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a b s t r a c t 

Controlled structural and chemical defects were induced on to graphene oxide (GO) by mechanical milling 

of the precursor graphitic sheets for different times followed by their chemical oxidation. Raman, XRD, 

FTIR, XPS and AFM measurements was carried out as an evidence to study the structural and chemical 

modifications. Milling induces in plane and edge plane defects on graphitic sheets which influence ox- 

idation degree, sp 3 /sp 2 hybridization and functional groups constitution on produced GO. The influence 

of these structural variations towards electrochemical heterogenous electron transfer (HET) kinetics was 

explored using redox probe potassium ferricyanide and through non-enzymatic electrochemical detection 

of Hydrogen Peroxide (H 2 O 2 ). The increased in-plane and edge plane functionalities actively enhanced 

the HET kinetics on GO and therefore it’s the sensing ability significantly. 

© 2021 The Author(s). Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

The sensing ability of an electrode material greatly depends on 

he heterogenous electron transfer (HET) kinetics and surface in- 

eraction with the analyte [ 1 , 2 ]. Carbon allotropes like graphene, 

raphene oxide (GO) and CNTs are well-known for their electrocat- 

lytic activities, particularly in biosensing applications [3-5] . These 

arbon allotropes are also used to modify the electrodes in order to 

nhance their electrochemical performance, especially in the sens- 

ng of glucose, amino acids, proteins and other biomolecules [6- 

0] . Oxygenated functional groups present on GO aid in the an- 

horing of catalytic materials or metal oxide nanoparticles with 

 high specific surface area, making the nanoparticle decorated 

O an ideal material for the construction of electrochemical sen- 

ors [ 11 , 12 ]. Graphene oxide-based composites whose properties 

re superior compared to individual components are explored for 

on-enzymatic electrochemical detection of biomolecules [13] . GO- 

anoparticle based composites such as, PtNi nanoparticles deco- 

ated rGO [14] , GO-silica nanoparticle composite [15] and chemi- 
∗ Corresponding Authors: Dr. Chandan Srivastava Materials Engineering, IISC Ban- 

alore: Indian Institute of Science, India 
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ally reduced GO (rGO) [16] etc., are widely employed for the non- 

nzymatic detection of H 2 O 2 and other biomolecules as well. How- 

ver, the production of these composite materials involves multiple 

teps and the chemical reduction of GO to rGO requires a treat- 

ent with reducing agents such as hydrazine hydrate, tannic acid, 

tc. which are harsh and toxic [17] . 

Typically, the as-synthesized GO is used as the precursor to pro- 

uce reduced graphene oxide (rGO) or graphene-based compos- 

tes, but pristine GO itself is not preferred much for electrocatalytic 

pplications due to its insulating nature. Recent studies, however, 

ave shown that GO outperforms rGO and graphene as an elec- 

rocatalyst towards the redox probes and this is attributed to the 

resence of edge plane sites and oxygenated functional groups in 

O [18] , which act as heterogenous catalytic sites for electrochemi- 

al reactions [18-21] . GO modified with carboxyl functional (COOH) 

roups can mimic the horseradish peroxidase (HRP) enzyme ac- 

ivity in the detection of hydrogen peroxide (H 2 O 2 ) [ 22 , 23 ]. This

llustrates that oxygenated or functionalized GO sheet can effec- 

ively work as electrode materials for non-enzymatic detection of 

iomolecules. The enhanced electrochemical behaviour of such GO 

odified electrodes are quantified based on the HET kinetics near 

he surface of the electrode [24] . The insight from the previous 

tudies reveal that the edge plane sites/defects predominates HET 
 under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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ate when compared to contribution from the basal plane sites [ 25 , 

6 ]. Interestingly, structural contributions in enhancing the elec- 

rochemical behaviour of GO sheets was investigated by inducing 

dge plane defects or varied degree of oxidation either through 

onication or chemical reduction of GO sheets [ 27 , 28 ]. 

In this study, the edge plane and in-plane defects were initially 

nduced on graphitic sheets by mechanical milling for different 

imes and these graphitic sheets were then chemically exfoliated to 

roduce a series of GO samples with different degree of oxidation. 

echanical milling process damages the graphitic planes leading to 

he creation of a large number of structural defects such as edge 

lane defect, vacancies and interplane sp 

3 bonds [29-31] . Upon 

hemical oxidation, these defect sites are the preferred ones for 

he anchoring of the oxygen-containing functional groups such as 

arboxyl, carbonyl and hydroxyl groups in the GO structure. Hence, 

he creation of structural defects on the graphitic precursors before 

heir oxidation will increase the defects and the oxygen moieties in 

he produced GO structure [32-34] . As synthesized, milling modi- 

ed GO was used to study the influence with HET rate on modified 

lectrodes for electrocatalytic applications. 

In the present work, graphite powder was ball milled for differ- 

nt hours e.g., 10 h, 20 h and 50 h prior to the chemical oxidation 

rocess. The resultant respective GO samples were named as GO-0 

, GO-10 h, GO-20 h and GO-50 h (hours represent milling time 

f the precursor used to prepare GO). The as-produced GO sam- 

les showed a variation in aromatic to non-aromatic carbon con- 

ent (sp 

3 /sp 

2 ratio), functional group constitution and defects. The 

ffect of these parameters on the electrochemical behaviour was 

nvestigated using the electrochemical redox probe potassium fer- 

icyanide [K 3 Fe(CN) 6 ] and also towards the enzyme less detection 

bility for hydrogen peroxide (H 2 O 2 ). 

. Materials and methods 

Materials: Graphite powder with 99.99% purity (100 microns, 

DFCL, India) were used as precursors for the synthesis of 

raphene oxide (GO). 30% (w/v) hydrogen peroxide (H 2 O 2 ) was 

sed after diluting it in 0.1M phosphate buffer solution (PBS). All 

ther chemicals and solvents purchased were of AR grade from SD- 

CL, India, and were used without further purification, unless spec- 

fied otherwise. 

.1. Synthesis of graphene oxide (GO) 

A two-step process was followed for the synthesis of graphene 

xide as reported elsewhere [33] . In brief, milling of graphite pow- 

er was carried out at different time intervals (10 h, 20 h and 50 

). High purity graphite powder of equal weight was transferred 

nto a two hard chromium steel vials containing stainless steel 

alls. The ball to powder ratio was maintained to be 1:25. 100 mL 

f Hexane was added to each of the bowls and were sealed using 

eflon. The specifications of the set program to carry out milling 

ycles at different time intervals was, bowl speed - 300 rpm, plate 

peed – 720 rpm, ON time – 10 minutes and OFF time – 08 min- 

tes between each cycle to avoid excessive heating of the machine. 

Following this, the milled graphite powder was used as a pre- 

ursor for the synthesis of GO using Tour’s method [35] . A mixture 

f graphite and potassium permanganate (KMnO 4 ) in the ratio of 

:6 (w/w) was taken in a beaker into which solution of sulfuric 

cid and orthophosphoric acid (9:1 v/v) was added while keeping 

he beakers in ice bath. The above mixture was stirred continu- 

usly for 12 hours at 45 ºC. Then, the mixture was slowly trans- 

erred into a beaker containing 140 mL of distilled water ice, fur- 

her to the same solution 10 mL of H 2 O 2 was added. The final yel-

ow colored mixture was washed several times using DI water and 
2 
thanol. The mixture was dried to obtain series of GO powder re- 

pective of milling time. 

Hereafter, the milled graphitic precursors at different time in- 

ervals (10h, 20h, 50h) are referred as MG -10 h, MG -20 h and MG 

50 h respectively. Un-milled graphitic precursor used to produce 

O - 0 h is referred as graphite itself. GO samples are referred as 

O- 0 h, GO-10 h, GO-20 h, GO-50 h, where 10, 20 and 50 indicate 

he milling times of graphite powder and GO – 0 h being the GO 

roduced from un-milled graphite. 

.2. Graphene oxide characterization 

The as-prepared GO samples and the milled graphitic precur- 

ors at different time intervals (10 h, 20 h and 50 h) were charac- 

erized using Raman (LabRam HR with 532nm laser), X-ray diffrac- 

ion (XRD: JEOL Xpert Pro, PAN analytical JDX-8030 diffractome- 

er Cu K-alpha X-ray source) and Fourier Transform Infrared Spec- 

roscopy (FTIR: Perkin Elmer Frontier FT-NIR/MIR spectrometer). 

ry powder samples were used for the measurements. X-ray Pho- 

oelectron Spectroscopy (XPS) elemental analysis (Kratos XPS Ultra 

pectroscope, Al-K- α x-ray source) was carried out to obtain the 

elative content of aromatic and non-aromatic carbon content in 

he GO samples. GO samples were drop casted on 5 X 5 mm Si 

afers for XPS analysis. Atomic force microscopic (AFM) images of 

O samples were recorded using NX – 10 AFM instrument (Park 

ystem) in non-contact mode. The GO samples were drop dried on 

ilicon wafers. An Al back coated Si Probe (ACTA, App Nano Inc, 

SA) with resonant frequency of 300 kHz having a nominal spring 

onstant of 40 Nm 

-1 was used. The images of 2 μm X 2 μm was ac-

uired at a scan rate of 0.8 Hz. Finally, the images were processed 

sing the XEI software. 

.3. Preparation of GO modified glassy carbon electrode (GCE) as 

orking electrode 

GCE was initially polished with alumina slurry and sonicated in 

thanol for a few seconds to remove unwanted residues and con- 

aminations. 1 mg of the as-synthesized graphene oxide (GO) sam- 

les was dispersed in 1 mL of water through sonication to give a 

omogenous suspension. Suspensions of 4 different sam ples GO- 

h, GO-10h, GO-20h and GO-50h were prepared. 5 μL of the sus- 

ension was then drop casted on cleaned GCE and then, the elec- 

rode was dried at room temperature. Thus, the GCE-GO-0h, GCE- 

O-10h, GCE-GO-20h and GCE-GO-50h were obtained as modified 

orking electrodes. 

.4. Electrochemical characterization 

Cyclic voltammetry (CV) and chronoamperometry experiments 

ere carried out using a CHI604E (CH Instruments, USA). A con- 

entional 3 electrode cell containing a freshly prepared 2 mM 

 3 Fe(CN) 6 in 0.1M KCl and 0.1 M PBS of pH 7.4 was used as sup-

orting electrolytes for the electrochemical measurements. GCE of 

 mm diameter modified with as-synthesized GO samples was 

sed as the working electrode against a saturated Ag/AgCl (1M KCl) 

s reference and platinum wire as counter electrode for all the ex- 

eriments. 

Initially, cyclic voltammetry (CV) measurements were carried 

or 2 mM K 3 Fe(CN) 6 in 0.1M KCl for different GO series in order to 

etermine peak-to-peak separation potentials ( �E p ) , electrochem- 

cal active surface area ( A eff), heterogenous electron transfer (HET) 

ate constant [ k 0 ], peak currents [I p ] and sensitivity parameters. 

CV measurements were also carried out at optimized poten- 

ial ranges from 0 V to -1.4 V for the reduction of H 2 O 2 using 

.1 M PBS at pH 7.4. H 2 O 2 detection was carried out at differ- 

nt scan rates from 10 mV/s to 50 mV/s for the concentrations 2 
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Fig 1. Raman spectra for (A) milled graphitic precursors at different time interval (B) Graphene oxide produced from milled graphitic precursors. 

Fig 2. XPS spectra for GO series - A: GO-0 h, B: GO-10 h, C: GO-20 h, D: GO-50 h. 
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M to 10 mM (2,4,6,8 and 10) in 0.1 M PBS. The electrochemi- 

al measurements were carried out for all the samples of GO as 

entioned above and the results were compared with GO pro- 

uced from un-milled graphite (GO-0h). Chronoamperometry re- 

ponses were recorded at the applied potential of -0.6 V for GO- 

h and at -0.4 V for GO-10h, GO-20h and GO-50h respectively for 

0 minutes with the addition of 0.5 mM H 2 O 2 at every 60 sec- 

nds. All the experiments were carried out at room temperature in 

riplicates. 

. Results and discussion 

.1. Raman spectroscopy 

Raman spectra of the milled graphitic samples is given in 

ig.1 (A). D and G band in the Raman spectra denotes the presence 

f sp 

3 and sp 

2 hybridized carbon atoms respectively. The increase 

n the D band intensity indicates an increase in sp 

3 hybridized car- 
3 
on bonds or defects in the structure [36] . In addition, the spec- 

rum points out the formation of sp 

3 bonds in the graphitic struc- 

ure due to the milling process. The intensity ratio of the D band 

o G band (I D /I G ) indicates structural defects [36] . From Fig.1 (A), 

 D /I G ratio for the milled graphitic precursors – MG - 0h, 10 h, 20 

 and MG 50h were 0.53, 0.71, 0.85 and 1.01 respectively, indicat- 

ng the increasing order of defects as MG-0 h < MG-10 h < MG-20 

 < MG-50 h. 

Raman spectra for the GO series is shown in Fig.1 (B). Increase 

n the D band intensity can be observed in the GO samples from 

O-0 h to GO-50 h. From the Fig.1 (B), I D /I G for GO-0 h to GO –

0 h were 1.04, 1.08, 1.09, 1.10 respectively, indicating increase in 

p 

3 hybridized carbon atoms from GO – 0 h to GO – 50h. The 

efects in the GO samples increases in the order GO-0 h < GO–

0 h < GO–20 h < GO–50 h, where the extent of defects forma- 

ion in GO followed the trend observed in the milled graphitic 

recursors, suggesting preferred oxidation at the defect sites 

33] . 
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Fig 3. (A) Variation in the sp 3 /sp 2 hybridization among the GO series; (B) Representing relative intenstites of aromatic and non-aromatic carbon content through the GO 

series. 
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.2. X-ray diffraction studies 

Figure S1(A) represents the characteristic XRD patterns showing 

002) peak for pristine and milled graphitic precursors at differ- 

nt time intervals respectively. Figure S1(B) depicts XRD patterns 

howing the (001) peak for the GO series. The interlayer/d-spacing 

alues between graphitic precursors and GO sheets were calcu- 

ated using the Bragg’s Law: d = λ0 / 2 sinθ . The d-spacing values for 

he graphitic precursors - graphite, MG-10h, MG-20h and MG-50h 

ere found to be equal to 3.36, 3.37, 3.36 and 3.39 Ǻ respectively. 

imilarly, d-spacing values for GO series – GO-0h, GO-10h, GO-20h 

nd GO-50h were found to be equal to 9.3, 9.43, 9.55, 9.78 Ǻ re- 

pectively. By virtue of the increase in oxygen containing moieties, 

n increase in the interlayer spacing was observed along the GO 

eries. This represents an increase in the level of oxidation which 

an be attributed to the oxidation at the site of defects created 

pon milling graphitic precursors [33] . The results of FTIR and AFM 

easurements are discussed in supplementary information. 

.3. X-ray photoelectron spectroscopy studies 

Generally, the catalytic reactions occur at the heterogeneous 

atalytic surfaces. The oxygenated functional groups, sp 

3 /sp 

2 ratio 

f the hybridized carbon content in the GO structure determine the 

atalytic behaviour of the GO sample [ 29 , 31 , 34 ]. The XPS spec-

ra in Fig:2 reveals the presence of oxygen containing functional 

roups and C-C (sp 

2 ) type bond hybridization among the GO sam- 

les. 

Deconvolution of high-resolution C1s XPS spectra was carried 

ut for the five groups: COO- at ∼290.3 eV, C = O at ∼287.9 eV, C-O

t ∼286.7 eV, sp 

2 at ∼285 eV and ∼292 eV respectively. An in- 

rease in the percentage of oxygen- containing functional groups 

long the GO series (increasing milling time) were observed to 

uggest different degree of oxidation [33] . The aromatic to non- 

romatic carbon content (sp 

3 /sp 

2 ) ratio was determined using the 

ormula: 

sp 3 

sp 2 
= 

( % inte nsity of non − arom atic carb on cont ent ) 

( % inte nsity of arom atic carb on ) 

(Equation - 1) 

From Fig: 3 A, the sp 

3 /sp 

2 ratio was found to increase lin- 

arly along the GO series indicating an increase in the sp 

3 hy- 

ridized carbon domains which was in agreement with the effect 

f graphitic precursor milling duration. From Fig: 3 B, the linear in- 

rease in the non-aromatic carbon content can be clearly observed 

ndicating the accumulation of more oxygen functional groups. 
4 
uring the initial milling hours, due to breakage of graphitic 

heets, edge plane defects were created leading to more edge plane 

arboxyl groups (COO) [ 33 , 37 , 38 ]. Whereas at higher milling 

ours, the sintering of graphitic sheets caused a higher percent- 

ge of in-plane defects leading to the presence of carbonyl and hy- 

roxyl functional groups at a higher percentage on the produced 

O sheets [ 33 , 37 , 38 ]. The π→ π ∗ interaction is a characteristic 

eature of aromatic compounds and the π→ π ∗ interaction is com- 

aratively lesser in GO since GO is a nonaromatic surface contain- 

ng sp 

3 hybridized carbon atoms with isolated sp 

2 carbon domains. 

ence, the suppression of π→ π ∗ satellite peak in XPS spectra at 

292 eV among GO series reveals the increased sp 

3 carbon atoms 

39] . 

The Raman and XPS analyses indicate that the structural varia- 

ions on GO sheets can be created by ball milling the graphitic pre- 

ursors used to synthesize GO that may influences the heteroge- 

eous catalytic surface on the GO sheets [ 31 , 32 ]. The AFM images

re provided in fig: S2 from which, the average sheet thickness of 

he GO sheets was determined using the line profiles. The I D /I G 
atio, oxidation degree and the average thickness of the sheets 

mong the GO series calculated from the above analysis are given 

n table 1 . 

.4. Electrochemical characterization 

The electrocatalytic nature of the GO series was investigated 

or the redox probe K 3 Fe(CN) 6 and for the detection of H 2 O 2 via 

yclic voltammetry (CV) measurements. The influence of structural 

ariations through enhanced functionalities and edge plane sites 

n the catalytic behaviour of GO samples was evaluated by peak- 

o-peak separation potentials [ �E p], electrochemical active surface 

rea [ A eff], HET rate constant [ k 0 ], peak currents [Ip] and sensitivity 

arameters. 

Fig: 4 A - represents the cyclic voltammograms of GO series for 

he probe K 3 Fe(CN) 6 at different scan rates. The nature of voltam- 

ogram for the GO samples (GO – 10 h, 20 h and 50 h) pro- 

uced from milled graphite appears to be different compared GO- 

 h. The peak separation potential ( �E P ) and peak current (Ip) in- 

reases linearly with respect to the scan rate for GO-0 h (A1) and 

O-10 h (A2), whereas for the samples GO-20 h (A3) and GO-50 h 

A4) - �E p remains approximately constant with a linear increase 

n the peak currents. 

Further, the �E p values among the GO series were calculated 

rom the Fig. 4 - A5, and is in the order GO-0 h > GO-10 h >

O-20 h > GO-50 h. A decrease in the �E p indicates towards the 

resence of more heterogenous catalytic surface. This can be at- 

ributed to the enhanced edge plane defects, functionalities on the 
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Fig 4. Cyclic voltammogram of GO series for the redox probe K 3 Fe(CN) 6 and plot of HET constants - k 0 . 

Table 1 

Representing structural variation parameters through GO series. 

GO series I D /I G Oxidation degree sp 3 /sp 2 ratio Average thickness of GO sheets (nm) 

GO-0 h 1.04 64.7 0.20 28.6 

GO-10 h 1.08 80 0.28 26.1 

GO-20 h 1.09 87.7 0.49 2.1 

GO-50 h 1.1 86.8 0.46 3.1 
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Table 2 

Representing electrochemical parameters derived from CV measurements. 

GO Series �E p (mV) A eff (cm 

2 ) × 10 −4 k 0 (cm s -1 ) ×10 −2 Ip (slope) 

GO-0 h 180 0.188 4.44 0.86 

GO-10 h 120 0.276 9.33 1.32 

GO-20 h 100 0.968 8.49 4.42 

GO-50 h 93 0.986 12.31 4.50 

t
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t

lectrode surface in the GO - 20 h and 50 h samples facilitating 

aster HET. This inference is supported by calculating the HET rate 

onstant - k 0 . The k 0 for the electrochemical quasi-reversible pro- 

ess can be correlated with the diffusion rate, �E p which increases 

ith the scan rate and can be determined using the Nicolson anal- 

sis as mentioned in equation (2) [15] : 

 = k 0 
(

D O 

D R 

)α
/ 2 

√ 

RT 

πnF υD O 

(Equation – 2) 

here ψ is the dimensionless kinetic parameter determined from 

E p, D is the diffusion coefficient of the electroactive species, n is 

he number of electrons transferred, F is the Faraday constant, υ is 

he applied scan rate, R and T have usual meanings. Equation 2 is 

alid for one step one electron process with �E p < 220 mV and 

iffusion coefficients considered to be approximately equal to the 

xidation and reduction ( D 0 and D R ) reactions, and α is the trans- 

er coefficient equal to 0.5. Hence, equation (2) can be reduced to: 

 = k 0 

√ 

RT 

πDF 
υ−1 / 2 (Equation - 3) 

n general, ψ is calculated from �E p and k 0 is determined from 

he slope of ψ − υ−1 / 2 corresponding to equation 3 . The plot of 

E p obtained from CV against different scan rates for GO samples 

sed to calculate ψ is given in supplementary Fig.S4 and equa- 

ion S1. The plot of forward peak currents versus square root of 

he scan rate ( υ1 / 2 ) for individual GO samples is shown in Fig. S5, 

rom which linear increase in the anodic currents indicates that the 

lectrochemical process is diffusional controlled. The relation be- 
5 
ween kinetic parameter ψ and inverse square root of the scan rate 

or the GO series is shown in Fig.A6. The linear gradient trend is 

ollowed for all the samples and the rate constant k 0 is calculated 

ollowing equation (3) . k 0 is observed to be increasing among the 

O series, indicating a faster electron transfer. The electrochemical 

ctive surface area ( A eff ) of the modified electrodes with GO sam- 

les was calculated using Randles-Sevcik equation 4 [26] . 

 p = 

(
2 . 65 × 10 

5 
)
n 

3 / 2 D 

1 / 2 υ1 / 2 C A e f f (Equation – 4) 

here n = number of electrons transferred during the electro- 

hemical process, υ = scan rate, D = diffusion co-efficient of the 

edox process, C is the concentration of the redox probe, A eff is 

he electrochemical active surface area. The calculated parameters 

E p , k 0 , A eff , slope derived from forward peak currents are pro- 

ided in table 2 . The trend followed in these parameters is evi- 

ent, suggesting the effect of structural contribution in enhancing 

he HET. 

Further, the electrochemical behaviour was evaluated based on 

nzyme less detection of H 2 O 2 in 0.1 M PBS as a supporting elec- 

rolyte. The CV in Fig. 5 depicts the electrochemical reduction of 



R. Ashwini, Z. Mohanta, M.K.P. Kumar et al. Carbon Trends 5 (2021) 10 0 095 

Fig. 5. Cyclic Voltammograms for GO in 2mM H 2 O 2 at a scan rate of 40 mV/s. 
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mM H 2 O 2 on GCE modified electrode with different GO sam- 

les. The H 2 O 2 reduction on GO - 0 h sample occurred at -0.6 V, 

hereas for the other GO samples, early reduction of H 2 O 2 at -0.4 

 with significant increase in the reduction current (GO-50 h > GO- 

0 h > GO-10 h > GO-0 h) was evident. The presence of varied oxy- 

en functionalities among the GO series due to different degree of 

xidation can contribute to the greater interaction of H 2 O 2 on GO 

heets. This facilitates a faster electron transfer that can reduce the 

orking potential for the reduction of H 2 O 2 . Apparently, COO 

- in 

O mimics the horseradish peroxidase enzyme in catalyzing H 2 O 2 

t a faster rate [22] and hence, an increase in the reduction current 
Fig. 6. The cyclic voltammograms from different GO samples for 2 mM

6 
as noticed. In addition, the edge plane carboxyl functional groups 

ead to an early onset of reduction potential. 

The effect of scan rate on the electrochemical response of GO 

amples in Fig.6 towards 2mM H 2 O 2 reduction elucidates that the 

athodic peak current as well as the peak potential increases lin- 

arly with a variation in the scan rate for all the samples. This as- 

ertains the fact that H 2 O 2 reduction on GO modified GCE elec- 

rode can be relatively slow and considerably limited by the scan 

ate. The inset figures in the cyclic voltammograms represent linear 

athodic peak currents vs square root of the scan rates indicating 

hat the electrochemical process is diffusion-controlled with the R 

2 

alue between 96% to 98%. 

Fig. 7 (A–D) represent the electrochemical performance of GO 

odified GCE at varied concentrations of H 2 O 2 from 2 mM to 10 

M at a scan rate of 40 mV/s. The cathodic reduction current lin- 

arly increases with an increase in the concentration of the analyte 

 2 O 2 . In addition to the current, a significant linear shift in the 

athodic reduction peak potential in the direction of sweeping po- 

ential was observed with an increase in the concentration of H 2 O 2 

or the samples GO-0h and GO-10h, wherein a minimal shift was 

bserved for the samples GO-20h and GO-50h . 

The linear dynamic range was observed for all the concentra- 

ions of H 2 O 2 with respect to the reduction current as shown in 

igure S7. The linear sensitivities corresponding to the slopes of 

he equations were 0.0062 μA/μM, 0.0075μA/μM, 0.018 μA/μM and 

.02 μA/μM, respectively (Fig. S7). The detection limit was calcu- 

ated using the standard formula 3.3 X S.D./Slope, wherein 3.3 rep- 

esents the background noise, S.D is the standard deviation ob- 

ained from the background current values without adding the an- 

lyte. Further, the sensitivity increases linearly with the GO series 

s mentioned in Table 3 , whereas the increase in linearity was 

ith respect to the milling time of the precursor graphite pow- 
 H 2 O 2 at different scan rates ranging from 10 mV/s to 50 mV/s. 
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Fig. 7. Cyclic Voltammograms of GO samples with different concentrations of H 2 O 2 ranging from 2 mM to 10 mM (2, 4, 6, 8 and 10 mM) at a fixed scan rate of 40 mV/s. 

Table 3 

Detection limit and linear sensitivities corresponding to the 

slopes of the equations. 

Electrode Sensitivity (μA/μM) Detection limit (μM) 

GO-0 Hour 0.0062 376.83 

GO-10 Hour 0.0075 278.96 

GO-20 Hour 0.018 152.30 

GO-50 Hour 0.02 133.93 
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Fig. 8. Chronoamperometry response for GO series at applied potentials of -0.6 V 

for GO-0h and -0.4 V for GO-10h, 20h and 50h. 

t

n

i

s

t

p

t

c

er that was used to produce graphene oxide and also the sensi- 

ivity among GO series can be correlated with the sp 

3 /sp 

2 carbon 

ontent ( Fig. 2 ), which is evident for the contribution of in-plane 

nd edge plane functional groups. Sample GO-50 h showed an en- 

anced sensitivity with low detection limit compared to all other 

amples. 

The chronoamperometry response on the addition of 0.5 mM 

 2 O 2 at approximately every 60 seconds has been shown in Fig. 8 . 

he reduction of H 2 O 2 for the sample GO-0 h was obtained at an 

pplied potential of -0.6 V whereas, a reduction was obtained at - 

.4 V for the samples GO-10 h, GO-20 h and GO-50 h. Already from 

he CV curves, we have observed the reduction potential has been 

hifted for the GO series obtained from milled graphite compared 

o GO-0h, and further, the same is represented from the chronoam- 

erometry response ( Fig. 8 ). Higher cathodic peak currents and im- 

rovement in the reduction potentials (-0.65 V to -0.4 V) can be 

ttributed to better electrocatalytic effect among the GO series. 

In general, the presence of structural defects/impurities and 

igh edge plane to basal plane ratio among 2D materials results 

n the variation of density of states with unique electronic proper- 

ies [ 13-15 , 28 ] which in turn yields better electrochemical proper- 
7 
ies. Usually, such structural variations are achieved through tech- 

iques such as doping or producing rGO and GO based compos- 

tes. In the present work, mechanical milling of graphitic precur- 

ors at different time intervals induced structural defects which led 

o evolution of oxygenated edge-plane and in-plane defects in the 

roduced GO structures. As produced GO structures showed varia- 

ions in the structural defects (I D /I G ), oxidation degree and sp 

3 /sp 

2 

arbon content which can be correlated with the milling time of 
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he graphitic precursor. The influence of structural variations is ev- 

dent in enhancing the electron transfer rates (HET) and for non- 

nzymatic detection of H 2 O 2 at early onset working potential with 

igher sensitivity. Previous studies have shown GO enahnced with 

OOH groups [22] can mimic hydrogen peroxidase in detection 

f H 2 O 2 , however GO is subjected to chemical treatment in the 

rocess of producing GO-COOH. In the present work, as produced 

illed modified GO structures with enhanced functionlaities, with- 

ut further chemical modification exhibit significant behaviour in 

etection of H 2 O 2 . 

. Conclusion 

A feasible and green process has been reported in this study 

o control the degree of defect density in the GO to enhance its 

lectrocatalytic activity. The mechanical milling of graphite induces 

efects into the graphitic planes and these pre-developed defects 

nhanced the oxidation at the GO edge and basal planes. The GO 

roduced from milled graphite at different time intervals showed 

 better HET rate constant k 0 , electrochemical active surface area, 

nhanced sensitivity and detection limit in the detection of H 2 O 2 

s compared to the GO from un-milled graphite. Among the GO 

roduced from milled graphite (GO -10h, 20h and 50h), the lin- 

ar increase in the I D /I G and sp 

3 /sp 

2 ratios as well HET kinetics 

 k 0 ( Table 2 and 3 ) corelates with the increase in the milling 

ime of the graphitic precursors. This indicates influence of struc- 

ural defects and chemical functinalities in produced GO in en- 

ancing electrochemical HET rates ( k 0 ). GO-50h exhibited better 

esults with respect to k 0 , peak seperation potential, sensitivity 

nd detection limits. Also, from the chronoamperometry response, 

n improvement in the reduction potential from -0.6 V (GO-0h) to 

0.4 V (GO-10h, 20h, 50h) in the detection of H 2 O 2 infers a better- 

ent in the catalytic nature among the GO series. The enhanced 

lectrochemical property of the milling modified GO, provides a 

uitable substitute for chemically reduced GO (rGO). This unique 

reen approach used to ball-mill graphitic precursors in order to 

nduce structural defects opens a new dimension to understand 

he surface phenomenon and encourages future researchers to de- 

elop applications based on such materials required for a multi- 

ude of applications. 
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