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Abstract
Using different amount of potato peels, ZnO photocatalysts (ZO-PC) have been prepared by facile combustion process 
followed by the calcination at 500 °C for 10 min, and their obtained nanomaterials have been investigated through various 
techniques like powder X-ray diffraction (XRD), scanning electron microscope (SEM) combined with EDX, transmission 
electron microscope (TEM), Fourier transform infrared spectroscopy (FTIR), and UV–Vis spectroscopy in DRS mode. 
Moreover, the spectrophotometry technique has been employed to investigate the degradation of methylene blue (MB) under 
UV irradiation light (λ < 400 nm) by fabricated ZO-PCs. Among them, the lowest peel-containing sample was exhibited 
enhanced photocatalytic activity as compared to others also optical bandgap energy (Eg) was increased with increasing of 
peels from 3.39 to 3.49 eV.

1 Introduction

Sustainable modernization of society, industrial growth, and 
public unawareness of their rules and regulations are main 
causes of the generation of toxic pollutants in water eco-
system, which gives rise to motility and diseases in aquatic 
life, plants, human health, and alteration of weather and cli-
mates, relatively more effective in rural areas and undevel-
oped countries. At this very moment, it is considered as a 

plague for society due to release of toxic inorganic/organic 
waste byproducts or exhaust gases from industries into water 
reservoirs [1–5]. Dyes are the major pollutant, which con-
taminates various kinds of water bodies like seas, rivers, 
lakes, streams, waterways, and other geographical features 
where probability of chance for water navigations. In dyes 
industry: textile, dyeing, printing, paper, pulp, and paint are 
major resources of dyes that provide the characteristic color 
to the ingredients such as garments, paper, fabric, leather, 
and body paintings in ritual festivals [2, 3, 5, 6]. Many dye-
stuffs are toxic and carcinogenic in nature and affect the nat-
ural activities of both living and non-living creatures [5–8]. 
Therefore, it’s a fundamental demand from the communities 
to protect them and accomplish of concern regulations; it 
must be important to degrade/depurate the dyes from pol-
luted landscape and top priority to develop an advance and 
cost-effective method for their cure [7–10].

For the dye-contaminated system, researchers have 
established many degradation techniques such as adsorp-
tion, biodegradation, coagulation, electrochemical oxidation, 
flocculation, membrane separation, osmosis, and precipita-
tion but each method has its own benefits and limitations 
[1, 5, 8, 11]. All of the above-mentioned approaches are not 
much effective, sensitive, and selective at trace level deter-
mination, time-consuming and inappropriate to degrade the 
chemically and structurally stable dyes. In last few decades, 
researchers have been focused to apply easier strategies to 
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use natural and artificial light to decline and breakdown the 
dyestuff [12–14]. Among the different types of photolysis 
techniques, the photocatalysis with UV–Visible spectropho-
tometric methods are the most capable, simple, low-cost, 
eco-friendly process, and it has high efficiency for complete 
mineralization of photo-induced dyes such as methylene 
blue, methyl green, and rhodamine B dyes and other haz-
ardous regents [6, 7, 15, 16]. In addition, obtained results 
are reproducible, more sensitive at low level quantitative 
and qualitative detection of colored and colorless reagents 
by applying the various certified methodologies [17, 18].

In past few years, metal-based nanomaterials (NMs) have 
been frequently used for the purification of dye-contami-
nated water through UV–Vis spectroscopy method [15–21]. 
To date, many research groups have to improved photocata-
lytic properties of metal oxides by the doping of noble met-
als, inorganic and organic semiconductors. For example, 
Meng et al. [22–28] synthesized numerous  TiO2 nanostruc-
tures (bandgap 3.2 eV) and its series of composites by the 
doping of non-toxic AgNPs, ZnO,  CeO2,  Co3O4, and poly-
meric semiconductor like narrow bandgap (2.7 eV) graphite 
carbonitride (g-C3N4) by a cost-effective simple facile meth-
ods: solvothermal, hydrothermal, wet chemical reduction, 
sputtering, and deposition. And they demonstrated photocat-
alytic performances under the simulated sunlight/irradiation 
against the harmful dyes or chemicals, Rhodamine B (RhB), 
methyl orange (MO) or phenol with enhanced surface and 
photocatalytic properties as compared to commercial P25 
because of improved reduced bandgaps, high surface area, 
coupling effects by charge separation, or electron–hole pairs. 
As compared to other metal oxide families, non-toxic bio-
compatible ZnO nanostructures have significant capacity to 
absorb photons/phonons in both regions, visible and near 
ultraviolet light due to high bandgap (3.37 eV), and it shows 
quantum confinement effect in UV–Visible region which is 
responsible for the degradation of organic dyes [2, 29–36]. 
Because of these properties, it can have used many advanced 
fields such as optical, dielectric, dye-sensitized solar cells, 
antibacterial agent, and medicinal with sensors applications.

For the fabrication of ZnO with different morphology, 
several synthetic approaches have been employed: physical, 
chemical, and thermal [29–43]. Recently, environmental-
friendly green nanotechnology is economical branch of 
nanoscience for the design of the nanoscale products using 
either a fine powder or extract of plants/herbs as capping 
agents or stabilizers to control the crystal growth, and it 
provided manifold application in biological treatments, phar-
maceutical, and water purification [44–47]. The principal 
aims of green synthesis are to develop high-performance 
nanomaterials by eliminating the use of toxic reagents and 
little/no hazard to our global system by potential exploring 
of herbs, plants, and their waste. The solution combustion 
method appears more favorable in terms of an economical 

high-yield, large-scale production and minimalism by 
using the plant waste materials and the avoidance of toxic 
chemicals and high energy ingredients for various types of 
nanostructures.

In this paper, zinc oxide photocatalysts (ZO-PCs) com-
posed with nanocauliflowers were synthesized by low-cost 
homemade combustion technique using carbohydrate-rich 
potato wastes. The predominant form of this carbohydrate is 
starch, which is natural polymer, renewable and inexpensive, 
and acts as templates for NPs growth. The obtained materi-
als were characterized with sophisticated instruments such 
as XRD, which is used to know the crystalline phase mate-
rial whereas purity and morphology of the grown structures 
were examined SEM–EDX, TEM, and FTIR. The photocata-
lytic activity of fabricate samples with MB was measured by 
UV–Visible spectroscopy.

2  Materials and methods

2.1  Combustion synthesis of ZnO photocatalysts 
(ZO‑PC)

Peel of potato as a fuel has been used for the fabrication 
of ZO-PCs by the combustion route. Fresh potatoes were 
purchased from a local market and its air-dried peels were 
grounded to fine powder and stored in an air-tight container. 
In brief, 2.97 g of zinc nitrate hexa hydrate (Zn(NO3)2·6H2O, 
99.999%, Sigma-Aldrich, Germany) was dissolved in 10 mL 
of DI water and fine powder of waste in different mass frac-
tion 0.297, 0.594, and 0.891 g were slowly added into it 
under stirring condition for 30 min. The mixture was trans-
ferred in borosil glass container and kept in a preheated muf-
fle furnace at 500 °C for combustion process for 10 min. 
During this process, a large amount of heat and gases were 
evolved continuously; resulting white-colored voluminous 
porous nanopowder was obtained. For simplicity, prepared 
ZnO samples with different peel amount of 0.297, 0.594, 
and 0.891 g were termed as ZO-1PC, ZO-2PC, and ZO-3PC, 
respectively.

2.2  Characterization

The XRD patterns were employed for different samples 
using X-ray diffractometery (Rigaku Dmax-IIIA Japan) 
with  CuKα radiation source (λ = 1.5417 Å) in 2θ range of 
10–80°. The FTIR spectra were recorded at room tempera-
ture in the 4000–400 cm−1 range (Nicolet Avatar 360 FTIR) 
with KBr pellet method. The UV–Vis diffuse reflectance 
spectra (DRS) were measured in the range of 200–800 nm 
using a UV–Vis spectrophotometer (Jasco V-770, Japan). 
The morphology, particle size, and compositional analysis 
of photocatalysts were examined with SEM–EDX (Hitachi 
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S-4800, Japan) and TEM (JEOL JEM 1200EX, Japan). The 
chemical states and surface element compositions were 
determined by XPS in omicron with a monochromatic  AlKα 
radiation source and charge neutralizer. The C 1s line was 
taken as an internal standard at 284.6 eV. Both, wide-range 
survey spectra and detailed spectra for Zn 3p, O 1s,and C 1s 
were collected at 300 W.

2.3  Photocatalytic activity

Mineralization of MB by fabricated ZO-PCs was carried out 
on photocatalytic reactor; it has Hg-lamp (λmax = 365 nm, 
250 W) and quartz tube (L = 37 cm, ID = 2.3 cm) of 100 ml 
capacity. After the establishment of sorption (adsorp-
tion–desorption) equilibrium between 10 ppm aqueous solu-
tion of MB and 10 mg of synthesized catalyst, 2 ml centri-
fuged solution was taken out from reactor (30 min interval) 
and measured on spectrophotometer at 664 nm wavelength. 
A MB solution in absence of photocatalyst was used as con-
trol. The intensity of the main absorption peak (664 nm) of 
MB dye was referred to as a measure of the residual dye 
concentration. Following equation was used for the estima-
tion of rate degradation:

where Co is the initial concentration of dye solution, Ct is 
the dye concentration at certain reaction time t, Ao is the 
initial absorbance of dye solution, and At is the dye solution 
absorbance at a certain reaction time.

3  Results and discussion

3.1  X‑ray diffraction

The XRD patterns of the prepared ZO-PCs are shown in 
Fig. 1. From all the diffraction peaks it’s attributed to crys-
tallinity of ZnO with the hexagonal wurtzite structure. The 
strong peaks are located at an angle (2θ) of 31.6°, 34.5°, 
and 36.2° corresponding to 〈100〉, 〈002〉 and 〈101〉, respec-
tively, along with the other peaks are found at the angles 
47.6° 〈102〉, 56.6° 〈110〉, 62.8° 〈103〉, 66.4° 〈200〉, 68.1° 
〈112〉, 69.3° 〈201〉, 72.4° 〈004 〉, and 77.0° 〈202〉 with their 
corresponding planes. The data obtained are in good agree-
ment with JCPDF card no: 036-1451 for ZnO [48]. It is evi-
dent from the XRD plans that there are no extra peaks were 
observed which again indicates that the well-crystallinity 
and purity of as-synthesized ZnO nanostructures. It is noted 
that the major diffraction peaks’ intensity and average crys-
tallite size are decreased with amount of potato peels, and 
peaks’ position is shifted slightly towards higher angle with 
increasing the potato peel contents. The average crystallite 

Degradation(%) = Co − C
t
∕Co × 100 = Ao − A

t
∕Ao × 100

size can be calculated with the aid of Scherrer formula [49]. 
The calculated crystallite size values of ZO-PCs were found 
to be decreased from 21 to 10 nm.

3.2  Fourier transform infrared (FTIR) spectroscopy

Figure 2 shows the spectra of purity and functional charac-
teristics of ZO-PCs in the range of 4000–400 cm−1. Several 
well-defined peaks at 470, 850, 1259, 1380, and 3420 cm−1 
have been observed in the spectra. The bands between 3600 
and 3200 cm−1 corresponding to O–H mode of vibration, 
whereas a low intense bending vibration at 1627 cm−1 is the 
surface adsorbed water molecules [50, 51]. Strong absorp-
tion band between 440 and 470 cm−1 (ZO-1PC, ZO-2PC 
and ZO-3PC) was observed which is related with the metal 
oxide bond of ZnO [52]. The small peaks at 827–850 and 
1380–1385 cm−1 are associated with the asymmetric and 
symmetric stretching bands of nitrate group  (NO3

2−), respec-
tively [52]. In addition to observed peaks, no other peak 
related to any functional group was detected in the spectra, 

Fig. 1  X-ray diffraction pattern of ZO-PC nanopowders



 Journal of Materials Science: Materials in Electronics

1 3

which reveals that the synthesized nanostructures are pure 
ZnO without any significant impurities.

3.3  Morphological study

The morphology of the grown powder samples was analyzed 
via the scanning electron microscopy (SEM) and acquired 
data are presented as Fig. 3. Figure 3a shows the morpho-
logical detail of the sample ZO-1PC and it illustrates that 
several particles are presented in an array and form bunch 
similar to the cauliflower-like structures. The individual nan-
oparticle is very small in size (~ 10–15 nm) and is jointed 
with each other. Similar observation was also observed in 
another sample ZO-2PC, which seems that very small nano-
particles are scattered over the entire surface (Fig. 3b). The 
individual morphology of each nanoparticle is spherical, 
smooth, and very clear in shape. In another SEM image cap-
tured for the sample ZO-3PC, the NPs are joined with other 
particle through their bases in such a special manner that 
they made a beautiful cauliflower-shaped morphology and 
in an aggregated and clustered form. The full array of one 
flower-shaped structure is in the range of 3–4 μm (Fig. 3c). 
The quantitative/chemical compositions of three different 
ZO-PC cauliflower-shaped nanoparticles were also analyzed 
by EDX spectroscopy and are presented in Fig. 4a–f. All the 
spectra (Fig. 4b, d, f) indicate the presences of only Zn and 
O peaks without any impurity peaks. Fig. 2  FTIR spectra of ZO-PC nanopowders

Fig. 3  SEM images of a ZO-
1PC, b ZO-2PC, and c ZO-3PC



Journal of Materials Science: Materials in Electronics 

1 3

Further, the morphological examination was also 
accessed through transmission electron microscopy (TEM) 
at low & high magnification scales for the sample ZO-3PC 
and is presented in Fig. 5. The low magnified image (Fig. 5a) 
illustrates that the many nanoparticles are present, and these 
are detached with other structures. Further for more detailed 
observations, the size of an individual NP, the magnified 
image was selected and captured (Fig.  5b) and labeled 
(Fig. 5c) image of NPs. Fig. 5b, c elucidates that the average 
size of each NP ranges from 17 to 25 nm, with basis mor-
phological characteristic such as spherical, smooth surfaces 
with high crystalline character. Here, it realizes that from 
the obtained results such as XRD and SEM, which are fully 
justified with the TEM images.

3.4  X‑ray photoelectron spectroscopy (XPS) analysis

The elemental exploration for the selected sample ZO-3PC 
with full and core-level spectra of characteristic elements 
is depicted in Fig. 6. Initially, the wide scan survey was 
analyzed (Fig. 6a) and it shows the presence of Zn 2p, C 
1s, and O 1s which represent that the prepared material is 
pure [53]. Narrow scan spectra (Zn 2p, C 1s, and O 1s) of 

ZO-3PC are shown in Fig. 6b–d. The peak for C 1s at bind-
ing energy of 285.6 eV was used as internal standard. It is 
established that the bands centered at 284.78 and 531.01 eV 
are associated with C 1s and O 1s, respectively [54]. The 
C 1s is centered at 284.38 eV for carbon, which might be 
due to atmospheric acquaintance to the sample (Fig. 6b), 
whereas O 1s peak is initiated at 531.01 eV with a shoulder 
at 532.42 eV (Fig. 6c). The two binding energy states at 
1021.2 eV and 1044.3 eV are associated with the Zn  2p3/2 
and Zn  2p1/2, respectively, which are very close to standard 
ZnO binding energy (Fig. 6d) [54].

3.5  UV–Vis diffuse reflectance spectra

The electronic structure of a semiconductor affects its 
optical property greatly, which reflects its photocatalytic 
property. Optical properties of prepared photocatalysts 
at room temperature were diagnosed in DRS mode. Fig-
ure 7a shows the UV-DRS spectra of prepared photocata-
lysts. The absorption edge is observed between 360 and 
385 nm, which is shifted to smaller wavelength regions 
with higher peel contents. No other peak was observed in 
the spectrum confirms that the synthesized products are 

Fig. 4  EDX spectra with their corresponding elemental chemical compositions of ZO-PC
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Fig. 5  Low (a) and high mag-
nification (b, c) TEM images of 
ZO-3PC

Fig. 6  XPS spectra of ZO-3PC: 
a survey b C 1s c O 1s and d Zn 
 2p3/4 spectra
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ZnO only [55, 56]. The blue shift is attributed to quan-
tum confinement effects due to reduced size of particles 
[57]. Estimation of bandgap energy is carried using Tauc 
plot that uses the value obtained from extrapolated linear 
slope to photon energy as shown in Fig. 7b. With increas-
ing the peel content from 0.297 to 0.891 g, the bandgap 
energies of ZO-PCs are found to be increased from 3.39 
to 3.49 eV, respectively, which can be assigned to the 
intrinsic bandgap absorption of ZnO due to the electron 
transitions from the valence band to the conduction band.

3.6  Photocatalytic activities in the degradation 
of MB

To represent the potential applications of as-synthesized 
ZnO products in waste water treatment, we have investi-
gated the photocatalytic activities to decompose MB dye 
completely. Figure 8 shows the adsorption spectra and per-
centage degradative graph of MB solutions in presence of 
ZO-PCs (Fig. 8a–c) under UV light at different time inter-
vals. The main absorption peak of MB centered at 664 nm 
before and after irradiation. When the light was turned on, 
the main peaks decreased continuously with increased irra-
diation time, indicating that MB solution was decomposed 

Fig. 7  UV–Vis absorption spec-
tra of the ZO-PC a DRS spectra 
and b bandgap plots, where a.u 
denotes the arbitrarry unit

Fig. 8  Absorbtion spectra of 
different ZO-PC (a–c) in pres-
ence of MB and % degradation 
curves (d)
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in present system. When the illumination time is extended to 
180 min, the color of MB solution completely disappeared. 
The absorption maxima corresponding to the aromatic 
hydrocarbon part were also decreased and it shows complete 
destruction of dye takes place in presence of the fabricated 
catalyst. The order of photocatalytic degradation rate of MB 
degradation rate was found to be ZO-PC1 (72%) < ZO-PC2 
(87%) < and ZO-PC3 (99%), respectively (Fig. 8 d).

The decoloration of the used MB dye through the pho-
tocatalytic process with using three different types of zinc 
oxide nanoparticles similar to cauliflower-shaped structures 
were conducted for 180 min. As per the previous literature 
[3, 30, 32], once the degradation happens in an aqueous 
suspension, which is due to it forms electron and hole pair 
on the surface of the catalyst. The high oxidation of the 
hole (hVB

+) in catalyst facilitates the direct oxidation of dye 
to reactive intermediates. The other reactive intermediate 
contributes to the available electron, which act as hydroxyl 
radical  (OH·) in the photodegradation process. The hydroxyl 
group was generated by the decomposition of water mol-
ecule or through with reaction of hole and hydroxyl ion 
 (OH−) ions. As per the previous information [3, 30, 32], 
the hydroxyl radical is highly strong oxidant (E0 =  + 3.06 V) 
and responsible for the fractional to whole mineralization 
of numerous organic molecules. It’s well known that the 
photocatalysis is a surface phenomenon, which depends on 
the active sites on the surfaces available for the reaction (as 
diagrammatic Fig. 9). In our case, the three types of zinc 
oxide nanoparticles (ZO-1PC, ZO-2PC, and ZO-3PC) have 
larger surface area and it presumes that the photocatalytic 
activity was anticipated and it’s to be comparable with the 
commercial zinc oxide NPs. Due to larger surface proper-
ties of the prepared environmental-friendly NPs, it exhib-
its much greater photocatalytic efficiency as compared to 
other chemically grown NPs. Similar observations were also 

reports from the different authors [3, 30, 32], which shows 
their results on the basis of available large bandgap in the 
ZnO nanostructures. The large bandgap in ZnO deferments 
the electron–hole recombination process and because of this, 
it shows enhanced photocatalytic properties.

4  Conclusion

In conclusion, different nanoparticles which are ZnO nano-
cauliflowers were successfully synthesized through a sim-
ple and reliable combustion method using environmental-
friendly and biocompatible potato waste products. The 
eco-friendly zinc oxide prepared via potato cover (peel) 
exhibits a crucial role for the structural architecture and cata-
lytic enhancement. The as-synthesized ZnO nanostructures 
possess extraordinary catalytic activity to degrade the MB 
dye, which demonstrates the potential application towards 
the wastewater purification with environmental-friendly 
material. In this experiment, we received the enhanced cat-
alytic efficiency for ZO-PCs which upsurge to 99.3% with 
180 min UV light irradiation, which shows the prepared 
materials in excellent photocatalytic material for the larger 
industrial-scale exploitation.
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