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Abstract The graphene oxide-poly(ethyleneimine) den-

drimer (GO–PEI) was synthesized and characterized by

SEM, TEM, UV–Vis, FTIR, and Raman spectroscopies

and further employed for the fabrication of modified glassy

carbon electrode by a drop-cast method. The electro-

chemical behaviour of ortho-nitrophenol (o-NP) was

investigated at the modified electrode, and the results of the

investigation revealed that the material exhibited a signif-

icant reduction capability towards o-NP, an indication of

sensitive electrochemical response. In addition, the modi-

fied electrode possessed an excellent electrochemical

behaviour towards the redox of o-NP by combining the

properties of both GO and PEI. Also, it was found that the

o-NP can be separated indigenously from different poten-

tials of nitrosophenol or hydroxyl aminophenol redox

reaction. The peak currents showed a linear relationship

with the concentration of o-NP in the range of 5–155 μM.

The limit of detection of o-NP is low as 0.10 μM charac-

terized by the signal-to-noise characteristics (S/N = 3). The

relative standard deviation (RSD) for the three times

determination towards o-NP is 0.12 %, which is highly

specified, and reveals that this method has good properties

such as reproducibility capability, selectivity, repeatability,

and stability. Hence, the present GO–PEI-based o-NP
sensors proved to be endeavouring for a broad range of

applications related to the detection of trace amounts of

phenolic compounds. In addition, the material was suc-

cessfully employed for the treatment of industrially

contaminated water during the removal of heavy metals

(Fe3+, Ni2+, Cu2+, Pb2+, and Zn2+ ions).

Keywords Graphene oxide · Poly(ethyleneimine)

dendrimer · Electrochemical reduction · O-nitrophenol ·

Electrochemical detection

1 Introduction

Phenol and its derivates are being used for many industrial

applications, and because of this reason, its compounds are

commonly released into soil, water, and environment in

trace amounts. In general, the phenolic compounds are

toxic to humans, animals, and plants [1]. One of the phe-

nolic derivatives, o-NP, a yellow crystalline solid and

steam volatile, is highly toxic and has much more severe

impacts on the growth and metabolic activity of the

organisms even contaminating the soil near the former

explosive [2]. Nitrophenols have been listed as one of the

toxic organic pollutants among the top 114 pollutants by

the US Environmental Protection Agency because of cer-

tain undergoing reason. Therefore, the reduction of o-NP is

of great interest since it is regarded for pollution decline.

In that view, the current methods of NPs detection

include flow injection analysis [3], spectrophotometry [4],

high-performance liquid chromatography (HPLC) [5],

capillary electrophoresis [6], electrochemical sensors [7],

and micro-extraction [8]. The electrochemical behaviour of

NPs is very compatible with a series of schemes having
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successive reactions which involve proton and electron

exchange to produce the corresponding reduced

derivatives.

Graphene is a non-metal with a two-dimensional (2D)

structure containing three electrons in the sp2 orbital pre-

sent in the form in-plane C–C bonds showing the honey

comb-like structure where the fourth electron is found to

scatter all throughout from the top to the bottom as a π
electron resembling C–C bond length of 0.142 nm [9]. The

GO obtained from graphene contains oxygen functional

groups in the form of epoxy located in the basal plane,

hydroxyl, carbonyl, and carboxyl groups situated on the

edges of sheets [10]. GO in its pure form as nanocomposite

shows a number of applications in various different fields

that include electronics, biosensors, fuel cell, catalysis,

semiconductors, and packing due to its exceptional elec-

trochemical performance, electron transfer rate, and

adsorption/desorption of molecules, in addition to execut-

ing some extraordinary physical properties [11–13]. GO

and its composites have been applied extensively in a wide

range for the adsorption of heavy metal ions (namely Au3+,

Pt4+, Cu2+, Cd2+, Zn2+, and Hg2+), enhanced antibacterial

activity, and superior electrical conductivities [14].

Dendrimers are regular, a branched tree from core to

termini, roughly spherical, vast, 3D macromolecules with

well-defined chemical structures, and it gathers attention in

biological fields due to its large number of functional

groups at the edge [15]. For example, polyethyleneimine

(PEI) is among one of the dendritic polymer families

consisting of primary amino end groups, secondary amino

groups present in the main chain, and tertiary amine in the

form of the branch as shown in Fig. 1. PEI molecules show

a globular-type structure with slight conformational free-

dom due to its high degree of branching. PEI is a

hyperbranched polymer, available in both forms such as

linear and branched showing molecular weights ranging

from 200 to 800,000 Da and cationic in nature. The

backbone of PEI is made up of vinyl bonds in the form of

carbon–carbon linkages resulting in the formation of the

non-degradable polymer. Also, due to its active amine

groups, PEI can readily react with other materials having

carboxyl or epoxy groups, and thus, PEI can be an ideal

candidate for the modification of graphene structure.

Electrochemical methods are considered as one of the

faster, durable, and cheapest techniques for the quantitative

detection and quantitative determination of different spe-

cies [16]. The determination of o-NP was done with the

help of several modified electrodes according to the liter-

ature studies. But yet there is no report on the application

of proposed electrode. Hence, here in this context, an

efficient attempt has been made to develop a dendrimer

containing a GO-based electrochemical system for the

measurement of o-NP. For that, we prepared GO–PEI

composite, and its properties were studied along with the

determination of o-NP using a new electrochemical sensor

which is based on the drop-cast method of the dendrimer.

The reaction mechanism of GO–PEI showed a covalent

grafting process of PEI to the graphene sheets as there is a

nucleophilic ring-opening reaction of epoxy groups in GO

with the amino groups in PEI. For the composite, the

smaller size of PEI allows for its deposit within the inter-

layer space of GO, thereby sustaining the parallel

arrangement of GO sheets even after the composite for-

mation, in addition to allowing for the synthesis reaction

without the aid of any coupling agent. Hence, the GO–PEI

composite was prepared by the functionalization of GO

with that of PEI, and the particular material was utilized to

modify the surface of glassy carbon electrode (GCE). The

enhancing effect of GO–PEI electrode has an effect on the

redox chemistry of ferricyanide and ferrocyanide system

which particularly attracted us to apply this electrode sys-

tem for a substrate like o-NP and its quantitative analysis.

The composite found to exhibit an excellent electrochem-

ical activity and well-defined reduction peaks with

increased peak currents towards o-NP. The method seems

to be simple, cost-effective, and sensitive as the experi-

mental results show that PEI significantly affects the

separation of reduction peak potentials of o-NP.

2 Experimental details

2.1 Materials and methods

PEI dendrimer (Mn = 10,000 g/mol) (PEI) was purchased

from SyMO-Chem (Eindhoven, Netherlands). KH2PO4,

K2HPO4, KCl, K3[Fe(CN6)], K4[Fe(CN)6], and o-NP were

obtained from Merck (Johannesburg, South Africa).Fig. 1 Chemical structure of PEI
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Natural graphite (flake type, an average size of 45 μm) was

purchased from Sigma-Aldrich Inc (Johannesburg, South

Africa). The phosphate buffer saline (PBS 10 mM, pH 7.4)

with 0.1 M KCl was used as supporting electrolyte. A

5 mM of K3[Fe(CN6)] and K4[Fe(CN)6] was prepared in

100 mL of the buffer solution, and ratio of K3[Fe(CN6)]

and K4[Fe(CN)6] was 1:1. Mill-Q water with a resistance

greater than 18 MΩ was used all throughout our experi-

ments. All the chemicals are of analytical grade and were

used without any further purification.

2.2 Synthesis of GO

The synthesis of GO from natural graphite was adopted

from the Hummer’s method, but with a slight modification

and described elsewhere [17]. In brief, the powdered flake

graphite (4 g) was mixed with 160 mL of H2SO4 and

NaNO3 (5 g) in an ice bath for 4 h. Now, KMnO4 (24 g)

was slowly added to the mixture and the temperature being

maintained at\20 °C so as to avoid the overheating and

explosion that can occur during the experimental proce-

dures. The temperature of the solution was increased to 35°
C and maintained the same for 2 h, and around 320 mL of

distilled water was added to the mixture. Following a 2-h

period, the solution was further diluted by pouring an

additional 800 mL of water, followed by the slow addition

of 24 mL of H2O2 (30 %, v/v) which was injected into the

solution to enhance the complete reaction with the excess

of KMnO4. After these steps, the black graphite suspension

seems to be converted to a bright yellow graphite oxide

solution, and the resulting mixture was washed thoroughly

with HCl and water. The precipitate of GO formed was

isolated by centrifugation at 3000 rpm/min for around

15 min, washed out, and then re-suspended in water. The

obtained GO was dispersed in water having a certain

concentration and subsequently sonicated for 2 h to facil-

itate the exfoliated of stacked GO sheets into monolayer or

multi-layered GO sheets having the structural similarities

as shown in Fig. 2.

Permanganate is a commonly used oxidant (e.g. dihy-

droxylations), which is an active species and is, in fact,

dimanganese heptoxide (Mn2O7) (Scheme 1). This dark red

oil is formed from the reaction of KMnO4 with H2SO4

gently with each other. The bimetallic heptoxide is said to

be far more reactive than its monometallic tetraoxide

counterpart and is known to detonate when heated to

temperatures greater than 35 °C or when placed in contact

with organic compounds [18]. Trömel and Russ have

demonstrated the ability of Mn2O7 to selectivity oxidize

unsaturated aliphatic double bonds over the aromatic

double bonds, which may have important implications and

susceptibility towards graphene structure and the reaction

pathways occurring during the oxidation [19].

2.3 Synthesis of GO–PEI-modified electrode

The bare GCE was gently polished with 1.0-, 0.3-, and

0.05-μm alpha alumina powder before it was used for the

experiment, rinsed ultrasonically with 1:1 HNO3, ethanol,

and de-ionized water, respectively, and dried at room

temperature. GO (1 mL) was dispersed in 1 mL of PEI

solution with ultra-sonication for better results. The tenta-

tive structure proposed is shown in Scheme 2. Amino-

terminated PEI dendrimer was linked through a covalent

bond to the surface of GO forming a new amide bond

directly grafting PEI at the framework of GO.

About 5 µL of GO–PEI suspension was cast on the

surface of bare GCE and dried in air stream for few hours.

Prior to use, the modified electrode was carefully rinsed

with water to remove the GO–PEI at the electrode which is

loosely attached and dried in an air stream. Each electro-

chemical testing experiment was allocated by a freshly

prepared and coated bare glassy electrode which has been

working to obtain the reproducible results.

2.4 Instrumentation

The electrochemical experiments were performed with an

IVIUM CompactStat electrochemical potentiostat/gal-

vanostat workstation (Ivium Technologies B.V.,

Netherland). All the experiments were carried out with a

three-electrode system with a GCE (Φ = 3 mm) as the

commonly used working electrode, a platinum wire as the

auxiliary electrode, and an Ag/AgCl/3.0 M KCl as the

reference electrode. All the potentials mentioned are

referred to this electrode. The electro-analysis was carried

out chemically in 0.1 mM PBS solution containing o-NP as

reference material. The electrolyte was de-aerated with

high purity of nitrogen for 15 min previously. All mea-

surements and estimations were performed in a 5-mL of

electrochemical cell and all the experiments were carried

out at ambient temperature (25 ± 0.1°C). The GO–PEI wasFig. 2 Chemical structure of GO
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electrochemically characterized using cyclic voltammetry

(CV) and square wave voltammetry (SWV) in PBS and [Fe

(CN)6]
3-/4- electrolytes. Different concentrations (5–

155 μM) of o-NP were then prepared, and their SWV were

used to plot the calibration curve and to calculate the

detection limit.

UV–Vis spectra were obtained using GBC UV/Vis 920

spectrophotometer (GBC Scientific Instruments, Australia),

and the sample solutions were prepared by dissolving the

materials in distilled water. Raman spectra were measured

by PerkinElmer Raman Micro 200 spectrophotometer with

a 514-nm laser and 1009 objective lenses mounted on an

Olympus optical microscope. The laser spot size was taken

as 1 μm, and the power on the sample was maintained

below 10 mW so as to avoid laser-induced heating, and the

spectra were measured in the range of 500–3500 cm−1. All

samples were deposited on the glass slides without the use

of any solvent. The changes in the functional groups were

examined by using an ATR-FTIR spectrophotometer

(PerkinElmer, spectrum 100 spectrophotometer) with an

accumulation of 16 scans and a resolution of 4 cm−1 in the

range of 4000–550 cm−1. The scanning electron micro-

scopy (SEM) images for the powdered samples were taken

on FEI QUANTA 250 ESEM with an Integrated OXFORD

Scheme 1 Formation of dimanganese heptoxide (Mn2O7) from KMnO4 in the presence of strong acid

Scheme 2 Synthesis

scheme for the preparation of

GO–PEI dendrimer
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SIGHT EDS System at 15.00 kV. The transmission elec-

tron microscopy (TEM) images were collected on Philips

CM10 electron microscope at an accelerating voltage of

100 kV, and the sample was prepared by using distilled

water as the dispersing medium and drop-casted onto a

carbon-coated copper grid. FAAS measurements were

taken with a Model GBC-932-Plus flame atomic absorption

spectrometer (GBC Scientific, Australia).

3 Results and discussion

3.1 Physical characterization of GO–PEI composite

UV–Vis absorption spectroscopy confirms about the for-

mation of GO–PEI. The electronic absorption spectra of

GO, PEI and GO–PEI were recorded in the range of 450–

200 nm with a 1-cm quartz cell path and are shown in

Fig. 3a. From the figure, the peaks were observed in the

middle ultraviolet region of 350–200 nm. A 3-mL volume

of each sample was analysed separately at room tempera-

ture with their wavelengths having a maximum absorption

at 230 and 295 nm for GO, 292 nm for PEI and 263 and

350 nm for GO–PEI, respectively. Figure 3a shows that GO

maintains carboxyl and hydroxyl functional groups on the

edges of their basal planes. Thus, GO shows the π–π*
transitions of an aromatic C=C bonds at 230 nm [20],

whereas the shoulder n–π* transitions of carboxylic acid

group’s C=O bonds at 295 nm [21]. With respect to it, there

is not even an absorption peak corresponding to the GO in

the UV–Vis spectra. It is well known that, as reduction

proceeds, the size of electronically conjugated domains

increases and the absorption peak position gradually

changes to red-shift, which can thus be considered to a first

approximation, as an indication of the reduction degree

attainment [22]. Among the entire peak formed, the

absorption spectrum of GO–PEI is of high significance, i.e.

the absorption peaks found to appear at 263 and 350 nm

due to the restoration of π electron conjugation within the

graphene sheets [23]. This shift in peak position provides

evidence for the reduction of surface functional groups on

the GO sheets which has been recorded. The PEI shows

that the curve is in continuous decreasing pattern, and there

is no peak formed around 300–350 nm in Fig. 3b, which

suggests the reduction of GO and the recovery of conjugate

structures. Further, the absorption spectra were analysed by

fitting to the Gaussian function [24, 25], and the results of

the Gaussian analysis for all systems under study are shown

in Table 1.

All the samples were analysed by Raman spectroscopy

because of the unusual band broadening and the shifts of

Raman bands with decreasing particle size. However, there

is no general agreement and strategy about the origin of

broadening and shifts of Raman bands. By the Heisenberg

uncertainty principle, the relationship between particle size

and phonon position can be expressed as follows:

DX :DP� �h2

4
ð1Þ

where DX is the particle size, DP is the phonon momentum

distribution, and �h is the reduced Planck’s constant,

respectively. As the particle size decreases, the phonon is

increasingly confirmed within the particle, and the phonon

momentum distribution also increases. This broadening of

phonon momentum finally leads to the broadening of

scattered phonon momentum as stated in the law of con-

servation of momentum. This phonon dispersion causes, in

general, the asymmetric broadening and may lead to a shift

in the Raman bands [26]. The Raman spectroscopy is a

powerful tool to measure the phonons in the Brillouin zone

centre, which possess strong selection rules and is known

to be a powerful technique for the investigation of even

subtle structural distortions and ferroelectric polarizations.

Fig. 3 a Comparison of the UV–Vis absorption spectroscopic images

of a GO b PEI, and c GO–PEI. b Absorption spectrum of PEI around

300–350 nm
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More details of the structural evolution with GO–PEI can

be expressed through Raman spectra. The measured Raman

scattering spectra of GO, PEI, and GO–PEI samples at

room temperature are shown in Fig. 4. It is well known that

GO yields four Raman-active modes with distorted

hexagonal structure and is summarized using the irre-

ducible representation [27].

CRAMAN ¼ A2u þ B2g þ E1u þ E2g

where A2u and E1u representations are the translations of the

plane; the B2g mode is an optical phonon where the carbon

atoms move perpendicular to the graphene planes. E2g is the

doubly degenerate in-plane optical vibration. It was found

that only the E2g representation is Raman active. The Raman

spectroscopy of GO is characterized by two main features:

the G-peak, which arises from the first-order scattering of the

E2g phonon from sp2 carbon atoms from the aromatic

structure which is observed at 1575 cm−1, and the D-peak at

1355 cm−1 that arises from breathing mode of κ-point pho-
tons of A1g symmetry from sp3 carbon atoms of the defect

structure [28]. In our system of experimentation, the Raman

spectrum of GO shows the characteristic G band at

1583 cm−1 and D band at 1366 cm−1, respectively. The for-

mer one is due to the vibration of sp2 bonded carbon atoms in

a 2D hexagonal lattice [29], and the latter is caused by the

vibrations of carbon atoms with dangling bonds in the plane

of terminations of disordered graphite [30]. The second-

order Raman feature, namely the 2D band at 2700 cm−1, is

very sensitive as well as effective to the stacking order of

graphene sheets along the c-axis and also to the number of

layers [31]. It reveals that the prepared GO was pure to large

extend. PEI shows a band at 1383 cm−1 corresponding to the

C-H deformation, and the band in the region of 1533 cm−1 is

due to the N–H stretching. GO–PEI shows that the G bands

are shifted to 1575 cm−1, suggesting the reduction of GO by

PEI [32]. The D band showed slight deflection at 1390 cm−1,

which is correlated with structural defects. The intensity

ratio ID=IGð Þ of the D band IDð Þ and the G band IGð Þ signifies
the amount of defect and disorder structure. The intensity

ratio increases from 0.86 for GO to 0.88 for GO–PEI,

showing the reduction of oxygen functional groups and the

conversion of sp3 carbon of GO to sp2 carbon in GO. The

increased intensity of the D band of GO–PEI planar sheets

indicates the presence of sp3 defects within the sp2 carbon
network of graphene [33], resulting in the nucleophilic

addition of –NH2 functionalites of PEI to the epoxy func-

tionality of GO and the covalent bond formed during the

reduction process [34]. Thus, the analysis of FTIR and

Raman confirms for the successful synthesis of GO–PEI

composite.

The presence of functional groups in the samples was

confirmed by the FTIR spectra in Fig. 5. GO is specifically

a graphene sheet with carboxylic groups at its edges and

phenol hydroxyl along with epoxide groups on its basal

plane [35]. For GO (Fig. 5a), the peak appeared at

3025 cm−1 can be attributed to the O–H stretching vibra-

tions of adsorbed water molecules and structural O–H

groups, and the peak appeared at 1595 cm−1 can be

attributed to O–H bending vibrations which are highly

Table 1 Gaussian curve analysis for the bands in spectrum of all samples at 25°C

System Area of the curve (A) Width of the curve (w) Centre of the curve xcð Þ y0 R2

GO 71.756 ± 1.489 32.750 ± 0.721 234.625 ± 0.335 0.119 ± 0.009 0.867

PEI 25.429 ± 0.309 26.715 ± 0.344 290.683 ± 0.164 0.057 ± 0.002 0.949

GO–PEI 82.295 ± 0.823 61.971 ± 0.50 264.420 ± 0.209 0.123 ± 0.004 0.953

Fig. 4 Comparison of the Raman spectra of a GO b PEI, and c GO–
PEI
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confined to each other. The presence of carboxyl and epoxy

functional groups can also be detected at around 1736 and

1280 cm−1, 1059 cm−1, respectively [36]. The above evi-

dence indicates that during the oxidation process of the

graphite powder with KMnO4 in the presence of concen-

trated H2SO4, the original extended conjugated π-orbital
system of the graphite was destroyed and the oxygen-

containing functional groups were inserted into the carbon

skeleton which is of great significance. The peak at

1600 cm−1 is arising from C=C skeletal vibrations from

unoxidized graphitic domains [37]. It was also observed

that the C–O stretching mixed with phenolic hydroxyl

group C–OH bending at 1050 cm−1 and O–H–O out of

plane wagging at 800 cm−1 [38]. The FTIR spectrum of

PEI (Fig. 5b) illustrates the peaks corresponding to amine

N–H stretching at 3293 cm−1, and the amine N–H is

bending at 1534 cm−1, methylene stretching at 2980 cm−1,

and methylene bending at 1435 cm−1. One characteristic

band for CH2 had appeared around 1455 cm−1 for the

bending vibrations, and similarly, the band corresponding

to stretching mode of C-N bond appeared at 1105 cm−1. On

the other hand, the FTIR spectrum of GO–PEI (Fig. 5c)

exhibits significant alterations as compared to those of

individual structures. For instance, it was found to be

carboxyl group at 1738 and 1251 cm−1, epoxy group at

1073 cm−1, CH2 at 1462 cm−1, and C–N at 1152 cm−1. The

major difference between this spectrum and the others is

the specific appearance of a new group frequency at 3466

and 1634 cm−1 which is related to the amide N–H group

significantly [39, 40]. This result provides a supporting

evidence for the successful covalent reaction that has taken

place between GO and PEI. Such a peak does not appear in

the spectra of simple GO or PEI.

Figure 6 shows the SEM image of GO–PEI. It reveals

that it is a porous structure with a large number of

adsorption sites. It is also observed that the surface of GO

sheets is smooth and tightly packed owing to the interac-

tion of oxygen-containing functional groups [41].

Figure 7 shows TEM image of GO–PEI formed by the

surrounding of PEI chain with the GO, through electro-

static interaction, the covalent bond between the PEI chain

and GO. Such formation of GO–PEI is mainly due to low

grafting density of PEI chain and weak bond linkage

between PEI and GO. The colour of the particular com-

posite darkens in TEM images states the attachment of

more PEI chain on GO where the size of particle ranges in

the region around is 200 nm (scale).

3.2 Optimization of experimental parameters
for the determination of GO–PEI

3.2.1 Effect of GO–PEI concentration

Table 2 shows the influence along with the enhancement of

concentration of GO–PEI suspension on the reduction peak

Fig. 5 Comparison of the FTIR spectra of a GO b PEI c GO–PEI

Fig. 6 SEM image of GO–PEI

Graphene Technol (2016) 1:1–15 7
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current. From the table, a gradual improvement in the

content of GO–PEI suspension seems to enhance the peak

current of GO–PEI. While with an increase in the content

of GO–PEI suspension from 0.25 to 1 mL, the effective

surface area and the accumulation efficiency is also

improved accordingly. Consequently, as a result, the sur-

face concentration of GO–PEI increases, and then, the

reduction peak current also enhances. With further increase

in the content from 1 to 1.75 mL, the reduction peak cur-

rent of GO–PEI decreased slightly, suggesting that if the

modified GO/PEI is too thick, it is not beneficial for the

sensing. The GO–PEI was prepared by mixing GO with

that of PEI in different proportions as listed in Table 2. In

this process of experimentation, the sample number 4 (S-4)

was selected for detailed studies by its different properties

such as high reduction peak current, reproducible beha-

viour, and mechanical stability as compared to the other

samples.

3.2.2 Effect of scan rate

Following the physical characterization, the surface layer

was evaluated and found that the surface obtained after the

modification on bare GCE is more suitable for different

applications. Further, the composite was analysed to see

whether it supports genuinely for the binding of electrode

surface diffusion controlled or not. Some useful informa-

tion related to electrochemical mechanism usually can be

acquired from the relationship between the peak current

and scan rate. The CV technique can be employed for

testing the barrier kinetics of the catalytic interface with the

electro-active species [Fe(CN)6]
3-/4- (FCN). Also, the

kinetic hindrance to the electron transfer process increases

in general with an increase in material thickness and tends

to decrease with the defect density of the barrier. The CV

studies for the GO–PEI composite in 5 mM [Fe(CN)6]
3-/4-

buffer solution as a function of the effect of scan rate and

peak current are shown in Fig. 8a, b. From the figure, the

Fig. 7 TEM image of GO–PEI

Table 2 Various combination ratios of the samples prepared

Samples Mixing volume ratio Current peak

GO (mL) PEI (mL) (μA)

S-1 0.25 1.75 −102.12

S-2 0.50 1.50 −102.46

S-3 0.75 1.25 −102.58

S-4 1.00 1.00 −103.93

S-5 1.25 0.75 −103.57

S-6 1.50 0.50 −102.98

S-7 1.75 0.25 −102.67

Fig. 8 a Comparison of the CVs of GO–PEI at different scan rates

with 5 mM Fe CNð Þ6
� �3�=4�

at pH 5. b Relationship between the Ipa
and Ipc values and the square root of scan rate

8 Graphene Technol (2016) 1:1–15
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peak current seems to be increased gradually with an

increase in scan rate because of the influence of voltage on

the current for every reversible electron transfer regarding

the diffusion layer thickness. When the study was done at a

high scan rate, the anodic potential shifted more gently

towards the positive potential, whereas the cathodic peak

potential is in reverse direction. The anodic and cathodic

peak currents are found to increase in straight form with an

increase in scan rates, representing the limits of diffusion

control. Hence, it is inferred that the peak currents are

proportional to the square root of the scan rate. When the

scan rate is inserted in the range of 10–150 mVs−1, the

expression derived is as follows: Ipc (µA) = 2.7045 ν
(mVs−1) + 1.0717 (R2 = 0.9980) and Ipa (µA) = −3.4036 ν
(mVs−1) + 0.3626 (R2 = 0.9991). The ratio of anodic peak

current to the cathodic peak current is almost equal to

unity. It was shown that the oxidation and reduction on

GO–PEI is a diffusion-controlled process. Consequently, it

can be used for pre-concentration micro-quantity onto the

surface of GO–PEI synthetically for quantitative analysis.

The scan rate was chosen as 50 mVs−1 in order to increase

and decrease the background currents and also for obtain-

ing the high sensitivity for further experiments to be carried

on.

3.2.3 Electrochemical characterization of GO–PEI

CV experiments were performed using 5 mM [Fe(CN)6]
3-/

4- buffer solution containing 0.1 M KCl at 50 mVs−1 scan

rate. Figure 9 represents the representative CVs of (a) bare

GCE, and (b) GO–PEI. From the figure, a pair of well-

defined redox peaks are observed at the GCE with the

cathodic peak potential Epc at 0.274 V, the anodic peak

potential Epa at 0.148 V, respectively, and peak-to-peak

separation ΔΕp of 0.126 V, indicating that the electrode

process of [Fe(CN)6]
3-/4- is reversible. The GO–PEI shows

a good replica as compared to bare GCE with the cathodic

peak potential of 0.282 V and anodic peak of 0.194 V and

peak-to-peak separation (ΔΕp) of 0.088 V resembling less

sensitivity. The higher redox peak currents are obtained at

the GO–PEI, possessing that the electrochemical active site

of GCE is increased with the modification in GO–PEI

surface, resulting from the excellent conductivity ability

and large surface area of GO–PEI. As soon as the electrode

is coated with GO–PEI, the redox peak current decreases,

which reveals that there is a negatively charged carboxyl

group on the GO surface [42]. The peak separation is

reversible electron transfer reaction, indicating that the

process is quasi-reversible between Fe CNð Þ4�6 =Fe CNð Þ3�6
couple and the electrodes. It is clear from the above facts

that GO has been successfully assembled on the electrode

surface and provided a specific conduction pathway for

promoting the electron transfer between the analyte (ferri

cyanide) and the electrode surface. The passivation of the

electrode surface is illustrated by a decrease in the peak

height and the higher-conductivity PEI acts as an electron

transfer channel, later on playing a significant role in

improving the conductivity of GO. The GO–PEI improves

the reversibility of the electrode reaction process and the

electrochemical enhancement of both anodic and cathodic

peak current. The GO–PEI is modified on the GC electrode

surface excavated due to an increase in the current.

3.3 Cyclic voltammetry of o-NP

3.3.1 Electrochemical characterization of the presence
and absence of o-NP at GO–PEI

The o-NP can be easily identified by the electrochemical

methods, and in most of the electrolytes, the optimum pH

for the electro-reduction of NP lies in the range of 4–7 [43].

Figure 10 shows the CV of GO–PEI in the absence and

presence of 5 mM o-NP at 50 mVs−1. From the figure, no

redox peaks are observed at GO–PEI in the absence of

5 mM o-NP because of the electro-inactive behaviour in

the selected potential region. In the presence of GO–PEI,

the CV for 5 mM o-NP on the anodic peak at 0.35 V and

cathodic peak potential at 0.15 V and peak-to-peak sepa-

ration ΔΕp of 0.2 V were observed, meaning that the GO–

PEI exhibited excellent improvement in current signals

towards o-NP. The enhancement of peak current at the

GO–PEI was mainly due to the complexation reaction

formed in the experimentation process. The reduction peak

current increases to a higher level as compared to the

oxidation peak current, and also the reduction peak

potential was found to be a positive shift. The catalytic

Fig. 9 Comparison of the CV of a bare GCE, and b GO–PEI in with

5 mM Fe CNð Þ6
� �3�=4�

(1:1) solution containing 0.1 M KCl. The scan

rate of CV is 50 mVs−1 at pH 5
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effects noticed at the GO–PEI show the following syner-

getic effect mainly due to the presence of o-NP. They are

as mentioned: (a) free radicals in GO were observed,

(b) GO was found to have superior conductivity and

includes large surface area, and (c) π-π stacking between

GO and o-NP was found due to an aromatic structure of o-
NP. The reduction peak potential is found higher than at

single-wall carbon nanotube-coated electrode (0.72 V, vs.
SCE) [44], multi-wall carbon nanotubes Nafion-modified

electrode (−1.0 V, vs. SCE) [45], and lithium tetracya-

noethylenide-modified electrode (0.70 V, vs. Ag/AgCl)

[46] in aiding the conditions in an adequate manner. Thus,

the GO–PEI formed investigated to be highly sensitive for

the detection of o-NP. Therefore, a substantial decrease in

the reduction over potential has been achieved to a large

extent in the present study with GO–PEI, and the reduction

peak current can be chosen as an analytical signal to detect

the o-NP.

3.3.2 Electrochemical reduction process of o-NP
at GO–PEI

Figure 10 shows the two peaks obtained from the CV of

o-NP, and the corresponding reaction mechanism is shown

in Scheme 3. In the reaction, o-NP gets electrochemically

reduced to aminophenol standing by an ECE mechanism.

The cathodic peak found at 0.35 V is mainly due to the

irreversible oxidation of hydroxyl group [47], whereas the

redox couple at +0.15 V is because of the reversible two-

electron oxidation–reduction of the o-hydroxylamine group

(–NHOH) to a nitroso group (–NO). The reduction of nitro

group of o-NP occurs through an intermediate product

hydroxyl aminophenol and an irreversible 4e−/4H+ elec-

trochemical reduction reaction. When the water molecule

is removed from the intermediate product, it converts into

benzoquinoneimine, which further gets reduced to

aminophenol by an equilibrium process [48].

3.3.3 Effect of the pH of o-NP at GO–PEI

In general, the electrochemical system randomly gets

influenced by the changes in pH values, as there is an

active involvement of the protons in an overall electrode

reaction. In that way, there is a possibility for GO–PEI to

show a significant change in the CV response close to the

solution pH. Figure 11 shows the changes in the peak

current/potential for the GO–PEI in the range of 3.5–7.

From the figure, it appears that there is an increase in the

peak current/potential during the pH range of 3.5–5, and

the maximum current is seen for the pH of 5. However,

with further increase in pH, the peak current observed to be

decreased. This phenomenon can be attributed to two

conditions: (1) the presence of proton is critical during the

redox behaviour of o-NP and (2) the decrease in o-NP
response at high pH is mainly due to the decrease in proton

concentration. Hence, pH 5 was considered as the best one,

Fig. 10 Comparison of the CVs of GO–PEI a in the absence and b in

the presence of 5 mM o-NP in 0.1 mol L−1 PBS solution. The scan

rate of CV is 50 mVs−1 at pH 5

Scheme 3 Schematic of the possible reduction mechanism of o-NP into aminophenol at GO–PEI

Fig. 11 Cathodic peak potential as a function of 5 mM o-NP in

0.1 mol L−1 PBS solution. Scan rate of CV is 50 mVs−1
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and it was selected as the optimum pH for the analytical

experiments. It was later on found that with a further

increase in solution pH, the protonation, an essential step

for the reduction of o-NP, also tends to decrease. The

relationship between the reduction peak potential and pH is

shown in Fig. 11. With an increase in solution pH from 3.5

to 7.0, the Εpc shifted to a negative value and the linear

equation is shown below.

Epc Vð Þ ¼ �0:0033pHþ 0:1666; ðR2 ¼ 0:9987Þ:
According to Eq. (2) [49]:

dEp

dpH
¼ �2:303

mRT

nF
ð2Þ

where m and n correspond to the number of protons and

electrons transferred. The value of m/n was calculated as

1.02 approximately equal to 1.0, referring that the number

of protons transferred was same as a number of the elec-

trons. The results revealed that the o-NP is getting reduced

to hydroxyl aminophenol with a transfer of two electrons

and two protons, and this result was also consistent with the

above analysis.

3.3.4 Effect of scan rate of o-NP at GO–PEI

The effect of scan rate of o-NP at GO–PEI observed during

the investigation is shown in Fig. 12a–b. From the figure, it

appears that both the oxidation and reduction peaks are

enhanced with an increase in scan rate, while the peak

potential remained almost unchanged which was noticed

during the experimental process. The peak currents are

found to increase with an increase in scan rate which is

attributed to fit for the electrodes. Later, it was noticed that

the peak potential was found to be altered a little with an

increase in scan rate. All such factors indicate that at higher

scan rates, the redox reaction is found to be quasi-re-

versible. The reduction and oxidation peak currents of o-
NP show that they are linearly proportional to the square

root of scan rate in the range of 10–150 mVs−1. The linear

regression equation was as follows: Ipa(µA) = −4.8993 ν
(mVs−1)–3.8932 (R2 = 0.9972) and Ipc(µA) = 4.0578 ν
(mVs−1) + 5.5874 (R2 = 0.9987). The ratio of anodic peak

current to cathodic peak current is approximately equal to

unity, which resembles that the electrode process of o-NP
at GO–PEI was controlled by diffusion.

3.3.5 Detection limit of different concentrations of o-NP
at GO–PEI

SWV of GO–PEI recorded with 5 mM Fe CNð Þ6
� �3�=4�

solution containing o-NP at concentrations in the range of

5–155 μM is shown in Fig. 13a–b. Figure 13a shows that

there is an increase in the current with an increase in the

concentration of o-NP. We observed only a single reduc-

tion peak at high or low concentration of o-NP. The plot of
current versus different concentrations in the range of 5–

155 μM is shown in Fig. 13b, a linear increase in current

with respect to an increase in the concentration of o-NP can

be seen. These results indicate that the GO–PEI is an

appropriate electrode material for studying the electro-

chemical reduction behaviour of o-NP. The calibration plot

as designated shows a linear relationship with a correlation

coefficient which obeys the equation apparently.

Ipa lAð Þ ¼ 0:0159C lMð Þ � 15:1447; ðR2 ¼ 0:9963Þ
The detection limit was calculated using the formula given

in Eq. (3):

D:L ¼ 3:3� r
slope

ð3Þ

where σ is the standard deviation of blank which was taken

three times so as to eliminate the error. The detection limitwas

Fig. 12 a CV of o-NP at GO–PEI at different scan rates with a

concentration of 5 Mm at pH 5. b The relationship between current

peak and square root of scan rate
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found to be 0.1 μM, under the optimized conditions, and the

concentration produced a signal-to-noise (S/N) ration of 3.

Different types of modified electrodes have been

reported in the past for simultaneous determination of o-

NP. The performances of modified electrodes and the

electrode prepared in our study are listed in Table 3.

Among the various electrodes, the GO–PEI showed the

lowest detection limit for o-NP as 0.1 μM. The result of the

study therefore indicates that the GO–PEI-modified elec-

trode can be suitable for the detection of o-NP using an

electrochemical technique.

3.3.6 Repeatability and stability of o-NP at GO–PEI

The experiment from fresh bare GCE was repeated thrice,

and from the observation of closer results, it can be con-

ferred that the electrode showed a good reproducibility. For

the diluted concentration of 155 μM, the peak current was

noticed to be −12.71 μA ± 1.52 9 10−8 with a relative

standard deviation of 0.12 %, suggesting the accept-

able reproducibility and precision capability. The

limitation was taken as ten for the number of measurements

carried out with the same electrode so as to avoid the loss

of initial signal occurred due to the desorption of o-NP. As
such, the electrode’s surface was cleaned. A new electrode

was prepared after ten measurements.

The GO–PEI electrode was stored for about three

months in a refrigerator at 4°C. Meanwhile, some new

electrodes were prepared by employing the same pro-

cedure. Figure 14 shows the results of the measurement

of the current response of the same electrode carried out

after 15-day intervals examination of the stability of

GO–PEI sensor for an extended period. The results show

that the current response to o-NP decreases to 99.97 %

even after 15 days, but the original current response

continued as 96.72 % after 60 days, and the current

response to o-NP decreases to 99.97 % even after

15 days. It also shows that electrode absorbed 95 % of

its original response after 90 days as well. Thus, the

difference in the peak currents such as the analytical

response of o-NP reduction from each new electrode

prepared was less than 5 %, reflecting the good stability

of GO–PEI/GCE sensor.

Fig. 13 a SVW of GO–PEI electrode recorded with a sweep rate of

50 mVs−1 in 5 mM Fe CNð Þ6
� �3�=4�

at pH 5 using a 5 μM, b 25 μM,

c 45 μM, d 65 μM, e 95 μM, f 115 μM, g 135 μM, and h 155 μM of o-
NP. b The relationship between peak current and different concen-

trations of o-NP

Table 3 Comparison of the

analytical performance of

different chemically modified

electrodes for the determination

of o-NP with GO–PEI-modified

electrode

Modified electrode Method Linear range (μM) Detection limit(μM) References

Nano-Aua/GCE SDV 50–1000 8 [50]

CD-RGOb/GCE DPV 7.0–64 0.14 [51]

CNTsc/GCE LSV 2.0–400 0.5 [52]

GR-CSd/GCE LSV 1–240 0.2 [53]

GO–PEI/GCE SWV 5–155 0.10 This work

a Nano-Au, nanogold
b CD-RGO, β-CD functionalized reduced graphene oxide
c CNTs, carbon natotubes
d GR-CS, graphene–chitosan composite
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3.4 Analysis of environmental samples using
columns of GO–PEI by FAAS

Various samples were collected from different industrial

areas of Aligarh City, India, and were filtered through

millipore cellulose membrane filter (0.45-µm pore size),

acidified with concentrated HNO3, and finally subjected to

the recommended procedure (column operation) mentioned

below for pre-concentration. In the pre-concentration pro-

cedure, a sample pH of around 500–1000 mL was adjusted

to approximately 6.0 with acid and passed through the

material at a minimum rate of 5 mL min−1. The adsorbed

metal ions were then eluted with 5 mL of 2 M nitric acid in

acetone at a flow rate of 1 mL min−1. After that, by making

use of the FAAS, the total amount of metal ion contents in

the eluent was determined.

The practical utility of the material was demonstrated by

the analysis of metal ions from environmental samples as

given in Table 4. The validity of the method was checked

by performing five replicate analyses of the samples.

Therefore, the method seems to be precise and accurate

which is evidential according to the standard deviation

data.

4 Conclusion

In conclusion, we report a low-cost, sensitive, and accurate

probe for the electrochemical detection of volatile organic

pollutants in the environmental samples. For that, we pre-

pared the GO–PEI composite and studied its

electrochemical behaviour towards the detection of o-NP
by comparing its efficiency against bare GCE. The pre-

pared composite was thoroughly investigated by the use of

Fig. 14 Peak currents of GO–PEI measured every 15 days in 5 mM

o-NP at pH 5

Table 4 Analysis of Fe3+, Ni2+, Cu2+, Pb2+, and Zn2+ ions by the use of GO–PEI composite material

Samples Method Amount of Fe3+

found* (ppb) (%

RSD)a

Amount of Ni2+

found* (ppb) (%

RSD)a

Amount of Cu2+

found* (ppb) (%RSD)a
Amount of Pb2

+found* (ppb) (%

RSD)a)a

Amount of Zn2+

found* (ppb) (%RSD)a

1 Directb 84.1 (3.6) 1324 (4.1) 6.2 (2.2) 11.5 (0.11) 569 (2.0)

SAc 84.9 (4.4) 1325 (2.5) 7.0 (2.5) 12.8 (2.5) 570 (3.2)

2 Directb 687 (1.6) 2812 (2.3) 0.3 (3.1) 14.8 (0.14) 577 (1.82)

SAc 688 (0.29) 2813 (1.0) 0.6 (2.8) 15.0 (3.4) 5779 (1.3)

3 Directb 32.5 (1.9) 3887 (1.8) 6.8 (1.2) 0.7 (0.7) 339 (1.4)

SAc 33.0 (3.2) 3888 (1.6) 7.0 (0.21) 0.9 (2.3) 340 (4.7)

4 Directb 357.8 (2.2) 13174 (3.2) 0.30 (1.8) 6.9 (0.69) 2157 (1.5)

SAc 359 (4.5) 13176 (3.4) 0.35 (3.3) 7.1 (1.5) 2158 (0.8)

5 Directb 245 (2.7) 3288 (2.2) 4 (3.4) 19 (1.8) 818 (1.6)

SAc 246 (1.2) 3289 (2.9) 6 (2.9) 26 (2.6) 820 (0.35)

Experimental conditions: 100 mL solution, sorption flow rate 2.0 mL min−1, 0.5 g material

1 (Aligarh Sasni Area, Aligarh)

2 (Abdul Kareem Area, Aligarh)

3 (C.P. Road, Aligarh)

4 (City Lock and Key Industry, Aligarh)

5 (Talanagri, Aligarh)
a Relative standard deviation

Directb Recommended procedure applied without spiking

SAc Recommended procedure after spiking (standard addition method)

* Average of three replicates determinations (% RSD)
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instrumental analysis that includes UV–Vis, FTIR, Raman,

SEM, and TEM. It was evident from an analysis of results

that graphene sheets act as a connector for accumulating

the active amino groups of PEI providing a sustainable

environment for carrying additional functionalization. On

testing, the GO–PEI-modified electrode exhibited an

enhanced activity towards the volatile o-NP using a

reduction mechanism of GO by PEI where the epoxy group

is diminished by amine groups through the nucleophilic

ring-opening reaction, and it was later carried out by an

elimination reaction. A broad application of GO–PEI for

the sensitive detection of o-NP and also for the removal of

metal ions in the environmental samples showed its

potency to a larger extent. At GO–PEI, the o-NP can be

identified and separated, and with the CV instrument, the

reduction peaks for the o-NP are observed at 0.35 V, and

this sensitive electrochemical response is investigated to be

due to the bonding of PEI onto the GO. By making use of

the GO–PEI-modified electrode, a low detection limit of

0.1 μM for o-NP was obtained, thereby confirming its

applicability for the analysis of real-time industrial sam-

ples. In addition, the material also investigated to be active

for the removal of essential metal ions (Fe3+, Ni2+, Cu2+,

Pb2+, and Zn2+ ions) from industrial effluents. Thus, as the

composite possesses, physico-chemical properties can be

used for the development of novel technologies to play a

significant role in the monitoring and management of

pollutants from entering into the environment.
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