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We report for the first time, magnesium oxide (MgO) 3D-flowers, synthesized by a simple reflux method.

The synthesized MgO 3D-flowers were characterized by powder X-ray diffraction (PXRD), ultra-violet

visible (UV-vis) spectroscopy, scanning electron microscopy (SEM) and energy-dispersive X-ray (EDX)

mapping to confirm their purity, morphology and elemental composition. The synthesized MgO

3D-flowers had a very high specific surface area of 218 m2 g�1 as confirmed by the N2 adsorption–

desorption isotherm. These MgO 3D-flowers were employed as an electrode modifier for the

construction of an electrochemical sensor to detect 4-chlorophenol (4-CP). The active surface area of

the glassy carbon electrode (GCE) was modified with MgO 3D-flowers with the assistance of 0.1% Nafion

(MgO 3D-flowers/GCE) and the MgO 3D-flowers/GCE sensor shows an excellent electrocatalytic

behavior towards 4-CP. The constructed MgO 3D-flowers/GCE sensor exhibits the limits of detection

(LOD) of 45 nM, 68 nM, and 52 nM, and sensitivities of 2.84 mA mM�1 cm�2, 5.94 mA mM�1 cm�2, and

10.67 mA mM�1 cm�2 in cyclic voltammetry (CV), differential pulse voltammetry (DPV) and square wave

voltammetry (SWV) techniques, respectively. The modified MgO 3D-flowers/GCE sensor displays

excellent performance in terms of sensitivity, selectivity, repeatability and reproducibility. The excellent

electrocatalytic activity of the proposed MgO 3D-flowers/GCE sensor was attributed to the high specific

surface area, surface electron transfer ability and the presence of the edges/corner defects of MgO 3D-

flowers.

1. Introduction

Recently, inorganic self-assembled nanostructured materials

have attracted researchers' attention.1 The physiochemical

properties of nanomaterials could be controlled by their

morphologies and architecture.2–4 Specically, three dimen-

sional (3D) nanostructures have gained much attention because

of their application in various elds such as water treatment,

pigments, sensors, cosmetics, energy and catalysis. Various

methods such as solvothermal, template-assisted growth and

hydrothermal have been developed to synthesize 3D-

nanostructured materials.1

In particular, magnesium oxide (MgO) is a wide band gap

semiconductor which has been employed in various applica-

tions such as photoluminescence, adsorption,5 eld emission,

templates, catalysis,6–8 photo-catalysis, electrochemical sensors,

waste water treatment, electronics and photovoltaic applica-

tions.1,5–8 Since, the properties of MgO nanostructures strongly

depend on the synthetic method, various efforts have been

made to synthesize MgO by employing different methods such

as solvothermal, electrochemical, precipitation, chemical

vapour deposition, carbothermic reduction, electro-spinning,

template, sol–gel, pyrolysis, epitaxial growth and microwave

and sonochemical.9 The commonly obtained morphologies of

MgO include nanosheets/nanoplates/nanoakes, nanorods,

lamella-like, tubular tetrapods, columnar structures, rectan-

gular parallelepipeds, spheres, rectangular sheets, bers/

whiskers, cubes, ower-like and nanobelts.10–20 Every method

or technique has its own advantages/disadvantages, but it still

remains a challenge to develop new architectures or a simple

protocol to synthesize MgO with improved properties such as

a high surface area. We have synthesized MgO by using the

reux method, and the obtained results showed the ower-like

structure of MgO with an improved surface area which is more

desirable for catalytic reactions.

Phenolic compounds containing one or more aromatic

rings, especially 4-chloro-phenol (4-CP), are widely used in

various industrial applications (insecticides, herbicides, fungi-

cides, dyes and disinfectants).21 4-CP has been considered
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a highly toxic pollutant which has hazardous effects on the

environment as well as human beings.21 Due to the potent

toxicity of 4-CP, rapid and sensitive detection of 4-CP is of great

importance to save human health and the environment. Various

techniques have been employed for the determination of 4-CP;

among them gas chromatography (GC) and high performance

liquid chromatography (HPLC) are widely used methods but

they suffer from bulky instruments and cumbersome sample

preparation.22,23 Therefore, in the search of an alternative

method for the sensing of pollutants, the electrochemical

method has been considered the most effective and promising

technique due to its low cost and ability to detect the analyte

with high sensitivity and selectivity along with fast response.24

In the last few years, various nanomaterials (ZnO, NiO, CO3O4,

SnO2, MnO2, CuO, TiO2, SrTiO3 etc.)25–30 with different struc-

tures have been investigated to fabricate an electrochemical

sensor.

Recently, our research group investigated different electro-

catalysts (MnO2, TiO2 and rGO/SrTiO3) for the construction of

electrochemical sensors.28–30 In continuation, we have now

studied the electrochemical behavior of MgO 3D-owers and

constructed an electrochemical sensor to detect 4-CP.

2. Materials and methods
2.1. Chemicals and reagents

Sodium carbonate (Na2CO3), magnesium chloride hexahydrate

(MgCl2$6H2O) and phosphate buffered saline solutions were

purchased from Molychem, India. Naon was purchased from

Sigma Aldrich and was used as received. All the other chemicals

were purchased from Merck and Alfa Aesar which were used as

received.

2.2. Instrumental

The powder X-ray diffraction patterns (PXRD) were recorded on

a RINT 2500 V X-ray diffractometer (Rigaku, Japan) with Cu Ka

radiation (l ¼ 1.5406 Å). The morphology and elemental

constituents of the samples were characterized by using a Supra

55 Zeiss Field Emission Scanning Electron Microscope (FESEM)

coupled with energy dispersive X-ray (EDX) spectroscopy

(Oxford Instruments' X-max, Aztec). Spectrophotometric

measurements were performed on a Varian UV-vis spectro-

photometer (model: Carry 100). The specic surface area and

textural parameters were obtained by using the Brunauer–

Emmett–Teller (BET) method with an Autosorb iQ, version 1.11

(Quantachrome Instruments). All electrochemical measure-

ments were performed on a computer-controlled Metrohm

Autolab PGSTAT 204N using a GCE as a working electrode,

a platinum wire as a counter electrode and Ag/AgCl as a refer-

ence electrode with NOVA soware, version 1.10.

2.3 Synthesis of magnesium oxide (MgO) 3D owers

20 mL of a 1 M sodium carbonate (Na2CO3) solution (H2O) was

added to 20 mL of a 1 M magnesium chloride hexahydrate

(MgCl2$6H2O) solution (polyethylene glycol ¼ PEG) slowly and

was stirred at 90 �C for 2 h. The white precipitate was collected

by centrifugation and washed with D.I. water several times and

calcined at 550 �C for 2 h.

2.4 Preparation of a MgO 3D-ower-modied glassy carbon

electrode (MgO 3D-owers/GCE)

A glassy carbon electrode (GCE) with a diameter of 3 mm was

polished with an alumina slurry and sonicated for 20minutes to

remove any residual impurity. 10 ml of MgO 3D-owers

(5 mg 10 mL�1) with 0.1% Naon dissolved in D.I. water was

drop cast onto the active area of the GCE electrode, and the

electrode was kept under ambient conditions to dry for 3 h.

3. Results and discussion
3.1 Synthesis of MgO

A facile reaction between aqueous Na2CO3 and MgCl2$6H2O

dissolved in PEG for 2 h at 90 �C under continuous stirring

followed by calcination at 550 �C yielded MgO 3D owers

(Scheme 1).18,19

3.2. Characterization

The PXRD analysis was performed to check the phase purity and

crystallinity of the synthesized MgO 3D-owers. The XRD

pattern of the MgO 3D-owers exhibited well-dened diffrac-

tion peaks which are consistent with previously reported liter-

ature (JCPDS no. 01-1235). The diffraction peaks appearing at

36.67�, 42.75�, 61.97�, 74.56� and 78.44� were attributed to the

(111), (200), (220), (311) and (222) planes, respectively (Fig. 1).

The average crystallite size of the MgO 3D-owers was calcu-

lated to be 97.4 nm by using Debye–Scherrer's equation.

Furthermore, no additional diffraction peak was observed

for any impurity ions, which conrms the high phase purity of

the MgO 3D-owers. The morphological characteristics of the

prepared MgO 3D-owers were investigated using FE-SEM

analysis. Fig. 2 shows the FE-SEM images of the MgO 3D-

owers at different magnications. From the recorded

images, it was observed that the synthesized MgO 3D-owers

exhibited a ower-like structure with a smooth surface.

Scheme 1 Schematic representation of the synthesis of MgO 3D-

flowers.
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Furthermore, to conrm the phase purity and elemental

composition of MgO 3D-owers, EDX analysis was carried out.

The obtained results conrm the high phase purity and pres-

ence of Mg and O elements (Mg ¼ 28.27 wt% and O ¼

71.87 wt%) as shown in Fig. 3A. The elemental mapping shows

the presence of Mg and O with no impurities which conrmed

the formation of MgO 3D-owers (Fig. 3B and C). The UV-vis

absorption spectrum of the MgO 3D-owers is presented in

Fig. 3D. Absorption bands in the range of 2.5–5.0 eV generally

appear due to spatial defects of OLC present in MgO.30,31 The

obtained UV-vis spectrum for MgO 3D-owers shows two bands

at 231 nm and 317 nm which are assigned to the OLC
2� ion

present in MgO 3D-owers at the edges (O4C
2�) and corner sites

(O3C
2�), respectively.31,32

The N2 adsorption/desorption analysis was performed to

probe the surface area and porosity of MgO 3D-owers, and the

N2 isotherm is presented in Fig. 3E. The obtained result shows

that the MgO 3D-owers have a high specic surface area of

218m2 g�1, which is larger than those of the previously reported

MgO nanostructures (Table S1†).

It is well known that nanomaterials with unique morpholog-

ical features and a high surface area aremore favorable to achieve

high performance for electrochemical applications. Further-

more, these MgO 3D-owers were used as an electrode modier

to construct an electrochemical sensor for the detection of 4-CP.

3.3 Optimized conditions for MgO 3D-ower formation

To optimize the time for the formation of MgO 3D-owers, we

have performed FE-SEM (Fig. S1†) at different time periods

which shows that at initial stages (5–15 min), the MgO

precursor accumulates as a small bunch and from 30 to 90 min,

it starts growing into a bulky ower-like structure which was

completely transformed into ower-like structures aer

120 min. The PXRD analysis of this precursor matched with the

composition of hydromagnesite (Mg5(CO3)4(OH)2$4H2O; JCPDS

card no. 25-0513), and the results are shown in Fig. S2.† This

hydromagnesite was further converted into MgO 3D-owers on

calcination at 550 �C for 3 h (Fig. 2).

3.4 EIS analysis of MgO 3D-owers

Electrochemical impedance spectroscopy (EIS) is the most

reliable and important tool to validate or investigate the elec-

trocatalytic behavior of materials/electrocatalysts.33–35 We have

employed the EIS analysis to investigate the charge transfer

kinetics and capacitive components of the MgO 3D-owers.

Fig. 4 shows the obtained Nyquist plots for the bare GCE and

MgO 3D-owers/GCE sensor in the presence of 5 mM redox

probe [Fe(CN)6]3�/4�, and the equivalent circuit is presented in

the inset (Fig. 4). A well-dened semi-circle appeared for the

GCE with a high charge resistance whereas a small semi-circle

was obtained for the MgO 3D-owers/GCE sensor which

shows a lower charge resistance as compare to the GCE. It is

well understood that a high charge resistance limits the elec-

tron transfer rate. The lower charge resistance of the MgO 3D-

owers/GCE sensor was attributed to the surface modication

of the GCE with MgO 3D-owers. The charge resistance for the

bare GCE and MgO 3D-owers/GCE sensor is summarized in

Fig. 1 XRD pattern of the MgO 3D-flowers.

Fig. 2 FE-SEM images of the MgO 3D-flowers at different magnifications (A–E).

This journal is © The Royal Society of Chemistry 2019 Nanoscale Adv., 2019, 1, 719–727 | 721
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Table S2.† Furthermore, cyclic voltammetry for the bare GCE

and MgO 3D-owers/GCE sensor in the presence of 5 mM redox

probe [Fe(CN)6]3�/4� was performed. Fig. 4B shows the cyclic

voltammograms of the bare GCE and MgO 3D-owers/GCE

sensor, and a higher current was obtained for the MgO 3D-

owers/GCE sensor compared to the bare GCE which revealed

the high electrocatalytic behavior of the MgO 3D-owers/GCE

sensor. The obtained results are consistent with the EIS data

and suggest that the electron transfer rate increases for theMgO

3D-owers/GCE sensor which results in a higher current

response due to the high electrocatalytic behavior of MgO 3D-

owers, which comes from their high surface area and several

defects present in MgO 3D-owers.32

3.5 Electrochemical study of the MgO/GCE sensor

The electrochemical oxidation behavior towards 4-CP was

investigated for the bare GCE and modied MgO 3D-owers/

GCE sensor using four electrochemical techniques (cyclic vol-

tammetry; CV, differential pulse voltammetry; DPV, square wave

voltammetry; SWV and linear sweep voltammetry; LSV) in the

presence of 25 mM 4-CP in 0.1 M phosphate buffered saline

(PBS) solution at pH 7.0. Fig. 5A shows the CVs of the bare GCE

and MgO 3D-owers/GCE sensor in the presence of 25 mM 4-CP

in 0.1 M PBS (pH 7.0) at a scan rate of 100 mV s�1. A very sharp

oxidation peak was observed for the bare GCE which can be due

to the oxidation of 4-CP whereas the same trend was found for

the MgO 3D-owers/GCE sensor with an enhanced current

response without any reduction peak which suggests that the

Fig. 3 EDX spectrum (A), elemental mapping (B and C), UV-vis spectrum (D) and N2 adsorption–desorption isotherm (E) of MgO 3D-flowers.

Fig. 4 Nyquist plots (A) and CVs (B) of the bare GCE (a) and MgO 3D-

flowers/GCE sensor (b) in the presence of 5 mM K3 [Fe(CN)6]/

K4[Fe(CN)6] in 0.1 M PBS (pH ¼ 7.0). Inset: equivalent circuit.
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oxidation of 4-CP is an irreversible process. DPV which is

a derivative of staircase voltammetry is considered a highly

sensitive electrochemical technique to investigate reversible/

irreversible redox reactions/processes. We have recorded the

DPVs of the bare GCE and MgO 3D-owers/GCE sensor under

similar conditions, and the MgO 3D-owers/GCE sensor shows

an enhanced current compared to the bare GCE with a single

oxidation peak which further conrms that the oxidation of

4-CP is an irreversible process (Fig. 5B). Furthermore, SWV and

LSV techniques were also employed to investigate the electro-

catalytic behavior of the MgO 3D-owers/GCE sensor towards

the detection of 4-CP. Fig. 5C and D show the SWVs and LSVs of

the bare GCE and MgO 3D-owers/GCE sensor in the presence

of 25 mM 4-CP, and a higher electrocatalytic current response

with a sharp irreversible oxidation peak of 4-CP was observed

for the MgO 3D-owers/GCE sensor as compared to the bare

GCE. Hence, it was concluded that the excellent electrocatalytic

behavior of MgO 3D-owers towards the oxidation of 4-CP in

0.1 M PBS at pH 7.0 has been proved using four different elec-

trochemical techniques (CV, DPV, SWV and LSV).

This excellent electrocatalytic property of the MgO 3D-

owers was attributed to the presence of defects in MgO 3D-

owers and high surface area and low charge resistance. The

performance of any sensor depends on various factors; among

them, pH of the solution is most vital; therefore, we have

investigated the effect of pH on the performance of the MgO 3D-

owers/GCE (Fig. 6). The observed studies revealed that with an

increase in the pH value, the oxidation peak of the 4-CP shi

towards a less positive potential value with a very high current

response. The highest current was obtained at pH 7.0, and

therefore, further studies on the electro-catalytic oxidation of 4-

CP were carried out at pH 7.0.

The effect of the concentration (5–50 mM) of 4-CP on the

modied MgO 3D-owers/GCE in 0.1 M PBS at pH 7.0 with

a 100 mV s�1 scan rate was checked by employing CV, DPV, and

SWV techniques (Fig. 7A, C and D).

The electro-catalytic oxidation current response increased with

increasing the concentration of the 4-CP, and the linear calibra-

tion curves (for CVs and SWVs) corresponding to the current

versus concentration were plotted and are shown in Fig. 7B and E.

The effect of scan rate on the performance of the MgO 3D-owers/

GCE sensor towards 25 mM 4-CP was checked using cyclic vol-

tammetry (Fig. 7F), and the electrocatalytic oxidation current

increases with increments in the scan rate from 100 mV s�1 to

1000 mV s�1. The linear calibration curve of the peak current

versus square root of the scan rate has been presented in Fig. 7G.

Fig. 5 Cyclic voltammograms (A), differential pulse voltammograms (B), square wave voltammograms (C) and linear sweep voltammograms (D)

of the bare GCE and MgO 3D-flowers/GCE sensor in the presence of 25 mM 4-CP in 0.1 M PBS (pH 7.0) with a scan potential of 100 mV s�1.

Fig. 6 Cyclic voltammograms of the MgO 3D-flowers/GCE sensor in

the presence of 25 mM 4-CP in 0.1 M PBS at different pH (2, 4, 7, 8, 9

and 10) with a scan potential of 100 mV s�1.

This journal is © The Royal Society of Chemistry 2019 Nanoscale Adv., 2019, 1, 719–727 | 723
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3.6 Proposed mechanism

During the electrochemical analysis, one oxidation peak was

observed for the oxidation of 4-CP which was found to be

irreversible.

This oxidation process may be related to the interaction

between the MgO 3D-owers and analyte. This interaction may

be due to the intermolecular effects between the O atoms in the

lattice or the oxo-surface groups and the hydroxyl ions present

in the 4-CP.30,31 The probable mechanism for the oxidation of

4-CP involves the release of one electron which resulted in the

formation of 4-chlorophenone (Scheme 2).

3.7 Interference study in the presence of different electro-

active species

For practical applications, a sensor should possess an anti-

interference behavior. Therefore, the interference study in the

presence of different electroactive species (b–q) was performed

for the MgO 3D-owers/GCE sensor using the SWV method.

Fig. 7 CVs (A), DPVs (C), and SWVs (D) of the MgO 3D-flowers/GCE sensor in the presence of different concentrations of 4-CP (5–50 mM) in

0.1 M PBS (pH 7.0) with a scan rate of 100 mV s�1 and calibration plot of the corresponding peak current versus concentration for CVs (B) and

SWVs (E); CVs of the MgO 3D-flowers/GCE sensor at different scan rates (100–1000mV s�1) in the presence of 25 mM 4-CP in 0.1 M PBS (pH 7.0)

(F) and calibration plot of the peak current versus square root of the scan rate (G).
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Fig. 8 shows the DPVs of the MgO 3D-owers/GCE sensor in the

presence of various interference species such as Mg2+, Pb2+,

Hg2+, Na+, K+, lactose, citric acid, sucrose, glucose, toluene,

nitro-toluene, aniline, nitro-aniline, nitrobenzene, catechol,

nitro-phenol, benzaldehyde and chlorobenzene at a 10–50 times

higher concentration than the 4-CP but no signicant change in

the overpotential and current response was observed. This

revealed the high selectivity of the MgO 3D-owers/GCE sensor

towards the detection of 4-CP.

3.8 Reproducibility, repeatability and stability studies

The reproducibility of the MgO 3D-owers/GCE sensor was eval-

uated by employing cyclic voltammetry for 6 freshly prepared

modied electrodes (MgO 3D-owers/GCE) in the presence of 25

mM 4-CP in PBS (pH 7.0) with a scan rate of 100 mV s�1. The

relative standard deviation (RSD) was calculated to be 2.41% for 6

electrodes which indicated the higher reproducibility of the MgO

3D-owers/GCE sensor. The repeatability of the MgO 3D-owers/

GCE sensor was checked by recording 8 consecutive cycles of CV

under the same conditions. The RSD was calculated to be 3.17%

which conrms the good repeatable nature of the MgO 3D-

owers/GCE sensor. The MgO 3D-owers/GCE sensor was stored

for 10 days in a desiccator, and the current response was inter-

mittently tested to check the stability of the sensor. The obtained

current response aer 10 days was found to be almost the same as

that observed for the fresh electrode (Fig. S2†), and 96.7% of the

initial current response was retained. The results showed that the

MgO 3D-owers/GCE sensor possesses good stability.

3.9 Comparison with the reported sensors

The electrochemical detection of 4-CP is of great signicance

due to its toxic nature and hazardous effects; several efforts

have been made by surface modication of a GCE with

different polymers, metal oxides, and hybrid materials such as

horseradish peroxidase immobilized on partially reduced gra-

phene oxide (HRP/PCRG), multi-wall carbon nanotubes/nano-

nickel hydroxide (MWCNTs–Ni(OH)2), gold/graphitic carbon

nitride, polyvinyl alcohol (PVA)/Lac/PEO–PPO–PEO (F108)/gold

nanoparticles (Au NPs) (PVA/F108/Au NPs/Lac), molecularly

imprinted polymers and PDDA-functionalized graphene

(PDDA-G/MIP), horseradish peroxidase-modied nano-

structured Au thin lms (HRP/Au), copper oxide, graphite–

epoxy composite electrodes, multilayer graphene oxide/

platinum and gold nanoparticles/carbon nanotubes. Most of

the reported sensors involve polymers, expensive metal elec-

trodes (Au, Pd etc.) or hybrid materials which limit their

practical commercialization. It is still a great challenge to

Scheme 2 Schematic representation of the surface modification of

the GCE and proposed working mechanism for the detection of 4-CP.

Fig. 8 Square wave voltammograms of the MgO 3D-flowers/GCE sensor in the presence of different interfering species.
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develop a highly selective, sensitive, low cost and stable sensor

for the detection of 4-CP. We have developed for the rst time,

a highly selective and sensitive 4-CP sensor using MgO 3D-

owers as the electrocatalyst. This MgO 3D-owers/GCE

sensor shows an excellent limit of detection and sensitivity

over the reported sensors listed in Table 1.

4. Conclusion

MgO owers were synthesized by a simple reux method. The

synthesized MgO 3D-owers were used as the electrode modier

for the construction of an electrochemical sensor for the detec-

tion of 4-chlorophenol. We have shown stepwise growth of MgO

3D-owers by time-dependent FE-SEM studies which conrm

formation of MgO 3D-owers in 2 h. The MgO 3D-owers/GCE

sensor exhibits a decent limit of detection (LOD) and high

selectivity towards 4-CP without any interference from other

electro-active species in DPV and CA techniques. This MgO 3D-

owers/GCE sensor is reusable, highly stable and sensitive

which makes it a potential candidate for practical applications.
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