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Abstract 

An abundant, low cost, scale up and ecofriendly method has been designed about the preparation 

of NiCo2O4 nanostructures and as prepared electrode material was employed for the 

electrochemical oxidation and photocatalytic degradation of methylene blue (MB) under the 

irradiation of natural sunlight. The NiCo2O4 nanostructures prepared with and without spoiled 

bitter gourd juice were characterized with respect to morphology, crystalline quality, and surface 

chemical composition using different structural analysis.  It was found that the morphology of 

NiCo2O4 nanostructures was transformed from nanorod to low dimension nanoparticles. The 

surface of NiCo2O4 nanostructures prepared with 10 mL of bitter gourd juice was enriched with 
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the abundant surface oxygen vacancies and low content of different Co and Ni valence states. 

The NiCo2O4 nanostructures obtained with the 10 mL of bitter gourd were highly electroactive 

towards the oxidation of MB in phosphate buffer solution of pH 7.4. The working range for the 

electrochemical oxidation of MB was estimated from 0.1mM to 7 mM and low limit of detection 

of 0.003mM. The 10 mL bitter gourd mediated NiCo2O4 nanostructures were highly selective, 

stable and reproducibility. Moreover, the NiCo2O4 nanostructures synthesized with the use of 10 

mL of bitter gourd extract were also active to degrade the MB in aqueous solution under the 

illumination of natural sunlight. The percent removal of MB was found almost 100% for the time 

period of 210 min.  

Kewords: NiCo2O4 nanostructures, bitter gourd juice, electrocatalytic performance, 

photocatalytic activity 

 Introduction  

Methylene blue (MB) has been utilized in diverse industrial applications [1] . Methylene blue is a 

low molecular weight hydrophilic and cationic phenothiazinium-based dye [1]. Moreover, MB 

has been  employed as a colorimetric probe for the detection of hydrazine and nitrite utilizing 

palladium nanoparticles (NPs) as a catalyst [2]. As a possible mediator and signaling probe, it 

has also been applied to the electrochemical detection of numerous analytes [3-6]. MB has also 

been used for the dying wood, silk, and cotton [7].  Despite all these potential applications of 

MB, it has also shown severe and harmful impacts on human health and a negative influence on 

the environment. The exposure of MB dye causes several diseases such as cyanosis, eye 

discomfort, vomiting, nausea, and respiratory problems in both humans and aquatic species [8]. 

Because of the presence of MB into water, it causes  more dyestuffs enter water bodies, the 

biological oxygen demand has been raised  gradually [9]. The improper dumping of MB  into 

waterways by the food and textile industries has been realized around the world  [10, 11]. From 

color point of view, MB has been identified one of the main component of dyes and it has been 

distinguished by their distinctive dark green color and bronze shine.  In alcoholic and aqueous 

environments, MB has a rich blue color [12]. Other properties of MB including no smell and is 

highly stable in the atmosphere [13-17] . The initial use of MB was to identify sentinel nodes in a 

variety of cancers, including breast cancer [15]. Although MB is widely used in the medical 

profession, therefore it has several negative health consequences such as  vomiting, headaches, 



dizziness, hypertension, mental disorientation, excessive perspiration, abdominal pain, nausea, 

and precordial pain [16-19] Degrading MB into less hazardous molecules or removing it from 

the wastewater  is highly  essential and desired. Previously, MB dye can be removed either by 

reduction or degradation using nanomaterials including K2W4O13 nanowires, graphene 

nanosheets, Fe3O4 NPs, CdS nanostructures, hematite nanoplates, and AgFe2O4/multi-walled 

carbon nanotubes [20-25]. On other hand, the electrocatalytic oxidation method is highly 

potential and alternative technology for the wastewater application. Due to facile feasibility, 

normal reaction conditions, zero secondary hazardous product, 100% degradation efficiency, 

therefore the electrocatalytic degradation methodology shows the unique and new roadmap for 

the practical aspect for the wastewater application [26]. The degradation process based on the 

electrocatalytic oxidation is mainly governed by the nature of electrode material. Highly reactive 

radicals generated from the anode material are in complete interaction with the organic species 

which are gradually degraded and oxidized, consequently transformed into mineral products [27, 

28].  Recently, numerous research activities based on electrocatalytic oxidations have been 

performed and it has been observed that the oxidation activity has been dependent on the nature, 

properties, and morphology of anode material [29]. Several transition metal oxides have been 

noticed with high electrocatalytic performance and they are cost effective, exhibiting excellent 

redox effectiveness with mixed oxidation states, ecofriendly and environment friendliness [30].  

For this reason, different transition metal oxides as anode materials such as Cu2O [31],  ZnO 

[32], Fe2O3 [33],  PbO2  [34],  TiO2  [35] and ATO (Sb-doped SnO2) [36],  have been employed 

for the wastewater application. Ternary metal oxides have superior electrocatalytic activity over 

binary metal oxides due to their high probability of redox pairs, spinel structure and catalytic 

activity [37-40].                                                 Among the ternary metal oxides, NiCo2O4 is a 

mixed transition metal oxide that has excellent application in different fields such as 

optoelectronic devices, lithium ion batteries, super capacitors, and electrocatalysts [41-45]. As 

NiCo2O4 transition metal oxide is inexpensive, has a higher specific surface area, and has better 

electrical conductivity than the others, it has distinct qualities and nice electrochemistry. Up until 

this point, more NiCo2O4 nanostructures had been constructed, including NiCo2O4 @ graphene 

[46], Fe2O3 @ NiCo2O4 [47], Mno2/ NiCo2O4 [48] and Co2O3/ NiCo2O4 [49, 50], which speed up 

the transport of electrons between the target and electrode. Nonetheless, many morphologies of 

NiCo2O4 have been found, including nanosheets [51], nano tubes [49] and nano sphere [47]. The 



fact that so few studies have been conducted on the utilization of biomass waste to improve the 

electrochemical activity of NiCo2O4 through variations in shape, charge shifting, and surface 

defect should be more apparent.  In view of the aforementioned information, good 

phytochemistry of bitter gourd extract biowaste has been reported for the first time to affect the 

shape of NiCo2O4, which exhibits the oxidation of MB. The phytochemistry of bitter gourd 

extract possess vicine, cryptoxanthin, neokuguaglucoside, gentisic acid, D-galacturonic acid, 

stearic acid, palmitic acid, stigmasterol, momordicin, charantin and oleanane [52-54].  

However in this research, we show the role of bitter gourd extract, which is rich in numerous 

phytochemical components for modifying the surface properties of NiCo2O4 nanostructures. 

Using the hydrothermal technique, different amounts of bitter gourd extract were employed to 

modulate the surface properties of NiCo2O4.The NiCo2O4 nanostructures were found reduced in 

the dimension and abundant surface oxygen vacancies were produced using bitter gourd extract. 

These surface modifications were fully utilized towards the enhanced electrocatalytic oxidation 

of MB. Also, the photodegradtion of MB was also investigated using these newly synthesized 

NiCo2O4 nanostructures under the illumination of natural sunlight.  

2. Materials and Methods   

Used chemical reagents  

Methylene blue, uric acid, glucose, urea, ascorbic acid, sodium chloride, potassium chloride, 

calcium chloride, sodium hydroxide, hydrochloric acid, disodium phosphate, and 

monopotassium phosphate. . All the chemicals were purchased from Sigma Aldrich Karachi, 

Sindh, Pakistan, and utilized without further purification. 

Preparation of NiCo2O4 nanostructures using bitter gourd extract by hydrothermal 

method  

 The main precursor like A0.015M nickel chloride, 0.1M cobalt chloride, and 0.1M urea were 

added to 100 mL of deionized water for the efficient growth of NiCo2O4 nanostructures. The use 

of 0.1M urea was as a source of hydroxide ions.  For preparation bench of samples, four beakers 

with a volume 250 mL were taken and cleaned, followed by drying at room temperature. The 

spoiled bitter gourd was purchased from local market located at Jamshoro and chopped into 

small pieces using juicer machine.  



The NiCo2O4 nanostructures were prepared with the use of 5, 10, and 15 mL bitter gourd juice in 

three respective beakers containing 0.1M cobalt chloride, 0.015M nickel chloride and 0.1M urea 

by maintaining the total volume of 100 mL for each growing sample. Fourth beaker was only 

containing the nickel chloride, cobalt chloride and ueea with same concentration in 100 mL of 

deionized water and this was labeled as reference pure sample of NiCo2O4 nanostructures. All 

the beakers with the growth solutions were mechanically stirred for making uniform solution and  

covered with aluminum foil and kept in an electric oven at a temperature of 95 °C for 5 hours. 

After that, ordinary laboratory filter paper was used to obtain hydroxide phase of nickel and 

cobalt and washed several times with the deionized water and ethanol, finally left to dry for 

overnight at 60 
o
C.  Later, the dried samples of nickel-cobalt hydroxide phase were thermally 

brunt at 500 
o
C for 5 hours in muffle furnace and air.  

Material Characterization  

The crystalline structure of NiCo2O4 nanostructures was studied using powdered X- ray 

diffraction with CuKα radiation (1.548A
0
) and applying potential of 45 kV and applying current 

of 45 mA. While morphology of NiCo2O4 nanostructures was investigated using scanning 

electron microscopy (SEM) at 10 kV.  

 

Electrochemical investigations onto NiCo2O4 nanostructures 

To evaluate the electrocatalytic properties of NiCo2O4 nanostructures for the oxidation of MB, 

different electrochemical modes such as cyclic voltammetry (CV), linear scanning voltammetry 

(LSV), chronoamperometry (CA) and electrochemical impedance spectroscopy (EIS) were used. 

The 10 mg of NiCo2O4 nanomaterial was dispersed in 2.5 mL of deionized water water, adding 

0.5 mL of Nafion (5%) and using a sonicator to obtain a uniform suspension. Glassy carbon 

electrode (GCE, 3mm) washed with the deionized water after being cleaned with an alumina 

paste. NiCo2O4 nanomaterial was dropped onto GCE using the drop casting technique. Bare 

glassy carbon electrode (BGC) and modified (MGCE) were employed to investigate the 

electrochemical oxidation of MB. In a three-electrode system, GCE was utilized as the working 

electrode, Pt wire served as the counter electrode, and silver-silver chloride (Ag/AgCl, 3.0M 

KCl) was employed as the reference electrode. A 0.lM phosphate buffer solution of pH 7.4 was 



used to prepare 50 mM  MB stock solution. For each electrochemical test, PBS was used as a 

supporting electrolyte.  The selectivity of electrocatalytic properties of NiCo2O4 nanostructures 

was monitored in the presence of , ascorbic acid, uric acid, sodium ions, chloride ions, potassium 

ions, calcium ions, and other interfering having concentration of  0.1mM solution in the 

deionized water. The limit of detection was estimated using the reported work as reference [55]. 

The photocatalytic aspects of pure NiCo2O4 nanostructures and bitter gourd juice mediated 

samples were studied against Photodegradation of MB under the illumination of natural sunlight. 

The measurements were done according to reported work [56]. The suspension of 5 mg 

photocatalyst and 2.3×10
-6

 M MB dye was stirred in the dark for 30 min to achieve 

adsorption/desorption equilibrium between the MB molecules and the photocatalyst prior to 

natural sunlight exposure.  All the photocatalytic experiments were then in the month of May 

2023 in between 12 pm to 2.30 pm. Using double beam  UV-visible spectrophotometer, the 

absorbance of the MB solution associated with photocatalyst in the wavelength range 400-800 

nm was measured for every 35 minutes to determine the photocatalytic degradation  [57]. 

 



 

Scheme 1: Stepwise oxidation of MB and photo catalytic activity by NiCo2O4 using bitter gourd 

extract 



 

3. Results and Discussion:    

NiCo2O4 nanostructures were prepared using different amounts of bitter gourd extract (5, 10 and 

15 mL), and their crystalline structure was examined by powered XRD. The diffraction patterns 

of all the prepared NiCo2O4 nanostructures are depicted in Figure 1. Various XRD peaks for as 

prepared NiCo2O4 nanostructures  were located at 19.40, 31.30, 36.88
o
, 38.59

o
, 44.85

o
, 59.41

o
, 

and 65.30
o
, and corresponding  crystallographic planes (111), (220), (311), (222), (400), (511) 

and (440) were noticed. The XRD patterns were fully agreed with the JCPDS 01-073-1702. The 

use of bitter gourd juice was enhanced and peak intensity of NiCo2O4 nanostructures, suggesting 

the improved crystal quality. Also, it has been noted that the bitter gourd juice carried variety of 

macromolecules and phytochemicals which strongly influence on the surface properties of 

NiCo2O4. With the addition of various amounts of bitter gourd juice, SEM images were collected 

for the verification of shape orientation of NiCo2O4 nanostructures as shown in Figure 2.. Figures 

2a describes the rod like morphology of NiCo2O4 nanostructures without the use of bitter gourd 

juice. The size of nanorods of NiCo2O4 could be few microns in length and an average diameter 

of 300-500 nm.. When comparing different SEM pictures of NiCo2O4 grown with varying 

amounts 5 mL, 10 mL and 15 mL  of bitter gourd extract as shown in Figure 2b-d The 

preparation of NiCo2O4 nanostructures with addition of bitter gourd juice has changed the rod 

like structure into nanoparticles and size each NiCo2O4 nanostructures was below 200 nm.  . Due 

to the presence of specific phytochemicals from bitter gourd juice during the growth phase, they 

play a crucial role in decreasing the size of NiCo2O4 nanostructure from micron to nm. This is 

highly increased the surface via reduction in the dimension of NiCo2O4 nanostructures prepared 

with the use of bitter gourd juice. Hence, this can further be highly desirable for the improving 

the electrochemical oxidation of MB.   

 

HRTEM was used to examine other morphological features in greater detail, as shown in Fig. 1. 

As seen in Fig. 1(a), pure material exhibits spherical irregular forms all around [58, 59]. These 

lattice fringes values, however, were estimated using Image-J softwar [60, 61] . The related d-

spacing value from lattice fringes has been estimated as 0.40 nm, as well as the Fast Fourier 

Transform (FFT) pattern of lattice fringes, which can be seen on the right side of the 



accompanying image. Furthermore, the elemental mapping of as-prepared material is shown in 

Fig. 1. (b, c, d, and e). Additionally, the targeted material's lattice fringes have been computed as 

0.48 nm, together with its FFT transformation on the right side of the relevant picture, depicted 

in Fig. 2 (a)  [62, 63]. The existence of desirable elements such as Co, Ni, and O has been 

established by elemental mapping and EDS. Fig. 2 (b, c, d, and e) depicts the elemental mapping 

of produced material, and EDS spectra respectively.  

The XPS analysis was performed onto NiCo2O4 nanostructures prepared with 10mL of bitter 

gourd juice to evaluate the valence states of nickel and cobalt and surface oxygen vacancies as 

shown in Figure 5. While the XPS results of pure NiCo2O4 nanostructure were described in our 

previous work [64]. because preparation conditions were similar for pure NiCo2O4 

nanostructures reported in this work. The typical Co(III) and Co(II) peaks were noticed in the 

highly two spin resolved spectrum at 779.46 eV and 780.55  eV respectively, while  two satelllite 

peaks were also found at 785.00 eV and 789.10 eV as shown in Figure 5a. The relative % of 

Co(III) and Co(II) were observed as 17.56 % and 69.09%, suggesign the low abundance of these 

cobalt oxidation states comapred to pure NiCo2O4 nanostructure reported by our group [64]. . 

Similarly, highly resolved spectrum was also measured using Voigt fitting model as shown in 

Figure 5b. The Ni 2p spectrum was dominated by the presence of Ni(II) and (NIII) oxidation  

states characterized through spin orbit doublet peaks at 853.88 eV and 855.62 eV respectively 

[48, 65]. The comparison of these oxidation of states of Ni was also carried out though the 

estimation of relative percentage such as for Ni(II) and Ni(III)  as 5.82 % and 59.10% 

respectively.  Also, a satellite peak was noticed in the Ni 2p spectrum at 861.27 eV as shown in 

Figure 5b. The O 1s spectrum of NiCo2O4 nanostructures synthesized with 10 mL of bitter gourd 

juice was also recorded for the illustration of metal-oxygen bonds in order to verify the 

formation of bimetallic oxides of NiCo2O4 nanostructures and fitted spectrum is shown in Figure 

5c. There are three distinctive peaks  noticed in the fitted O 1s spectrum of NiCo2O4 

nanostructures located at 529.61 eV, 531.07 eV, and 532.95 eV attributed to typical metal-

oxygen bond, oxygenated ions (O
-
) and chemi/phsyico adsorbed species onto NiCo2O4 

nanostructures as described in the previous results published by our group [64].  The relative 

percentage of metal-oxygen bonds, oxygenated ions and surface adsorbed species was 42.15%, 

49.14%, and 8.71% respectively, suggesting the lower amount of NiCo2O4 nanostructures due to 

surface reduction caused by the bitter gourd phytochemicals compared to the pure NiCo2O4 



nanostructures as reported previously. Overall XPS analysis has revealed that the surface of 

NiCo2O4 nanostructures was enriched with the low concentration of Co, and Ni ions and 

abundant surface oxygen vacancies, and such aspects at the surface of nanomaterial are highly 

favorable for the efficient electrocatalytic applications [48]. 

  3.2    Electrochemical oxidation of methylene blue on NiCo2O4 nanostructures prepared 

with bitter gourd juice  

The role of different amounts of bitter gourd juice on the electrochemical performance of 

NiCo2O4 nanostructures was investigated during the oxidation of methylene blue in phosphate 

buffer solution (PBS) of pH 7.4. The preliminary electrochemical analysis was carried out using 

cyclic voltammetry (CV) at a scan rate of 50 mV/s. The electrochemical activity of various 

NiCo2O4 nanostructures prepared with 5, 10 and 15 mL of bitter gourd juice and pure NiCo2O4 

nanostructures was tested using CV at a scan rate of 5 mV/s in 0.5mM MB prepared in 0.1M 

PBS of pH 7.4 as shown in Figure 6a. It could be seen that there is large variability in the 

electrochemical performance of NiCo2O4 nanostructures preared with and without bitter gourd, 

indicating the major contribution of phytochemicals from bitter gourd for enhancing the 

electrocatalytic activity as prepared nanomaterial. Likewise, the CV curves of 10 mL bitter gourd 

induced NiCo2O4 nanostructures in 0.5mM MB and in 0.1M PBS solution of pH 7.4 were 

compared with the bare glassy carbon electrode under same analyte and electrolyte conditions as 

shown in Figure 6b.  It was observed clearly that NiCo2O4 nanostructures prparedd with 10 mL 

of bitter gourd juice has shown excellent electrocatalytic performance in the presence of 0.5 mM 

MB, however the electrochemical performance of NiCo2O4 nanostructures prepared with 10 mL 

bitter gourd juice in PBS of pH of 7.4 was seen negligible and similar trend was also observed 

for the bare glassy carbon electrode (BGCE) as shown in Figure 6b. The CV analysis has 

revealed that the electrocatalytic activity of NiCo2O4 nanostructures was significantly improved 

when 10 mL of bitter gourd was used. It has been previously reported that the electrocatalytic 

performance of nanomaterial is highly dependent on the size, shape, enriched surface with 

abundant catalytic sites, and defects in the structure. These factors were highly dominant in the 

morphological transformation, surface defects in terms of oxygen vacancies, reduced content of 

Co and Ni valence states, and the size of NiCo2O4 nanostructures during the use of 10 mL of 

bitter gourd juice and these aspects were observed by using various analytical techniques such as 



XRDM SEM, TEM and XPS. General oxidation process of MB onto NiCo2O4 nanostructures 

could be illustrated through CV results. It was observed that the oxidation of MB has shown the 

provision of electrons which were taken by the NiCo2O4 nanostructures as could be seen from the 

increased oxidation peak current while the reduction peak was relatively asscoaietd with low 

peak current. The use of NiCo2O4 nanostructures towards oxidation of MB and the possible 

reaction mechanism would be described according to the developed non-enzymatic sensor 

configurations based on  NiCo2O4 nanostructures [66, 67].  

 

The oxidation of MB onto NiCo2O4 nanostructures might reduce the Co
3+

 and Ni
3+

 to Co
2+

 and Ni
2+

 

ionic species. From the structural information point fo view, the reduced particle size, shape 

transformation, increased surface oxygen vacancies and enriched surface active sites could 

favored the generation of strong electrical signal during the oxidation of MB onto NiCo2O4 

nanostructures.  Moreover, the electrode kinetics of modified electrode with the NiCo2O4 

nanostructures prepared with 10 mL of bitter gourd juice was investigated through CV study at 

different scan rates ranging from 10 mV/s to 190 mV/s in 0.5mM MB as shown in Figure 7a. It 

could be noticed that every CV curve was characterized with oxidation and reduction peaks, 

suggesting the reversible behavior of electrode in 0.5mM MB. Also, the electrode kinetics was 

found kinetically controlled due to the successive rise of oxidation and reduction peak current 

with the increasing scan rate as shown in Figure 7a.  It was noticed that there was a linear 

correlation between the increasing scan rates increasing oxidation peak current as shown in 

Figure 7b. A regression coefficient value of (R
2
 = 0.99) has confirmed the high accuracy and 

precision of electrode material for the oxidation of MB towards the development of analytical 

method. These aspects of electrode performance were demonstrating the controlled surface 

adsorption and electrochemical activity.  Interestingly, it was also observed during the scan rate 

study, there was slight shift in th oxidation peak potential, indicating the slow electron transfer 

during the oxidation  of MB as scan rate was successively increased.  



Electrocatalytic activity of NiCo2O4 nanostructures prepared with 10 mL of bitter gourd juice 

towards oxidation of MB 

It is an important phenomenon to identify the working range of NiCo2O4 nanostructures towards 

the oxidation of MB in PBS of pH 7.4, thus the CV polarization curves at 50 mV/s were recorded 

with increasing concentrations of MB as shown in Figure 8a. It was evidently found that there is 

a direct correlation between the concentration of MB and the oxidation peak current, 

consequently oxidation peak current was found higher in the high concentration of MB. For this 

purpose, different concentrations  MB were prepared  in 0.1M PBS of pH 7.4  and 10 mL of 

bitter gourd juice mediated  NiCo2O4 nanostructures were employed as an electrode material to 

identify the working range towards oxidation of MB as shown in Figure 8a. The linear 

relationship between MB concentration and oxidation current was build and fitted data is shown 

in Figure 8b.  The linear fitting  revealed an outstanding analytical aspect of 10 mL mediated 

NiCo2O4 nanostructures towards the oxidation of MB with regression  coefficient (R
2
 = 0.99) and 

working range for the oxidation of MB was in the range between  0.1 mM to 7.0 mM as shown 

in Figure 8b. The point of care was noticed during the electrochemical measurements on 

NiCo2O4 nanostructures for the verification of working range, the material has shown limitation 

to show strong signal below 0.1mM and above 7 mM because of the limitations and saturation 

aspects respectively. The limit of defection (LOD) and limit of quantification (LOQ) were also 

estimated using previously reported method [55]. The estimated LOD was around 0.002 mM and 

LOQ about 0.008 mM.  A high working linear range, and low LOD values compared the 

different methods developed for the oxidation of MB and other methods have been observed for 

the presented NiCo2O4 nanostructures. This has authenticated that proposed electrode 

configuration based on NiCo2O4 nanostructures could be utilized as an alternative method for the 

reliable and précised detection of MB from the wastewater samples. Furthermore, to validate the 

performance of NiCo2O4 nanostructures in terms of working range, linear sweep voltammetry 

(LSV) was also employed to ensure the linear range of electrode materials the oxidation of MB. 

The observed LSV characterization of NiCo2O4 nanostructures has been depicted in Figure 9a 

and the current was successively enhanced with increasing MB concentration, indicating the 

sensitive electrical generation. The linear plot was fitted between generated current and 

successive addition of MB concentration as shown in Figure 9b. Again, the well-fitting was 

proven through the regression coefficient (R
2
 = 0.99) as shown in Figure 9b.The LSV study has 



presented an excellent electrocatalytic activity of NiCo2O4 nanostructures prepared with 10 mL 

of bitter gourd juice towards oxidation of MB in PBS of pH 7.4.  To evaluate the selective 

aspects of NiCo2O4 nanostructures prepared with 10 mL of bitter gourd juice, CV cycles were 

measured in the presence of different competing dyes and other ionic species such as methylene 

orange, phenolphthalein, sodium ion, potassium ion, calcium ion, glucose and ascorbic acid in 

0.5 mM MB as shown in Figure 10a. It could be seen that the add k ion of these interfering 

agents did not alter the oxidation peak current and oxidation potential, confirming the high 

selectivity of as synthesized NiCo2O4 nanostructures. The relative variation in the peak current 

against the addition of each interfering was represented by bar graphs as shown in Figure 10b. It 

was clearly seen that the addition of each interring agent in the MB solution did not effect on the 

peak current and less than 3% deviation was noticed compared to the peak current of MB 

oxidation, suggesting that high potential of NiCo2O4 nanostructures to selectivity oxidize MB 

under the microenvironment of these interfering agents as shown in Figure 10b. The stability of 

modified electrode with NiCo2O4 nanostructures was also investigated by measuring the 20 CV 

curves at 5 mV/s in 0.5 mM MB and electrode has shown outstanding the stability for the 

confirming the mechanical and chemical durability as shown in Figure 11a. The electrode did not 

show any variability in the peak current and peak potential during the oxidation of Mb, verifying 

that it could be used for the continuous electrochemical oxidation of MB in PBS of pH 7.4.  

Moreover, the reproducibility of modified electrode with NiCo2O4 nanostructures was studied 

using 20 independent electrodes in 0.5 mM MB by CV measurement and the corresponding the 

variation in the peak current of each electrode has been shown in bar graph as depicted in Figure 

11b.  It was found that the variability in the current generation during the oxidation of MB was 

less than 5%, revealing the excellent electrode-electrode electrical signal. Based on the 

performance of NiCo2O4 nanostructures prepared with 10 mL of bitter gourd juice during the 

oxidation of MB in terms of linear range, selectivity, limit of detection, reproducibility and 

stability show the most potential electrocatalytic material for diverse applications. The 

performance evaluation was made for the dominant activity of NiCo2O4 nanostructures 

synthesized with 10 mL of bitter gourd juice with the electrochemical and other methods as 

given in Table 1. The proposed electrode material is outperforming oxidation of MB for the wide 

linear range, facile synthesis, scale up material production, easy to operate, low cost and 

ecofriendly compared to many recently reported methods.    In addition to electrochemical 



oxidation performance of NiCo2O4 nanostructures prepared with different content of bitter gourd 

juice, the photoddegradation of MB was also studied under the irradiation of natural sunlight.  

Typical molar absorptivity of MB was noticed at 664 nm and the relative decrease in the 

absorbance of MB solution associated with photocatalysts at different irradiated times was 

carried out. The Figure 12 shows the Photodegradation  of MB under the irradiation of natural 

sunlight using as prepared NiCo2O4 nanostructures with 5 mL, 10 mL of bitter gourd juice and 

without bitter gourd. Importantly, the degradation of MB using NiCo2O4 nanostructures with 

bitter gourd has shown dramatic decrease in the absorbance with time when the dye solution was 

exposed to natural sunlight. Also, the NiCo2O4 nanostructures prepared with 10 mL of bitter 

gourd juice has described highly enhanced photocatalytic performance towards MB degradation 

under the irradiation of natural sunlight as shown in Figure 12c.  It was noticed that the dye was 

almost removed 100% when time of 210 min reached for the 10 mL bitter gourd mediated 

NiCo2O4 nanostructures as shown in Figure 12c. A significant and improved performance for the 

MB degradation under the illumination of natural sunlight could be attributed form the enriched 

surface active sites, low charge recombination  rate ion electron-hole pairs and highly favorable 

surface of NiCo2O4 nanostructures prepared with 5 mL and 10 mL of bitter gourd juice compared 

to the pure NiCo2O4 nanostructures. The degradation kinetics of MB dye associated with 

NiCo2O4 nanostructures was also evaluated for the estimation of reaction mechanism and the rate 

constant. After the fitting, it was noticed that the degradation of MB using NiCo2O4 

nanostructures followed pseudo first order kinetics where the degradation of MB was dominated 

by the dye and following equation was used to describe the dye degradation kinetics [68]. 

 

In (C t / Co) = - kt …………………………… (8) 

Herein, Co, and Ct stand for initiation dye concentration and the various time dependent dye 

concentration, while k is the rate constant. The kinetics plots have reveal that the MB 

degradation was highly time dependent in the presence of NiCo2O4 nanostructures and abruptly 

increased with the use of 10 mL of bitter gourd juice and followed the pseudo first order kinetics 

as shown in Figure 13.  Importantly, the dye removal was estimated almost 100% for the 

NiCo2O4 nanostructures prepared with 10 mL of bitter gourd juice as shown in Figure 13c.  

 



Table 1: Performance comparison of the enzyme-free sensor based on NiCo2O4 nanostructures 

grown with 10 mL bitter gourd extract versus several non-enzymatic MB sensors in the 

literature. 

Method Technique Linear range Limit of 

detection 

References 

 Optical  Fluorometric  0 –13626 

(µg/L) 

 131.14 (µg/L  [69] 

  SERS  3-319.85 

(µg/L) 

 3 (µg/L)  [56] 

  UV-vis 

(spectrophotometry) 

 0.31–28.5 

(µM) 

 -  [70] 

 UV-vis 

(spectrophotometry) 

 0.63– 219 

(µM) 

 0.19 (µM)  [71] 

Electrochemical  DPV  1599.3–12794 

(µg/L) 

 - [72] 

 DPV  0.01 – 1.1 

(µM) 

 3.9 (µM)   [1] 

  Potentiometry  1 – 3000 (µM)  0.765 (µM) [73] 

  CV 319.85–4478 

(µg/L) 

127.94 (µg/L)  [74] 

  CV  1–10 (µg/L)    0.7 (µg/L)  [75]  

  CV   1 – 14 (µM)  0.4 (µM)   [74] 

 CV 100–7000 (µM         - Present work 

 

Table 2: The comparative studies of presented results with previous work   

Catalyst  Weight  Light 

Source  

Dye 

Concentration  

Time 

(min) 

Dye 

Removal 

(%) 

Method Ref. 

TiO2@ 

Bi2O3  

35 mg Sun light 2 mg catalyst 

(50 mL of 

dye solution) 

250 94 Green 

synthesis 

[76] 

TiO2 

NPs 

100 mg  UV-

Irradiation  

100 mL MB 120 92 Chemical 

and green 

synthesis 

methods   

[77] 



TiOSO4  0.1 g UV-

Irradiation 

20 ppm MO 150 94 Sol-gel 

method 

[78] 

MnTiO3 5 mg Sun light MB 1x10
-5

M 250 75 Sol-gel  [79] 

Fe2TiO5 50 mg  Sun light  MB 10 mg L
-

1 

250 97 Sol-gel  [80] 

W doped 

ZnO  

20 mg UVlight  MB 3 h 96.9 Low 

temperature 

aqueous 

chemical 

growth 

method  

[81] 

TiO2 

Ficus 

carica 

leaves 

extract 

2 mg Solar light  5x10
-5

M 

(MB) 

330  98.82  Simple 

hydrothermal 

process  

[82] 

NiCo2O4 

Bitter 

gourd 

extract 

5 mg Sun light  2.3×10
-6

M 

(MB) 

210 

(min) 

100 Simple 

hydrothermal 

process 

Current 

work  

 

 

 

 

 

 

 

 



 

 

 

Conclusions  

In summary, NiCo2O4 nanostructures were synthesized using bitter gourd juice during the 

hydrothermal method and investigated against the electrochemical oxidation and photocatalytic 

degradation of MB. The structural characterization has revealed that the shape transformation 

was evidently taken place from rod to small dimension nanoparticles, abundant surface oxygen 

vacancies, and low content of Co and Ni valence states on the surface for the NiCo2O4 

nanostructures synthesized with 10 mL of bitter gourd juice. The NiCo2O4 nanostructures 

obtained with 10 mL of bitter gourd juice, have shown outstanding electrocatalytic performance 

towards oxidation of MB phosphate buffer solution of pH 7.4. The working range for the 

oxidation of MB was estimated between 0.1mM and 7 mM. The LOD was approximately 0.003 

mM. Also, the high stability, selectivity and reproducibility of NiCo2O4 nanostructures were 

found highly satisfactory. Furthermore, the NiCo2O4 nanostructures synthesized with and without 

bitter gourd juice were employed as a photocatalyst for the degradation of MB under the 

irradiation of natural sunlight. The dye removal was found almost 100% with the use of 10 mL 

of bitter gourd mediated NiCo2O4 nanostructures. The obtained electrochemical and 

photocatalytic performance of NiCo2O4 nanostructures suggest that bitter gourd could be 

employed for the synthesis of efficient, low cost, scale up and ecofriendly nanomaterial’s for the 

diverse applications for instance biomedical, environmental, energy conversion  and storage etc.  
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Fig. 1 (a) Pristine material and its corresponding d-spacing value along with FFT transformation 

(b), (c), (d), and (d) Elemental mapping of desired material 

 

Fig. 2 (a) Targeted Material and its corresponding d-spacing value along with FFT 

transformation (b), (c), (d), and (d) Elemental mapping of desired material (e) EDS 

spectra for elemental composition 



 

 

 

Fig.  (a) Cyclic voltammogram of bare GCE in electrolyte and in the presence of MB, and of 

GCE modified with 5 mL  in the presence of 0.5 mM MB in 0.1M PBS at a scan rate of 50 mV/s. 

(b) Cyclic voltammograms of MGCE of  5 mL, 10 mL, 15 mL and pristine NiCo2O4-modified 

GCE in the presence of 0.5 mM of MB in 0.1M PBS  at a scan rate of 50 mV/s,   

 



 

 

 

Fig.  (a) Cyclic voltammograms of 10 mL collected in 0.5 mM MB solution in 0.1M PBS  at 

different scan rates; (b) sensor anodic current as a function of the square root of scan rate.  

 

 

 

Fig. 5 (a) Cyclic voltammograms for 10 mL at different MB concentrations in 0.1M PBS at a 

scan rate of 50 mV/s, (b) sensor anodic current as a function of MB concentration. 



 

 

Fig. (a) Linear sweep voltammogram for 5 mL at different MB concentrations in 0.1M PBS (b) 

sensor anodic current as a function of MB concentration. 

 

 

Fig.  (a) Cyclic voltammograms of 10 mL collected in presence of 0.1 mM solutions of MB in 

0.1M, several potential interferers at a scan rate of 50 mV/s. (b) Bar graph of various interfering 

substances. Stability study of 10 mL collecting 20 cycles in presence of 0.5 mM MB in 0.1M 

PBS at a scan rate of 50 mV/s. 



 

 

Fig.  (a) Stability study of 10 mL collecting 20 cycles in presence of 0.1 mM MB in 0.1M PBS at 

a scan rate of 50 mV/s. (b) Bar graph of 20 cycles. 

 

 

 

 



 

 

 

 

 

 


