5
MM (S/N= 3). The practical applicability of nanocomposites was also investigated for H,O>
sensing in real milk. These results suggest that PPy-GO-AuNPs/GCE nanocomposite is
promising and effective for low concentration detection with higher sensitivity and wider linear
response range as compared to the previously reported H.O> sensors. Furthermore, these
nanocomposites show higher stability, repeatability and reproducibility of the sensing data

indicating their potential as long term practical applications.
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1. Introduction

Hydrogen peroxide (H202), a signaling molecule is mostly involved in numerous
physiological and pathological functions such as cell proliferation, cell migration, circadian
rhythm, the fast, reliable, and immune response.[1, 2] A precise detection of H2O. has gained
considerable attention because it plays a vital mediator role in food, clinical, pharmaceutical, and
environmental analysis.[3] Nowadays, numerous approaches have been explored to detect H2O3,
such as spectrometry,[4] fluorometry,[5] chromatography,[6] chemiluminescence[7], and
electrochemical methods, etc.[8] Out of these, the electrochemical technique has been widely used
for the detection of H2O2 because of its simplicity, fast response, accuracy, and economically better
efficiency for analysis. The electrochemical method has several advantages over traditional
methods such as reasonably fabrication, an easy-to-make, more sensitive and also cost-effective

compare to traditional methods.

There are two types of sensors such as enzyme and non-enzyme based sensors, which are
frequently used for H20- sensing. Even though the enzyme-based sensors have shown excellent
results in sensing applications, also have some drawbacks such as complex enzyme immobilization
processes, high cost and these sensors are easily influenced by the various parameters such as pH,
temperature, etc.[9] Currently, research is mainly focused on non-enzyme electrocatalytic sensors
in order to overcome such issues. In this case, mainly conducting polymers such as polypyrrole
(PPy), oxide-based catalysts and nanoparticles (NPs) have been generally considered for highly
efficient sensing applications.[10, 11] PPy is an important conducting polymers as it follows a
very simple synthesis process, has excellent redox and higher conducting properties along with
better environmental stability. The specific properties of PPy are exposed for various technological
approaches, such as chemical/biochemical sensing, rechargeable batteries, and electronic devices
etc.[12] PPy has strong electronic interaction towards the metallic NPs within the polymer
matrix.[13-16] Metal NPs such as Ag, Au, and Pt have been broadly used for fabricating different
kinds of sensors[17-19]. AuNPs have been reported for exhibiting interesting features for various
applications including nanoelectronics, sensors, optics, and catalysis etc. due to their excellent
properties such as electronic conductivity, chemical stability, biocompatibility, mechanical
resistance, and large areas of the active surface[20-22]. It is expected that the use of AuNPs can
improve sensing performance due to its excellent electrocatalytic activity towards H2O,.[23-26]

Similarly, graphene is an important functional nanomaterial with excellent sensing properties
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which is an atom thick two-dimensional nanostructure with sp? bonded carbon atoms in a
honeycomb crystal lattice with remarkably high crystal quality and electronic properties.[27-29]
After the discovery of graphene, various forms of graphene have been explored in nanotechnology
research like graphene oxide (GO) and reduced graphene oxide (RGO), and have been used as key
sensor units to combine with other inorganic nanomaterials and biomolecules to fabricate
biosensors with high performance.[30, 31]. Also, the use of GO within AuNPs are interesting
alternatives for electrochemical sensing, which can when used together, lead to synergic effects,
high electrical conductivity, large surface area, and biocompatibility. Please, cite
https://doi.org/10.3390/ma%9060406

In this present study, we have synthesized PPy-GO-AuNPs nanocomposites implementing
a simple and cost-effective technique i.e. in situ polymerization techniques using ferric chloride
hexahydrate (FeCls-6H20) as an oxidizing agent. These nanocomposites with different
compositions were studied with detailed preparation and characterization methods for promising
H20- sensing applications. The synthesized nanocomposites exhibited excellent structural and
optical properties at the optimized compositions of AuNPs. This study revealed that the developed
sensing nanomaterials showed higher sensitivity along with the low limit of detection and wider
linear response range for H,O2 as compared to the previously reported H>O> sensors. Also, these
nanocomposites showed higher stability, repeatability, and reproducibility of the data indicating

their potential as long-term sensing applications.

2. Materials and methods

2.1. Chemicals and reagents

Pyrrole monomers (99.5%), GO, AuNPs, Nafion, ethanol (99%), acetone (99%), and ferric
chloride hexahydrate (FeClz-.6H20, 99%) were borrowed from Sigma Aldrich. Di-sodium
hydrogen phosphate anhydrous (Na:HPOs 99%), sodium dihydrogen phosphate dihydrate
(NaH2P04.2H20, 99%)) and hydrogen peroxide (30% in 500 mL) were purchased from Merck.

2.2. Synthesis of PPy


https://doi.org/10.3390/ma9060406

PPy was synthesized by chemical polymerization technique using ferric chloride as an
oxidant.[32] Around 1.5 mL of pyrrole was taken into a round bottom (RB) flask followed by the
addition of 20 mL ethanol with constant stirring. Then, FeClz-6H20 (9.0 g, 33 mmol) was
dissolved in 200 mL of ethanol and it was added into the above reaction mixture dropwise. The
reaction mixture was continued to stirrer at normal conditions for about 24 hrs. It resulted in black
color after the complete mixing of pyrrole and FeCls solution. The resulted solution was filtered
followed by washing simultaneously using water and acetone to remove the unreacted pyrrole and
excess of ferric chloride. The resultant product was dried at 80 °C for 12 h as schematically shown
in Fig. S1.

2.3. Synthesis of PPy-GO-AuNPs nanocomposites

PPy-GO-AuNPs nanocomposites were synthesized as mentioned in the last section 2.2.
Around 1.5 mL of pyrrole was poured into the RB flask and around 20 mL of ethanol was added
with constant stirring followed by different concentrations likel, 3,5, and 7 mL (0.02 mg/mL) of
AuUNPs, and 0.3 g of GO were added and stirred well. Then, FeClz-6H20 (9.0 g 33 mmol) was
dissolved in 200 mL of ethanol added into the above reaction mixture resulting in a black solution.
Further steps were followed as mentioned above and more details are given in supporting
information. The synthesis of PPy-GO-AuNPs nanocomposite is shown in Fig. 1.
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Fig. 1 Synthesis of PPy-GO-AuNPs nanocomposites
2.4. Characterization

The obtained multi-element composite nanomaterials were characterized by using multi-
techniques. The Fourier transform infrared (FT-IR) (from Perkin Elmer, USA), UV-visible, and
Raman spectrometers (from WiTec, Germany) were used to analyze the chemical, electronic, and
optical properties of all the samples. The surface morphology of the synthesized composite
nanomaterial was carried out using a field emission scanning electron microscope (FE-SEM from
Quanta 200, Zeiss, from Germany). The compositional analysis of the polymer composites was
evaluated by using energy-dispersive X-ray spectroscopy (EDX linked to FE-SEM, Oxford

Instrument, UK).

2.5. Electrochemical characterization

The electrochemical measurements were performed at room temperature in the Metrohm
Autolab (PGSTAT302N) cyclic voltammetry (CV) set up. A well-established three-electrode cell
was used for electrochemical analysis. The cell was equipped with a glassy carbon electrode (GCE)
which was used as a working electrode, aAg/AgCl electrode which was used as a reference
electrode, and a platinum wire which was used as an auxiliary electrode. The phosphate buffer
solution (PBS, 0.1 M) was used as an electrolyte, prepared with Na,HPO4 and NaH2PO4. Then the
pH (2.0 — 10) was adjusted using sodium hydroxide and acetic acid.
2.6. Fabrication of electrode
The GCE was polished and washed with alumina powder and distilled water respectively. It was
then sonicated in ethanol and further in distilled water followed by drying in the steam of Na.
Around 1 mg of PPy composites or nanocomposites with different concentrations of AuNPs were
dissolved with 800uL of ethanol and 200uL of nafion. 5 pL of each (1.0 pg/mL) was applied on
the surface of GCE and dried under visible light.

3. Results and discussion

3.1 PPy-GO composites with different composition of Au NPs

As discussed in section 2.3 and shown in Fig.1, the PPy-GO-AuNPs nanocomposites were
prepared with different Au concentrations such as 1, 3,5 and 7 mL (0.02 mg/mL) of AuNPs.
Amongst the various compositions, PPy-GO-AuNPs nanocomposite with 5 mL AuNPs



concentration showed excellent sensitivity as shown in Table S1. The CV results for all the
compositions are discussed and provided in Supporting Information (Fig. S2-S5). Since
nanocomposite with 5 mL AuNPs concentration showed better performance in H»O sensing, we
have discussed here all the physo-chemical properties including sensing performance of PPy-GO-

AuUNPs nanocomposite with only 5 mL AuNPs concentration.
3.2 UV analysis

Absorption spectra of PPy and PPy-GO-AuNPs (5 mL) nanocomposite are shown in Fig.
2. The absorption band observed at 273 nm shows the characteristic of PPy which corresponds to
the n—n* transitions for C=C or C=N groups (Fig.2[A]).[33] In Fig. 2 [B], a blue shift can be
observed in the absorption band from 273 nm to 254 nm that may be attributed to the incorporation
of GO in PPy. That means the energy of m-m* transitions between the PPy-GO changes
significantly by the addition of GO, which happens most probably due to ther-x stacking between
PPy and GO.[34] The absorption spectrum of PPy-GO-Au nanocomposites shows the presence of
Au NPs i.e. the dual peak at 459 nm and 562 nm, adsorbed on PPy-GO nanocomposites (Fig.
2[C]).[35] It indicates the surface plasmon resonance properties of AuNPs present in the

nanocomposite.
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Fig. 2 Absorption spectra of [A] PPy, [B] PPy-GO composites and [C] PPy-GO-AuNPs
nanocomposites. [D] Comparable FT-IR spectra of the same.
3.3. FT-IR spectroscopy

Fig. 2 [D] shows the FTIR spectra of PPy, PPy-GO, and PPy-GO-AuNPs (5 mL)
nanocomposites. The absorption bands at 1544, 1447,1297, 1169, 1040 and 913 cm™ show
characteristic of PPy.[13, 36] The bands at 1544cm™ and 1447 cmvibrations correspond to the
pyrrole ring. The bands at 1297 and 913 cm™ correspond to =C—H in-plane and =C—H out-of-plane
vibrations respectively.[36] Moreover, the absorption band corresponds C-N stretching is
observed at 1128 cm™. Similar trends have been observed for composite samples i.e. PPy-GO and
PPy-GO-AuNPs nanocomposite along with a slight shift in their vibrational frequencies either blue
or red shift[37] indicating the better interaction of components. Although, there is a solid
electrostatic interface among the AuNPs with PPy coated GO surfaces.[38] The broadbands
appeared at 3425 cm™ and the spectra at 2922 cm™ resemble N—H and C—H stretching vibration in

PPy-GO-AuNPs nanocomposites which may be attributed to the interaction of Au NPs with PPy
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and GO surfaces. The interaction of GO with the polypyrrole complex is clear from the slight shift
in the vibrational frequencies which might due to the oxygen functional groups present in the edges
of GO.
3.4. Raman spectroscopy Analysis

Fig. 3 shows the Raman spectra of polymer and nanocomposite samples. The observed
bands at 1333 and 1584 cm™* show the characteristic of PPy corresponding to the ring stretching
mode and C=C backbone stretching respectively.[39]
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Fig. 3: Raman spectra of PPy, and PPy-GO, PPy-GO-AuNPs nanocomposites.

The band around 1048 cm™ indicates the C—H in-plane deformation. The bands at 976 cm’
Tand 874 cm™ correspond to the quinoid bipolaronic and polaronic structures, respectively.[40]
The D band and G band of PPy-GO are shifted to 1342 cm™and 1586 cm™ for PPy-GO-AuNPs.
The increased relative intensity of D bands exhibits the strong interaction of PPy monomer with
GO and Au. Similarly, shifting appeared as a result of n—x interactions of PPy and GO and strong
interaction with AuNPs.[41, 42]

3.5. SEM-EDX analysis

The SEM micrographs of PPy, PPy-GO and PPy-GO-AuNPs (5 mL) nanocomposites are
shown in Fig. 4. The SEM image of PPy exhibits a cauliflower-like or tumor-like structure. It can
be seen clearly that the abundance of PPy particles has been grown and GO layers and seems to be

coated on the surface as shown in Fig. 4[B]. It confirms the formation of PPy-GO nanocomposite. In
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the case of PPy-GO-AuNPs nanocomposite, it seems like AuNPs and GO are entangled inside the

polymer layer (Fig. 4[C]) as AuNPs cannot be seen clearly in SEM image of nanocomposites.

Fig 4. SEM micrographs of [A] PPy; [B] PPy-GO; and [C] PPy-GO-AuNPs (5 mL)
nanocomposite

Also, GO forms a layer-by-layer, network structure with denser stacking amid the
polymerization technique. The energy dispersive X-ray Diffractive (EDX) analysis of PPy-GO-
AuUNPs nanocomposite was carried out to determine elemental composition as shown in
Supporting Information which indicates the presence of various components such as C, O, and Au
in nanocomposites (Fig. S6).

3.6. H202 sensing behavior of PPy-GO-AuNPs nanocomposites

The sensing behavior of PPy-GO-AuNPs nanocomposite as discussed above towards H.0>
was studied through the electrocatalytic activity of PPy-GO-AuNPs/GCE using CV set up. The
CV curves of PPy-GO-AuNPs/GCE in 0.1 M phosphate-buffered saline (PBS) solution at pH 7
with the potential ranging from —1.0 V to 0.2 V vs. Ag/AgCl at a scan rate of 20 mV/s are shown
in Fig. 5 [A]. The absence of any peak response in the case of GCE and PPy-GO-AuNPs/GCE

exhibits their inactive nature for any electrocatalytic activity in this potential range.[43] Fig. 5 [B]



indicates the CV curves at different scan rates of 10-100 mV/s for the nanocomposites in the same
PBS solution with 2.5 mM H0..
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Fig. 5. (A) CV curves of PPy-GO-AuNPs/GCE in 50 ml 0.1 M PBS solution at pH 7 at a scan rate
of 20 mV/s for 10 cycles in the range of scanning potential from -1.0 V to 0.0 V vs. Ag/AgCl
without H202 and (B) CV curves at different scan rates of 10-100 mV/s for PPy-GO-AuNPs/GCE
for same PBS solution in presence of H,O. (for clarity, the CV windows of scan rate are extended
in the figures)

Similarly, Fig. 6 [A] shows CV curves for PPy-GO-AuNPs/GCE in 0.1 M PBS solution at
pH 7 in presence of different H.O» concentrations. The reduction peak current (Ipc) increases with
increasing H2O> concentration. The current of Ipc at -0.73 V vs. Ag/AgCl was preferred for
quantitative estimation of H,O2 as the common electroactive species are reduced at the negative
potential. The observed negative shift and broadening in reduction peak potential with an increase
in H20, concentration are inconsistent with earlier reports.[44] The cathodic peak currents at -0.73
V s. Ag/AgCl in the case of nanocomposite for various concentrations of 2.5-25 mM of H;Oz is
shown in Fig. 6 [A], while the same has been maintained as the background current in absence of
H,0.. It was used as the calibration curve with a correlation coefficient R? value of 0.99703, as
represented in Fig. 6 [B]. The sensitivity of the nanocomposite was found to be 41.35 pJA/mM as
obtained from the slope of the calibration curve. The limit of detection (LOD) was defined as 5
MM (at S/N = 3). Relative standard deviation (R.S.D.) diverse from 2.3% to 6.5% (n = 5) for the
evaluation of H.O> was followed in the concentration range of 2.5-25 mM. The sensing mechanism
of the PPy-GO-AuNPs involves the strong interaction of Au metal immobilization with

polypyrrole to form a polymeric film for the enhanced electrocatalytic effect towards H:O..
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Presumably, the quinone formation in the polypyrrole complex structure is converted to dihydroxyl
form and attached with Au. This structural change is the reason for the reduction of hydrogen
peroxide into hydroxyl form which was further confirmed from the proton-electron transfer in the
pH effect.
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Fig. 6 (A) CV curves of PPy-GO-AuNPs/GCE in 50 mL of 0.1 M PBS Solution (pH 7) with a scan
rate of 20 mV/s. CVs at different concentrations of H.0> (2.5 -25 mM); (B) The graph shows the
linear relationship between the different concentrations of H.O> and reduction current.

3.7. Effect of pH for the determination of H20:

The pH of the PBS solution is one of the major issue for the electrochemical oxidation of
H20.at PPy-GO-AuNPs/GCE. Therefore, pH effect was studied using 0.1 mM H202in 0.1 M PBS
solution at different pH ranging from 2.0 - 10 at a scan rate of 20 mV/s. By observing the plot of
Ipvs. pH, the maximum peak current was perceived at pH 7.0 which was selected as optimum pH
for present electrochemical studies.

3.8. Amperometric determination of H202

Amperometric i-t response of PPy-GO-AuNPs/GCE with varying H20. concentrations
(2.5 t0 25 mM) into 50 mL of 0.1 M PBS at a working potential of -0.50 V has been shown in Fig.
7. The inset of Fig. 7 shows that an excellent response was obtained after adding H2O> into the
PBS solution. Especially, PPy-GO-AuNPs/GCE does not show a significant response in lower
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H>0> concentration but shows a sharp response while adding higher concentration i.e. 5, 7.5 and
10 mM of H20: into PBS solution. These results designate the high catalytic ability of PPy-GO-
AuNPs/GCE. The nanocomposite modified GCE electrode exhibits fast electrocatalytic behavior

towards H20- reduction as recorded response time was deliberated as 2s.
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Fig. 7: Amperometric response of the PPy-GO-AuNPs/GCE into the constantly stirred N2
saturated 50 mL of 0.1 M PBS at a working potential of -0.50 V.

As shown in Fig. 7, the PPy-GO-AuNPs/GCE shows a better and stable amperometric
current response for H,O2 between the linear concentration range of 2.5 to 25 mM. The estimated
sensitivity and LOD for the proposed nanocomposite sensor were found to be 41.35 pA pMt cm-
2and 5 pM (at S/N = 3) respectively. To display the advancement and also to determine the novelty
of the developed nanocomposite-based sensor, a comparative study was carried out as summarized
in Table 1. The data shown in Table 1 reflects that the developed H2O> sensor exhibits higher
sensitivity, low LOD, and wider linear response range for H.O2 as compared to the reported values

in the literature.

Table 1 Sensitivity, LOD and linear range of different non-enzymatic H.O; sensors

| Performance References
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Chemically modified

Sensitivity

LOD

Liner range (uM)

electrode (LM)
Graphene-AgNPLs - 3 0.02-10 1073 [45]
PPy/PB Nanowire - - 0.2-7.210° [46]
PPy/GENS/Au 32 uA mM ! cm™ - 1-10 1073 [47]
PPyNPT-Ag - 1.8 0.01 mM to 3.01 103 [12]
Au-graphene - 0.32 1x10° t0 0.32110°° [48]
AgNPs rGO/GCE - 4.3 0.1-70107 [49]
PAA/AU-SPE electrode | 899 nA mM™* cm™ 2 - [50]
-1
NIPA@AGHGO-NH/GC | 10740 HAMME o7 0,002-19.500 10° [51]
5.732 x 10° pA B
CNT/Fe304/Au MM em?2 3.7 x10 1.2-21.6 [52]
AQGC/GCE 64 nA uM*! 7.3 50-450. [52]
. . . 3.1x107 1.6x10°-3.1x107?
Nafion-nanoparticle-TiO> - mol/ L mol/ L [53]
3D-MoS2-PANI-Ag i 1.1x10° 3.3x10°-0.45x 10 [54]
nanocubes mol/ L $mol/ L
4.2 %10 15 .
AUNPS@MWCNTs ; 16 oty - -4 * 10112 x10 [55]
1 mol/ L
Polypyrrole doped by 1.2 x 10 16 5
Sodium dodecyl sulfate - % mol/ L 5x 1?n0|_5_1x 10 [56]
and CeO; nanoparticle !
TaOx 1nm [57]
GdOx
Membrane I uM [58]
PPy-GO-Au NPs 41.35 (LA/MM), 5 2,5-25 107 Psrtisg;‘t

3.9. Repeatability, reproducibility, and stability

The repeatability and reproducibility results of the prepared sensor were carried out. The

repeatability of the sensor was determined using 1 mM H20; which exhibits fairly good results.

The RSD was 1.22% for 10 successive assays. Five different modified electrodes were made under

similar conditions and relative standard deviation (RSD) was found to be 2.14% for the current

response of 1 mM H20. which confirms that the results can be reproduced. To study the stability

of the developed nanocomposite sensor material, experiments were performed with PPy-GO-

AUNPs/GCE for 1 mM H,O: for several days at pH 7 PBS using the same parameters as mentioned

above. It was found that the developed sensor still retained 94% of its initial current response even

after more than 30 days. The stability of the sensor means the stability of the components and in
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the present case, PPy plays an important role in immobilizing GO and Au NPs on the electrode
surface providing stable nanostructured material.[59]

The effect of electroactive interfering species was also studied for the developed
nanocomposite materials PPy-GO-AuNPs/GCE. The Amperometric performance of PPy-GO-
AuUNPs/GCE for subsequent addition of 0.1 mM of each i.e. H20-, glucose, ascorbic acid, ethanol,
and uric acid into the 0.1 M PBS at pH 7 has been shown in Fig. S7. It shows the superior
selectivity of developed nanocomposite PPy-GO-AuNPs/GCE for H,O, detection.

3.10. Determination of H20: in real samples

The developed PPy-GO-AuNPs/GCE was also used for the estimation of H.O: in real milk
samples from the practical application point of view as H>O: sensor. Keeping the similar
experimental parameters as mentioned above, the amperometric i-t response was obtained for the
recognition of H2O> comprising real milk samples. The real milk sample (10 mL) was first diluted
with pH 7.0 to condense the sample matrix effect. Then, a known concentration of H.O2 (0.1 mM)
comprising milk samples was used for the sensing investigation of the real samples. The
investigations were carried out at fix interval of (100 s) to get the amperometric response. The
recovery results of H,Ozare mentioned in Table 2. The recovery percentage of H.O, was estimated
by using a standard addition system and was found to be 96.0-100.6% in the present case. The

PPy-GO-AuNPs/GCE exhibits excellent and adequate recovery of H.Oz in milk.

Table 2 Real sample analysis of the PPy-GO-AuNPs composites modified GCE for the detection
of H20O; in raw milk samples (n = 3).

Real sample Added (uM) Found (M) Recovery (%)
R 20 -
Milk R+S1(50) 68 96.0
R+S2(75) 94 98.6
R+S3(100) 120.6 100.6

4. Conclusions

In conclusion, an amperometric H2O> sensor has been established using PPy-GO-AuNPs
modified electrode. The UV-vis spectrum, FT-IR, Raman spectroscopy SEM-EDX, observations

confirm the formation of PPy-GO-AuNPs nanocomposites. Further, it was compared with the
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unmodified electrode, and the overall results suggest that PPy-GO-AuNPs/GCE electrode exhibits
an improved catalytic activity and ultra-high sensitivity for the detection of H.O; along with lower
LOD. The real milk samples analysis reveals that the synthesized PPy-GO-AuNPs nanocomposite
is more applicable for real sample analysis. Also, the fabricated PPy-GO-AuNPs modified
electrode shows a higher selectivity towards H.O. detection in the presence of potentially

interfering compounds.
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