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ABSTRACT: Nitric oxide (NO) plays a crucial and important role in cellular
 physiology and also acts as a signaling molecule for cancer in humans. However,
 conventional detection methods have their own limitations in the detection of
 NO at low concentrations because of its high reactivity and low lifetime. Herein,
 we report a strategy to fabricate Pt nanoparticle-decorated electrochemically
 reduced graphene oxide (erGO)-modiﬁed glassy carbon electrode (GCE) with
 eﬃciency to detect NO at a low concentration. For this study, Pt@erGO/GCE
 was fabricated by employing two diﬀerent sequential methods [ﬁrst GO
 reduction followed by Pt electrodeposition (SQ-I) and Pt electrodeposition
 followed by GO reduction (SQ-II)]. It was interesting to note that the
 electrocatalytic current response for SQ-I (184μA) was∼15 and∼3 folds higher
 than those of the bare GCE (11.7μA) and SQ-II (61.5μA). The higher current
 response was mainly attributed to a higher diﬀusion coeﬃcient and electro-
 chemically active surface area. The proposed SQ-I electrode exhibited a


considerably low LOD of 52 nM (S/N = 3) in a linear range of 0.25−40μM with a short response time (0.7 s). In addition, the
 practical analytical applicability of the proposed sensor was also veriﬁed.


1. INTRODUCTION


Nitric oxide (NO) is a free radical cellular signaling molecule
 in the biological system, produced through theL-arginine NO
 synthase pathway or through alternative enzymatic and
 nonenzymatic nitrate-nitrite NO pathways.1−5 Besides, this
 NO also exhibits antimicrobial and antitumor properties.6,7
 The rate of NO formation diﬀers from species to species and in
 humans, it is found to be∼1μM to 10 nM.8It is well known
 that NO plays a very crucial role in various physiological
 processes, such as vascular homeostasis, regulating blood
 pressure, energy balance, gene expression, immune response,
 neural communication, reproduction, and so forth. Further-
 more, any disturbance in the concentration of NO can be
 related to various diseases namely, diabetes, thyroid disorders,
 metabolic syndrome, hypertension, heart failure, cardiovascular
 disease, obesity, arteriolosclerosis, and impotence. In addition,
 the excessive production of NO has also been reported during
 several neurological disorders namely, Alzheimer’s disease,
 multiple sclerosis, amyotrophic lateral sclerosis, and Parkin-
 son’s disease.9−11


Hence, NO could be used as a potential and suitable
 biomarker for various diseases of the body. Therefore, the
 accurate quantiﬁcation and detection of NO are of paramount
 importance to understand abnormalities present in the human
 body. However, NO being a free radical with large diﬀusivity,


limited water solubility, low concentration, and a short lifetime
 as it is highly reactive with metal-containing proteins and other
 radicals in biological systems makes real-time direct detection
 of NO more challenging. In addition to these, one has to cross
 various hurdles in fabricating a selective and sensitive sensor
 for direct measurement of NO production, which is insensitive
 toward interferents along with a quick response time. Hence,
 the electrochemical method is considered as the most
 convenient method for the sensing of NO in comparison
 with other conventional methods.12,13 However, the electro-
 chemical signals produced by conventional electrodes are too
 weak because of the sluggish electron transfer rate and the
 fouling eﬀect caused by the biomaterials, which lead to
 ineﬃcient electrochemical sensing.14 These demerits of
 conventional electrodes hinder the accurate detection of
 biomolecules at low concentrations with high sensitivity and
 selectivity. In order to overcome these limitations, conven-
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(2)tional electrodes, such as a glassy carbon electrode surface
 could be modiﬁed by introducing various potential nanoma-
 terials.15−24


In recent years, various modiﬁed electrodes have been
 designed and fabricated for electrochemical detection of
 NO.25−39 Lately, graphene-supported nanomaterials have
 been emerged as promising electrocatalysts for various
 applications including sensors.40−45Graphene is a 2D carbon
 sheet having a single-atom thickness, a high conductivity at
 room temperature (106 S cm −1), and a large theoretical
 surface area (2630 m2 g−1), and can be utilized in a wide
 electrochemical window. Additionally, graphene sheets can be
 used as excellent host materials for growing nanomaterials.28
 Inorganic graphene analogues, such as modiﬁed or (Pt, Au, and
 Pd) nanoparticle (NP)-integrated graphene sheets help in
 achieving high carrier mobility and enhancement in the active
 surface area.46−49Among the metal NPs, platinum (Pt) NPs
 have been paid special attention because of their morphology-
 dependent electrocatalytic activities, optical properties, fast
 electron transfer in the electrode surface, and biocompatibility.


Most importantly, the shape and size of the Pt NPs can be
 easily controlled during the synthesis. Thus, Pt NPs are
 employed for electrode modiﬁcation because of their good
 biocompatibility as well as high surface to volume ratio.50,51
 Consequently, anchoring Pt NPs to the derivatives of
 graphene, like graphene oxide (GO) and reduced graphene
 oxide (rGO), is attractive, and to this end, various methods,
 such as hydrothermal, ultrasound-assisted, in situ chemical
 reduction, and so forth, have been demonstrated.52−55
 However, the lack of control over uniform dimensions,
 anchoring strength and dispersion of the Pt NPs onto rGO,
 and so forth, often limits their applications. Consequently, the
 electrochemical method stands out to be more advantageous in
 terms of its environmentally friendly, cost-eﬀective, and fast
 and green approach. Additionally, the residual unreduced


oxygen functional groups present in erGO can promote faster
 electron transfer and aid in nucleation and growth of Pt NPs
 uniformly. Thus, the electrochemically formed Pt NPs on the
 erGO surface can lead to an increase in the eﬀective surface
 area and hinder agglomeration of Pt NPs.56 Moreover, the
 electrochemical method utilizes electrons as the reductants,
 which minimize the presence of impurities in theﬁnal product
 than the other methods.57−60Hence, electrochemical synthesis
 of nanocomposites has attracted huge interest of researchers
 worldwide.


In this work, we have fabricated a Pt@erGO-modiﬁed GCE
 via a simple green synthesis method using a sequential
 electrochemical process to study the inﬂuence of the
 fabrication route on sensing of NO. It is quite interesting to
 learn that the eﬀect of fabrication routes on the NO detection
 has not been studied to date and these sequential methods
 have been thoughtfully exploited. The sequential deposition of
 Pt and erGO to GCE (SQ-I and SQ-II) is enticing as the
 synergistic eﬀect of coordinate property exerted by Pt on NO
 and rapid electron transport facilitated by the erGO support
 resulted in ultrasensitive NO detection. The fabrication routes
 greatly resulted in a diﬀerence in the sensitivity, accuracy,
 selectivity, and stability.


2. RESULTS AND DISCUSSION


2.1. Characterization of Composites.Theﬁeld-emission
scanning electron microscopy (FESEM) images, X-ray
diﬀraction (XRD) patterns, Fourier transform infrared
(FTIR) spectra, and Raman spectra were used to demonstrate
the successful synthesis of both Pt-erGO and erGO-Pt. The
morphological structures of GO, erGO, Pt NPs, Pt-erGO, and
erGO-Pt were determined using FESEM images (Figures 1
and S1). The prepared GO exhibits a multiple layered
structure (Figure S1). After the electrochemical reduction of
GO to erGO, it appears as a crinkled paper-like structure that
Figure 1.FESEM images obtained for (a) erGO, (b) Pt, (c) Pt−erGO (SQ-I), and (d) erGO−Pt (SQ-II).



(3)indicates the lattice defects in erGO as shown inFigure 1a.61
 Figure 1b−d shows the FESEM images obtained for Pt NPs,
 Pt−erGO, and erGO−Pt. The electrodeposited Pt NPs appear
 to have a sphere like morphology with an average particle size
 of 547±36 nm (Figure 1b). Additionally, it was observed that
 the electrodeposited Pt NPs were heavily agglomerated.Figure
 1c,d represents the formation of Pt@erGO composites via SQ-
 I and SQ-II techniques. It can be clearly seen fromFigure 1c
 that the Pt NPs are anchored against the erGO surface
 uniformly in the Pt−erGO composite prepared via SQ-I. The
 partially reduced functional groups present in erGO act as
 nucleation and anchoring sites for the Pt NPs to grow
 uniformly on the erGO surface. Furthermore, erGO sheets
 prevent the agglomeration of Pt NPs as seen clearly inFigure
 1c. Hence, it was noted that the growth of Pt NPs on erGO
 was less agglomerated with a uniform distribution than on the
 bare surface. In the case of SQ-II, the initially electrodeposited
 agglomerated Pt NPs were wrapped completely by the erGO


sheets (Figure 1d). Consequently, the active sites of Pt NPs
 were masked by the erGO sheets that may lead to poor NO
 detection. The elemental mapping and energy-dispersive X-ray
 spectra (EDS) of SQ-I are illustrated inFigures 2andS2. It is
 seen from Figures 2 and S2 that the fabricated SQ-I is
 composed of C, O, and Pt.


The XRD patterns of the GO, erGO, Pt−erGO, and erGO−
 Pt samples on FTO glass were recorded (Figures 3a andS3).


The XRD pattern of GO displayed a distinguishable peak at 2θ


= 10.7°indexing the (002) plane corresponding to the oxygen-
 containing functional groups present between the GO layers.


Besides, a broad peak is also observed in the range of 2θ= 17−


24° representing the parallel stacking of the GO sheets. In
 contrast to XRD proﬁle of erGO, no peak was observed at the
 (002) plane, which implies the reduction of GO to erGO
 during the electrochemical treatment. A broad peak in the
 range of 2θ= 17−24°appearing in the case of erGO indicates
 parallel stacking of erGO sheets with a less interlayer spacing
 Figure 2.(a) Elemental mapping of Pt−erGO (SQ-I), (b) carbon, (c) oxygen, and (d) platinum.


Figure 3.(a) XRD patterns obtained for FTO, Pt-erGO, and erGO-Pt and (b) Raman spectra obtained for GO, erGO, Pt−GO, Pt−erGO, and
 erGO−Pt.
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(4)(Figure S3).62 However, from Figure 3a, erGO−Pt and Pt−
 erGO show a broad intense peak in the range of 2θ= 17−24°
 overlapped by the peak of SiO2(FTO-glass).62Furthermore,
 peaks at 2θ= 40.04°, 46.26°, and 68.02°of Pt (111), Pt (200),
 and Pt (220) planes arise from face-centered cubic (fcc)
 Pt.63,64 The XRD patterns obtained for FTO glass are in
 accordance with the previous literature.65 It conﬁrms the
 successful fabrication of the both sequential electrodes.


FTIR analyses of GO, erGO, Pt−erGO, and erGO−Pt
 nanomaterials were carried out to study the functional groups
 present in each sample (Figure S4). In the case of GO, distinct
 peaks appear at 3199.5, 1719.6, 1622.0,1382.9, 1232.4, and
 1047.0 cm−1 attributed to the −OH stretching vibrations,
 carboxylic acid group vibrations, residual sp2 hybridized C
 groups, tertiary C−OH groups, deformation of the symmetric
 epoxy ring, and C−O stretching vibrations of alkoxy groups,
 respectively, as shown in Figure S4. After electrochemical
 reduction treatment, for erGO, Pt−erGO, and erGO−Pt, the
 peak intensities of all functional groups except for the residual
 sp2hybridized C groups (1622.0 cm−1) were reduced. Hence,
 the FTIR spectra conﬁrm the reduction of GO in erGO, Pt−
 erGO, and erGO−Pt.66


Furthermore, the successful formation of the Pt−erGO and
 erGO nanocomposites was also determined using FT-Raman
 analysis. The Raman spectra of GO, erGO, Pt−GO, erGO−Pt,
 and Pt−erGO samples on the FTO substrate obtained at 633
 nm excitation are shown in Figure 3b. As seen in Figure 3b,
 both Pt-erGO and erGO−Pt exhibit strong D (defect) and G


(graphite) bands, which are centered at 1327 and 1686 cm−1,
 respectively.67,68The intensity ratios of the D/G peaks reﬂect
 the quality of the reduction process of GO to erGO and
 interaction of Pt NPs with GO during the formation of Pt−


erGO and erGO−Pt nanocomposites. From the results
 obtained, the calculated ID/IGratio for GO is 1.339, which is
 relatively higher than those of Pt−erGO (1.207) and erGO−Pt
 (1.235). This result can be taken into account to explain the
 interaction between the Pt NPs and GO through their
 defective sites during the electrochemical reduction of GO.


This is responsible for the reduction of peak intensity of the D
 band. Thus, a low ID/IG ratio for Pt−erGO is noted in
 comparison to that of erGO. Furthermore, a nominal blue shift
 is witnessed for D and G bands of the Pt−erGO and erGO−Pt
 composites with respect to Pt−GO, indicating the incorpo-
 ration of Pt NPs on the erGO surface and also the
 electrochemical reduction of oxygen functional groups of GO
 to form erGO.22


To explore the chemical constitution and valence state of the
surface elements present in SQ-I and SQ-II, the X-ray
photoelectron spectroscopic (XPS) analysis was employed
and the results obtained are shown inFigure 4a−d. The survey
scan spectrum of both SQ-I and SQ-II shows the presence of
the C, O, and Pt elements as revealed in Figure 4a. All the
respective spectral analogues of C 1s, O 1s, and Pt 4f were
deconvoluted and ﬁtted by using the Gaussian function. As
shown inFigure 4b, the C 1s spectra were deconvoluted into
three diﬀerent peaks at 284.6, 286.71, and 288.96 eV
Figure 4. (a) XPS survey spectra of Pt−erGO and erGO−Pt, (b) deconvoluted spectra of C 1s, (c) deconvoluted spectra of O 1s, and (d)
deconvoluted spectra of Pt 4f.



(5)corresponding to the C−C, C−O, and CO bonds of rGO
 present in SQ-I and SQ-II, respectively.69,70Furthermore, the
 O 1s spectrum (Figure 4c) was deconvoluted with several
 peaks at 531.48, 532.39, and 533.15 eV corresponding to Pt−
 O, CO, and C−O for both SQ-I and SQ-II.69,70Addition-
 ally, the SQ-II peak at 535.58 eV was noted and assigned to


chemisorbed water molecules, which limit the NO detection
 eﬃciency for SQ-II compared to SQ-I. More importantly, the
 Pt 4f high-resolution spectra (Figure 4d) were deconvoluted
 into three diﬀerent chemical states of Pt. As a result, two prime
 peaks at 69.7 eV (Pt 4f7/2) and 73 eV (Pt 4f5/2) in SQ-I, which
 are attributed to the Pt0oxidation state in SQ-I. Also, peaks at
 Figure 5.CVs obtained for fabrication of (a) erGO/GCE, (b) Pt/GCE, (c) SQ-I, and (d) SQ-II electrodes.


Figure 6.(a) CVs obtained for detection of NO at SQ-I and SQ-II electrode surfaces in 0.1 M PBS (pH 2.5) containing 0.5 mM NO, (b) CVs
 obtained for the detection of NO at Bare/GCE, GO/GCE, erGO/GCE, Pt/GCE, Pt−GO/GCE, and Pt−erGO/GCE surfaces in 0.1 M PBS (pH
 2.5) containing 0.5 mM NO, (c) bar diagram representing the obtained Ipa (red) and active surface area (τ) (blue) for bare and modiﬁed
 electrodes. (d) Schematic presentation of NO detection at Pt−erGO/GCE.
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(6)binding energy (BE) values of 70.1 and 73.6 eV are ascribed to
 the spin orbit coupling pair of Pt 4f7/2and Pt 4f5/2of the Pt+2
 state present in SQ-I, respectively. Additionally, the peaks at
 70.7 and 74.6 eV are attributed to the pair of Pt 4f7/2and Pt
 4f5/2conﬁrming the presence of the Pt+4oxidation state in SQ-
 I as demonstrated in Figure 4d.70,71Similarly, in the case of
 SQ-II, a positive shift was observed in the BE value because of
 the reduction in electron density of metallic Pt.


2.2. Electrochemical Studies. 2.2.1. Electrochemical
 Fabrication of Modiﬁed Electrodes. The continuous cyclic
 voltammograms (CVs) were recorded for the fabrication of
 erGO/GCE, Pt/GCE, SQ-I, and SQ-II electrodes (given in
 Figure 5). The successive 15 CVs of the GO-modiﬁed GCE to
 form erGO/GCE were carried out in 0.1 M PBS. A signiﬁcant
 cathodic peak current is observed at−1.02 V with respect to
 Ag/AgCl inFigure 5a, which corresponds to the reduction of
 oxygen functional groups such as hydroxyl, epoxide, and
 carboxyl groups near the basal plane of graphene. The cathodic
 peak obtained in theﬁrst cycle of scanning is found to decrease
 considerably with increasing scanning cycles and vanish almost
 completely after several scanning cycles, conﬁrming the rapid
 and irreversible electrochemical reduction of GO.


The electrodeposition of Pt NPs on GCE was achieved via
 20 successive CVs. As shown inFigure 5b, a peak at−0.16 V
 appears in the forward scan, representing the reduction of
 Pt(IV) to Pt(II). On the other hand, the second peak formed
 near−0.08 V denotes the reduction of Pt(IV) and/or Pt(II) to
 Pt(0), respectively. The overall reaction involved in the
 electrodeposition of Pt NPs from hydrogen hexachloroplati-
 nate solution (equ 1) is as follows20


PtCl62−+4e−→Pt+6Cl− (1)
 Finally, the electrochemical fabrication of SQ-I and SQ-II
 electrodes is shown inFigure 5c,d. The peaks corresponding to
 Pt NPs and GO reduction appear for the two fabrication
 techniques as shown inFigure 5c,d.


2.2.2. Electrocatalytic Oxidation of NO at Bare and
 Modiﬁed Electrodes. The eﬀect of fabrication methods that
 were adopted for developing SQ-I and SQ-II on electro-
 chemical detection of NO was evaluated by cyclic voltammetry
 in 0.1 M PBS of pH 2.5 containing NaNO2as the precursor for
 NO (Figure 6a). NaNO2produces NO under acidic conditions
 by the disproportionation reaction as given below (eqs 2and
 3).29


NaNO2+ H+→HNO2+Na+ (2)


3HONO→H++ 2NO+NO3− +H O2 (3)
 It is seen in Figure 6a that the CV obtained for two
 electrodes exhibits a distinguishable anodic cathodic peak. The
 usual reaction takes place between the electrode surface and
 the electrolyte, when potential is applied as provided in eqs
 4−6. The anodic peak current in the forward scan indicates the
 electrochemical oxidation of NO to the nitrosonium (NO+)
 ion via an electron transfer from NO (eq 4).56,72


NO→NO+ +e− (4)


NO+ +OH−→HNO2 (5)


HNO2+H O2 →NO3−+2e−+ 3H+ (6)
 The anodic (Ipa) peak current, corresponding to the peak
 potential (Epa) and current densities of the voltammogram


obtained from SQ-I and SQ-II electrodes, is given in the
 Supporting Information Table S1. It is clear (Table S1) that
 SQ-I has shown enhanced electrocatalytic activity (Ipa∼ 184
 μA) toward the oxidation of NO in comparison with the SQ-II
 electrode with a higher Epa value for SQ-I (1.03 V) than the
 SQ-II (0.78 V) electrode. Similarly, the current response
 exhibited by the SQ-I electrode fabricated via SQ-I is found to
 be∼3 fold more than that of the current response exhibited by
 the SQ-II (61.5μA) electrode. Additionally, it is evident from
 Table S1 that SQ-I (23,507.00 μA/cm2) exhibited a high
 current response as well as current density in comparison to
 SQ-II (7945.22 μA/cm2).


To further support, electron transfer kinetics of both the
 electrodes and bare GCE were evaluated using electrochemical
 impedance spectroscopy (EIS). The Nyquist plots obtained for
 SQ-I, SQ-II, and bare electrodes are depicted in Figure S5
 (Supporting Information). It is clear fromFigure S5that SQ-I
 exhibits a lower charge transfer resistance in comparison to
 bare GCE and SQ-II electrodes. This conﬁrms the electron
 transfer rate at the SQ-I electrode surface is faster than that at
 SQ-II because of the low charge transfer resistance. Hence, low
 charge transfer resistance of SQ-I facilitates the eﬃcient
 electrocatalytic oxidation of NO.


Furthermore, the enhanced electrochemically active surface
 areas (ECSAs) available at SQ-I and SQ-II electrodes were
 calculated using followingeq 7


Q
 τ= nFA


(7)
 where Q is the integrated charge (C), n is the electrons
 transferred, F represents the Faradaic constant (96,485.3 C
 mol−1), andAis the surface area of the electrode (0.0707 cm2).


The τvalues calculated for SQ-I and SQ-II are 8.95 and 4.69
 mmol/cm2, respectively (Figure 6c,Table S1). Henceforth, it
 is clear that SQ-I possesses∼2 fold higher ECSA than SQ-II.


This could aid in enhancing the electrochemical performance
 of SQ-I. Besides, the enhanced current response of SQ-I can be
 attributed to the excellent electrochemical catalytic properties
 achieved via SQ-I. SQ-I promotes easy anchoring of Pt NPs to
 the electrode surface modiﬁed with the erGO matrix, which
 acts as nucleation sites for the NP growth.73 Thus, SQ-I
 promotes the coordination of Pt NPs with NO and eﬃcient
 electron transfer, which enhances the better sensitivity toward
 NO. In the case of SQ-II, the electrode surface is modiﬁed with
 Pt NPs prior to dropcasting and electroreduction of GO, which
 may lead to masking of Pt NPs by erGO. This results in poor
 coordination between the electrode surface and NO. As a
 result, the SQ-I electrode exhibits a higher current response for
 electrochemical oxidation of NO in comparison with the SQ-II
 electrode.


From the above studies, the SQ-I electrode is considered to
be more apt for electrochemical detection of NO. Therefore, in
order to increase the sensitivity and selectivity towards NO,
GCE was further modiﬁed with Pt−erGO via sequential
method-I. The electrocatalytic oxidation of nitric oxide was
carried out with bare, GO/GCE, erGO/GCE, Pt/GCE, Pt−
GO/GCE, and Pt−erGO/GCE electrodes in the presence of
0.5 mM NO in phosphate buﬀer solution (pH 2.5) (Figure
6b). The anodic (Ipa) current with the corresponding peak
potential (Epa), current densities, and active surface area (τ)
obtained for bare and modiﬁed electrodes are given in the
Supporting Information (Table S1). The oxidation potential
for NO at the bare GCE surface was observed at 0.8334 V with



(7)a low current response of 11.7μA, indicating the incompetence
 of bare GCE in detecting NO (Figure 6b). Furthermore,
 modiﬁcation of the GCE surface with GO, erGO, Pt NPs, and
 Pt−GO gradually increased the anodic peak current in the
 order of 31, 46, 83, and 102.9 μA in accordance with the
 increased electrochemically active sites on the modiﬁed
 electrode (Figure 6c). Also it is worthy of note that a
 remarkable performance in terms of the electrochemical
 oxidation current response (184 μA) and current density
 (23,507.00μA/cm2) was obtained for SQ-I (Pt−erGO/GCE)
 in comparison to the individual counterparts in the current
 response of Pt/GCE, GO/GCE, erGO/GCE, and Pt−GO/


GCE. This enhancement in the current response and current
 density is because of the synergistic eﬀect of Pt and erGO
 during the electrocatalytic oxidation of NO. The eﬃcient and
 rapid electron transfer between the electrolyte and the
 modiﬁed electrode is facilitated by erGO and Pt NPs, which
 contributes to the enhanced current response during NO
 detection. Moreover, because of the high coordination nature
 of Pt NPs on the electrode Pt−erGO/GCE surface, they can
 interact with NO facilitating electron transfer between NO and
 fabricated sensor during an electrochemical catalytic reaction.


In addition to this, SQ-I electrode exhibited 13.1 fold higher
 ECSA in comparison with bare GCE. This further results in


∼15 fold enhancement in the electrocatalytic oxidation current
 response obtained for NO at the SQ-I surface with reference to
 the bare GCE. Hence, the enhanced sensitivity of Pt−erGO/


GCE toward NO compared to other modiﬁed electrodes and
 bare GCE was evaluated. Furthermore, experimental opti-
 mization was carried out using Pt−erGO/GCE (SQ-I). In light


of the electrochemical studies carried out, a plausible
 mechanism for the electrochemical oxidation of NO at the
 SQ-I electrode is depicted inFigure 6d.


2.2.3. Inﬂuence of Scan Rate on the Electrochemical
 Oxidation of NO at SQ-I. Figure 7a depicts the inﬂuence of
 scan rate on the electrocatalytic detection of NO at the Pt−
 erGO/GCE surface and was evaluated using the cyclic
 voltammetric technique at diﬀerent scan rates ranging from 5
 to 500 mVs−1in the presence of 0.5 mM NO in PBS (pH 2.5).


It is clearly seen fromFigure 7b that the anodic current and the
 scan rate have a linear relation and thus the electron transfer
 process in the electrochemical redox reaction of NO at Pt−
 erGO/GCE is a diﬀusion-controlled process rather than a
 surface-controlled process as there is a simultaneous increase in
 the anodic peak current (Ipa) and the square root of scan rate
 (ν1/2).74 The plot of peak currents (I) versus ν1/2 can be
 expressed as the following linear regressioneq 8


I 24.8 v 89.1,R 0.95
 (for NO oxidation)


pa


1/2 2


= × − =


(8)
 From the above results, the diﬀusion coeﬃcients (Dapp) for
 bare GCE, SQ-I, and SQ-II were calculated using Randles−
 Sevcik’seq 929


Ipa =0.4463nFAC nFvD[( app)/(RT)]1/2 (9)
 here, Ipa is the anodic peak current (A), C denotes the
 concentration of NO in mol cm−3,νis the scan rate (V s−1),R
 andTare the universal gas constant (8.314 J K−1mol−1) and
 temperature in K, and Dapp is the diﬀusion coeﬃcient of
 Figure 7.(a) Eﬀect of diﬀerent scan rates (5 to 500 mV/s), (b) corresponding calibration plot ofIpavsν1/2, and (c) corresponding calibration plot
 ofEpavs logν
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(8)electroactive species (cm2s−1).Dappwas calculated to be 3.04


×10−6, 8.84×10−4, and 7.72×10−3cm−2s−1for bare, SQ-II,
 and SQ-I electrodes, respectively. This further claims that NO
 oxidation at the SQ-I electrode is a diﬀusion-controlled
 process.


Furthermore, the change in the peak potential (Epa) with
 respect to the logarithm of the scan rate used was studied. It is
 observed that the peak potentials are said to be increased
 linearly with respect to the scan rate, indicating the chemically
 irreversible nature of the electrochemical redox process of NO
 at the Pt−erGO/GCE surface. From Figure 7c, the linear
 regression equations between peak potentials (E) and logνare
 expressed as follows (eq 10).


E 0.108 log 0.831,R 0.97
 (for NO oxidation)


pa


ν 2


= × + =


(10)
 From the above equation, the electron transfer coeﬃcient
 was calculated using the Laviron equationeq 1175


i
 kjjj y{zzz i


kjjjjj y
 {zzzzz
 RT


F


j
 / dlnE


d
 α= a


(11)
 where dln ja/dE is the slope inverse value obtained from the
 Tafel plot ofEpavs log (ν) (Figure S6). The calculated electron
 transfer coeﬃcient (α) is 0.257. Thus, the above results help in
 demonstrating the eﬃcient irreversible electron transfer
 occurring between Pt−erGO and NO, achieved by the


enhanced active surface area and higher Dapp obtained via
 electrode modiﬁcation.


2.2.4. Electrocatalytic Performance of Pt−erGO toward
 NO.The electrocatalytic performance of Pt−erGO in sensing
 NO was explored by employing the linear sweep voltammetry
 technique (LSV). The LSV obtained for diﬀerent concen-
 trations of NO varying from 0.25 to 400 μM is displayed in
 Figure 8a. A corresponding calibration plot of the concen-
 tration of NO versus oxidation current is obtained (Figure 8b)
 and the linear regression equations (eqs 12−14) for three
 linear ranges observed are as follows


I 0.5745 NO 1.06,R 0.99
 (for 0.25 to40 M)


2


μ


= [ ] + =


(12)


I 0.2746 NO 13.68,R 0.99
 (for 50 to 220 M)


2


μ


= [ ] + =


(13)


I 0.1136 NO 48.69,R 0.96
 (for 240 to 400 M)


2


μ


= [ ] + =


(14)
The lowest detection limit (LOD) and the limit of
quantiﬁcation (LOQ) were calculated from LOD = 3σ/m
and LOQ = 10σ/m, respectively, where σ is the standard
deviation of the blank and m is the slope of the calibration
curve. The LOD and LOQ values were calculated to be 52, 72,
and 232 nM (S/N = 3) and 0.17, 0.24, and 0.77μM in a linear
range of 0.25 to 40, 50 to 220, and 240 to 400 μM,
Figure 8.(a) LSV at the Pt−erGO/GCE in 0.1 M PBS (pH 2.5) containing diﬀerent concentrations of 0.25−400μM of NO, (b) corresponding
calibration plot of the anodic peak current response against concentration of NO, (c) chronoamperometeric studies carried out to study the
selectivity of the SQ-I electrode toward NO in the presence of H2O2, DA, AA, Glu, and UA, (d) current responses obtained for NO, H2O2, DA,
AA, Glu, and UA at the SQ-I electrode, and (e) response time for 0.25μM of NO at the SQ-I electrode. (f) Comparison of the response time with
other literature results.



(9)respectively. The relative standard deviation (RSD) obtained is
 5.1% for NO. Furthermore, the sensitivity was found to be 8.40
 μAμM−1cm−2for the lowest concentration range (0.25 to 40
 μM).


A comparison of the analytical performance with the
 previously reported diﬀerent electrochemical sensors for NO
 is listed in theSupporting Information(Table S2). FromTable
 S2, it is clear that the proposed fabrication method of the Pt−
 erGO nanocomposite can be used in developing biorecogni-
 tion probes for detection of NO at pH 2.5.


2.2.5. Interference Studies. It is of paramount importance
 to study the inﬂuence of interferences by other biomolecules
 other than NO at the electrode surface for an eﬃcient selective
 detection of Pt−erGO/GCE on NO. Selectivity of the Pt−
 erGO/GCE towards NO was examined by introducing various
 interfering molecules namely, hydrogen peroxide (H2O2),
 dopamine (DA), ascorbic acid(AA), glucose(Glu), and uric
 acid (UA). Figure 8c depicts the amperometric i−t curve
 response obtained for the successive addition of NO and
 interfering molecules in 0.1 M PBS (pH 2.5) with a time
 interval of 60 s. Other than for NO addition, no signiﬁcant
 current response is noted for interferents. In order to validate
 the antifouling eﬀect on the Pt−erGO/GCE surface, NO was
 introduced again to the same system after a series of addition
 of 100-fold high concentration of various interfering molecules
 and a signiﬁcant current response was again observed. Thus,
 the amperometric response achieved for Pt−erGO/GCE
 proves that the modiﬁed electrode is highly selective towards
 NO even in the presence of interfering biomolecules (Figure
 8d) and also has a high antifouling surface. This makes the
 proposed Pt−erGO/GCE a potential biorecognition probe for
 NO detection. Furthermore, from thei−tcurve, the response
 time of the sensor for NO detection at Pt−erGO/GCE was
 determined (Figure 8e). The electrochemical sensor proposed
 in this work exhibited a fast response timeΔt= 0.7 s, which is
 shorter than those reported in several previous studies (Figure
 8f).


2.2.6. Reproducibility, Repeatability, and Stability Studies.


In order to check the reproducibility, repeatability, and stability
 of SQ-I (Pt−erGO/GCE), the cyclic voltammetric technique
 was employed (Figure S7a−c). The reproducibility of Pt−
 erGO/GCE was studied for NO detection by recording the
 CV of the six diﬀerent modiﬁed electrodes under the same
 experiment conditions. The electrodes showed only 6.5% RSD.


Furthermore, to evaluate the repeatability performance, a
 single SQ-I electrode was considered for 50 successive cycles
 under the same experimental conditions. It was concluded
 from the study that the electrode could retain 85% of its initial
 current response even after 50 cycles. During the period of
 stability analysis, the Pt−erGO/GCE was stored at room
 temperature (25°C) for 15 days. The obtained results ensure
 that the proposed electrode could retain 83% of the initial
 current response.


2.2.7. Comparison of the Proposed Sensor with Pt−AC
 and Pt WE. The fabricated sensor was compared with Pt−


activated carbon (Pt−AC) and commercially available Pt
 working electrode (Pt WE) as illustrated inFigure 9a−c. The
 fabricated sensor shows a higher current response (184.53μA)
 for the detection of NO compared to the Pt−AC (120.71μA)
 and Pt WE (10.04μA). In comparison to the commercial Pt
 WE and Pt−AC, SQ−I electrode showed 18.4 and 1.5 times
 greater current response, respectively (Figure 9d).


2.2.8. Detection of NO in the Human Serum Sample.To
 investigate the performance of the fabricated sensor, real blood
 serum sample from a healthy volunteer was tested using the
 standard addition method. The blood sample was allowed to
 clot prior to centrifugation at 5000 rpm in order to separate
 the serum from the blood cells. The linear sweep voltammetric
 response (to rule out the interference eﬀect) for serum alone
 and a series of known concentrations of NO (25, 35, and 50
 μM) spiked samples were recorded and given inFigure S8and
 Table 1. The 99.49 to 100.52% recovery of the analyte clearly
 suggests the promising sensitivity and accuracy of the proposed
 Figure 9.CVs obtained for (a) SQ-I electrode, (b) Pt−AC electrode, and (c) Pt WE in PBS and PBS + 0.5 mM NO. (d) Bar diagram comparing
 theIpavalues obtained for SQ-I, Pt−AC, and Pt WE.
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(10)Pt−erGO modiﬁed sensor for the determination of NO in the
 biological matrix.


3. CONCLUSIONS


In summary, the Pt−erGO nanocomposite based electro-
 chemical sensor for NO was successfully developed using the
 electrochemical method and conﬁrmed using various charac-
 terization techniques. The eﬀect of fabrication routes (SQ-I
 and SQ-II) on the detection of NO was analyzed in depth. The
 proposed sensor (SQ-I) exhibited ∼15 fold higher current
 response towards NO in comparison to the bare GCE. This
 enhancement could be attributed to the higher diﬀusion
 coeﬃcient and active surface area obtained for Pt−erGO/GCE
 than that of the bare GCE. The Pt−erGO/GCE has a LOD =
 52 nM (S/N = 3) and LOQ = 0.17μM (S/N = 10) in a linear
 range of 0.25 to 40 μM with a sensitivity of 8.40 μA μM−1
 cm−2. Moreover, the fabricated Pt−erGO/GCE sensor
 exhibited a low response time of 0.7 s and good selectivity
 over NO in the presence of other interfering biomolecules.


Because of the better stability, reproducibility, and practical
 viability articulated by Pt−erGO/GCE, it can be considered as
 a potential candidate for future clinical applications.


4. EXPERIMENTAL SECTION


4.1. Fabrication of Pt@erGO/GCE Electrodes. GO for
 the studies was prepared using the modiﬁed Hummer’s
 oxidation method (Supporting Information−Section II).


Prior to modiﬁcation, the bare GCE was polished successively
 with 1.0, 0.3, and 0.05 μM alumina/water slurries on a
 polishing pad. Subsequently, the electrode was rinsed with
 distilled water, and sonicated in ethanol and distilled water for
 2 min. In order to study the inﬂuence of electrochemical


modiﬁcation of GCE on sensing, SQ-I (Pt−erGO) and SQ-II
 (erGO−Pt) electrodes were developed, via both sequential
 methods.61


Pt@erGO-modiﬁed GCE was developed using two diﬀerent
 sequential methods as shown in Scheme 1. In sequential
 method-I (SQ-I), initially 6μL of 1 mg/mL GO in ethanol was
 dropcasted onto the GCE surface followed by electrochemical
 reduction of GO to erGO in phosphate buﬀered saline (PBS,
 pH 7) using the CV technique in a range of 0 to−1.2 mV at a
 scan rate of 50 mV s−1 for 15 successive cycles.22 The as
 obtained erGO-modiﬁed GCE was washed and dried at room
 temperature and its electrode surface was further modiﬁed with
 Pt NPs. For this, erGO/GCE was immersed in a solution of
 0.5 mM H2PtCl6and 0.1 M HCl followed by electrochemical
 deposition of Pt NPs in a potentiodynamic range of −0.4 to
 0.5 V at a scan rate of 50 mV s−1for 20 successive cycles to
 obtain Pt−erGO/GCE and the obtained electrode was marked
 as SQ-I. The sequential method II (SQ-II) was carried out in
 the reverse way of SQ-I in order to develop the SQ-II
 electrode. In this method, electrodeposition of Pt NPs on GCE
 was carried outﬁrst and followed by reduction of GO to erGO
 (erGO−Pt/GCE) under the same experimental conditions as
 mentioned in developing the SQ-I electrode.


The modiﬁed electrodes obtained were washed with distilled
 water to remove excess unattached Pt NPs from the GCE
 surface and dried at room temperature to further carry out the
 experiments. Similarly, Pt/GCE and erGO/GCE electrodes
 were prepared in single steps via electrodeposition of Pt and
 GO reduction to erGO onto the electrode surface, respectively.


GO/GCE was prepared using the simple dropcasting
 technique in which 6 μL of GO in ethanol (1 mg/mL) was
 dropcasted onto the electrode surface and dried at room
 temperature as followed in the fabrication of both SQ-I and
 SQ-II methods. All the modiﬁed electrodes were washed with
 distilled water and then used for the electrocatalytic oxidation
 of nitric oxide (NO).


Table 1. Determination of the NO Level Spiked in Human
 Blood Serum Using Pt−erGO/GCE


Sl. no. spiked (μM) found (μM) recovery (%) RSD (%)


1. 25 26.19±0.68 101.19 3.80


2. 35 35.77±0.48 99.23 4.10


3. 50 49.73±0.12 99.73 2.33


Scheme 1. Fabrication of SQ-I and SQ-II Electrodes
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