Available free online at www.medjchem.com

Mediterranean Journal of Chemistry 2020, 10(7), 659-667

Synthesis and photocatalytic activity studies of Silver-Nitrogen
co-doped ZnO-Fe2O3 nanocomposites for the degradation of
Methylene blue under UV-Visible region
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Abstract: The binary systems of ZnO-Fe2O3 nanocomposites were synthesized by a precipitation method with
aqueous solutions of Fe and Zn nitrate, whereas nitrogen-doped ZnO-Fe2O3, silver-doped ZnO-Fe2O3, and silvernitrogen co-doped ZnO-Fe2O3 nanocomposite were prepared by solid-state reaction. The structure and bandgap
of the composites were studied using X-ray diffraction (XRD) and UV-visible diffuse reflectance spectroscopy
(UV–vis). An aqueous model pollutant Methylene blue (MB) dye solution was used to evaluate photocatalytic
degradation activities of the nanocomposites under visible light irradiation. Doping photocatalyst significantly
increased the effectiveness of the photocatalyst in reducing bandgap energy. So 2.05 eV is the lowest energy,
which is for Ag/N co-doped ZnO-Fe2O3 photocatalysts. Results of the experiment that involved the
photocatalysts revealed that Methylene blue degradations of 45.11%, 47%, 51%, and 64.5% in 180 min under
light radiation using ZnO-Fe2O3, Ag-doped ZnO-Fe2O3, N-doped ZnO-Fe2O3, and Ag/N co-doped ZnO-Fe2O3,
respectively. The doped photocatalysts were all superior to the undoped ZnO-Fe2O3. The efficiency of Ag/N codoped ZnO-Fe2O3 photocatalysts was higher on the photodegradation of MB at optimum PH, the load of
Methylene blue photocatalyst which is 78%.
Keywords: Nanocomposite; Binary system; doping, co-doping, and coupling; Photocatalysis.
1. Introduction
Currently, industrial effluents, agricultural runoff,
and chemical spills are familiar sources for a variety
of dyes that are being introduced into the water
system. Among the causes of much concern to
societies and regulation authorities around the world
are their toxicity, stability to natural decomposition,
and persistence in the environment 1. Wastewater
effluents from different industries such as textiles,
rubber, paper, and plastics contain several kinds of
synthetic dyestuffs. A minimal amount of dye in
water is highly visible. The discharging of even a
small amount of dye into the water can affect aquatic
life and food webs due to the carcinogenic and
mutagenic effects of synthetic dyes 1. Photocatalytic
technology has become a significant way of
dominating environmental pollution. Heterogeneous
photocatalysis has already been investigated and
successfully applied to the degradation of different
categories of organic compounds 2.
The absorption of a photon initiates the
photodecomposition of semiconductor with energy
greater than or equal to the bandgap of
semiconductor producing electron-hole pairs 3. It is
important
for
prolonging
electron-hole
recombination before a designated chemical reaction
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occurs on the semiconductor surface. Several
semiconductor photocatalysts such as TiO2, ZnO,
WO3, SnO2, CdS, and ZnS 4 have been used for the
treatment of wastewater pollutants under visible light
irradiation. Among semiconductors, zinc oxide has
attracted attention due to its environmental stability
as compared to other metal oxides 5. Application of
photocatalysis, especially using semiconductors such
as ZnO, appears to be a more appealing approach
than the conventional chemical oxidation methods
for decomposition of toxic compounds to nonhazardous product 6. This is because semiconductors
are: (i) inexpensive, (ii) non-toxic, (iii) having high
surface area, (iv) having broad absorption spectra
with high absorption coefficients, and (v) affording
facility for the multi-electron transfer process. ZnO
has been demonstrated as an improved photocatalyst
as compared to commercialized TiO2 based on its
more significant initial rate of activities and higher
absorption efficacy of solar radiations 7. However,
ZnO has almost the same bandgap as TiO2. Surface
area and surface defects play an essential role in the
photocatalytic activities of metal oxide. The
photocatalytic activity of ZnO is restricted to the
irradiation wavelengths in the UV region because of
its wide bandgap of about 3.2 eV and low quantum
efficiency 8. The wide bandgap and fast electrons
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recombination of ZnO constrains its application.
This limitation has been improved by different
strategies such as doping, a coupling of two or more
semiconductors. The coupling of semiconductors
forms a heterojunction to reduce the recombination
rate of the photogenerated charge carriers in the use
of environmental purification and remediation. It can
also significantly enhance the optical absorption of
photocatalyst 9. Among the combinations reported,
ZnO has been successfully fabricated combined with
Fe2O3 10, showing in both cases improved properties.
Iron oxide due to its narrow bandgap energy and
using this to reduce the energy gap between the
conduction band and valence band.
Several attempts also have been made to improve the
efficiency of photocatalysts by using doping
materials. Doping is required to improve the
efficiency of photocatalysts. The reduction of the
optical energy gap of ZnO by doping is an advantage
for use in optoelectronic devices. Among these
doping materials, Ag-doped ZnO 11, N-doped
ZnO 12, Mg-doping on ZnO 13, Cu-doped iron
14
oxide
,
nitrogen
N–S-co-doped
single
nanomaterials have been successfully used like
TiO2 15. This work confirms the increasing
photodegradation efficiency of N/Ag-doped ZnOFe2O3 nanoparticle photocatalyst by doping it onto
the silver and nitrogen. Indeed, N/Ag-doped ZnOFe2O3 nanoparticles were produced using of solidstate reaction. This favored the improvement of the
photocatalytic activity of the doped nanocomposite
under irradiation with visible light for the
photodegradation of MB.
2. Experimental
2.1. Synthesis of the catalysts
2.1.1. Preparation of ZnO-Fe2O3Nanocomposite
The nanocomposite of ZnO-Fe2O3 was prepared by
precipitation method using the mixture of solutions
of iron (III) nitrate nonahydrate (Fe (NO3)3.9H2O)
and zinc nitrate hexahydrate (Zn (NO3)2.6H2O)
which were separately prepared. To this mixture, a
solution of sodium carbonate (Na2CO3) was added
for precipitating the binary mixed oxides of ZnOFe2O3. For this purpose, 4.7 mmol of Zn
(NO3)2.6H2O and 0.5 mmol of Fe (NO3)3.9H2O salts
were dissolved in 100 mL DI water and mixed in a
beaker. To this mixture, a solution of Sodium

660

carbonate (Na2CO3) was added with continuous
stirring for 3 h for precipitating the precursors as
mixed oxide. The precipitate thus formed by the
reaction of the two solutions was left to stand for
24 h. It was then filtered off 0.2 µm membrane filter
(Whatman) and washed three times each time with
DI water and ethanol. The final precipitate was dried
at 100°C for 3 h and calcined at 300°C for 24 h in a
programmable furnace to get ZnO-Fe2O3 mixed
oxides nanoparticles 16. The product was labeled as
ZnO-Fe2O3.
2.1.2. Preparation of N-doped ZnO-Fe2O3
Nanoparticles
The ZnO-Fe2O3 prepared was mixed with urea, with
a predetermined urea/ ZnO-Fe2O3 molecular ratio
(1:3) for a few minutes in agar mortar. The mixture
was then transferred to a ceramic crucible and was
calcinated at 400°C for four hours for solid-phase
reaction 17. The product obtained was labeled as
nitrogen-doped ZnO-Fe2O3.
2.1.3. Synthesis of Ag-doped ZnO-Fe2O3
Nanocomposite
10 ml of silver nitrate (0.18 M) was added to 10 g of
uncalcined ZnO-Fe2O3. The sample was agitated and
heated at 110°C for 30 minutes. The powder was
cooled to room temperature, calcined at 400°C for 4
hrs, and then ground in an agate mortar 18. The
product obtained was labeled as silver-doped ZnOFe2O3.
2.1.4. Preparation of silver-nitrogen co-doped
ZnO-Fe2O3 Nanoparticles
10 ml of silver nitrate (0.18 M) was transferred into a
ceramic crucible containing 10 g of Nitrogen-doped
ZnO-Fe2O3 and was agitated with a glass rod. The
crucible was put in an oven for drying at 110°C for
30 minutes. The dried powder was calcined at 400°C
for 4 hrs, cooled to room temperature, and was
ground in an agate mortar. The obtained product was
labeled as silver-nitrogen co-doped ZnO-Fe2O3. A
light source is a light bulb with a tungsten
filament(300-2500nm), a deuterium arc lamp, which
is continuous over the ultraviolet region (190400nm) and Zenon arc lamp, which is continuous
from 160 to 2000nm.

Table 1. Designation of the ZnO-Fe2O3, Ag-doped ZnO-Fe2O3, N-doped ZnO-Fe2O3, and Ag/N co-doped ZnOFe2O3 Photocatalysts.
Sample code

Experimental conditions

b1

ZnO-Fe2O3

b2

Ag-doped ZnO-Fe2O3

b3

N-doped ZnO-Fe2O3

b4

Ag/N co-doped ZnO-Fe2O3
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In this section, the photocatalytic degradation
experiments were carried out in the dark with the
presence of each photocatalyst in the presence of
radiation and were studied.

2.2. Photocatalytic Studies
2.2.1. Photocatalytic degradation studies of
Methylene blue
The photocatalytic activity of each material was
estimated by measuring the decomposition rate of
MB dye aqueous solution under visible light
irradiation. The visible light irradiation was carried
out by projecting light from a tungsten lamp (40 W,
220 V, 1.8 A, 50 Hz frequency) in a photoreactor.
Reaction suspensions were prepared by adding the
required amount of photocatalyst into 100 mL of MB
solution, taken with different initial dye
concentrations. The aqueous suspension containing
MB and the photocatalyst was irradiated with
constant stirring. The samples were collected at
regular intervals of time (20 min), centrifuged, and
filtered before measuring the absorbance 19. The
photodegradation of MB in each sample was
analyzed by using a UV-visible spectrophotometer
(SP65) at a wavelength of 460 nm (max of the MB
dye), and the percentage degradation of MB was
calculated using the relation 20.

% Degradation 

A  A 100
A
t

3. Results and Discussion
3.1. Characterization of the Catalysts
3.1.1. XRD analysis
Figure 1 depicts the XRD patterns of the synthesized
pure ZnO-Fe2O3, Ag-doped ZnO-Fe2O3, N-doped
ZnO-Fe2O3, and Ag/N co-doped ZnO-Fe2O3
nanocomposite. The diffraction peaks observed at
scattering angles 2θ = 31.87, 34.48, 36.33, 47.52,
56.64, 62.93, 66.52, 68.17, 69.13, 72.63 and 76.95
represent typical Hexagonal Wurtzite structure of
ZnO(b1,b2,b3 and b4 . The fact that more of the
peaks are represented ZnO is in line with the
proportion of the components. ZnO is the major
component, and hence the listing crystal more peaks
representing ZnO in the diffraction patterns of b1.
The prevailing diffraction peaks of ZnO are also
apparent in the mixtures (b2, b3, and b4 ). Almost all
the peaks do represent the diffraction peaks of
wurtzite ZnO structures. The only peaks representing
Fe2O3 could be the peaks at 2θ value of 36.33 and
62.88 representing the maghemite phase of Fe2O3.
The calcination temperature employed, that is,
300°C, is not good enough to bring about enough
peaks of either maghemite or hematite.

Eq. 1

0

t

Where Ao is the absorbance of dye at the initial
stage, At is the absorbance of the dye at the time “t”.
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Figure 1. XRD diagram of b1, b2, b3 and b4
The average crystallite size of the as-synthesized
nanoparticle (photocatalysts) was obtained using the
Debye-Scherrer formula.

D

K
 cos

Where D = crystallite size in nm

Eq. 2

K = the shape factor constant and taken as 0.9;  is
the full width at half maximum (FWHM) in radians,
 is the wavelength of the X-ray(0.15406 nm) for Cu
target Kα1 radiation and θ is the Bragg’s angle. The
calculated average crystalline size of the assynthesized photocatalysts is recorded in Table 2.
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Table 2. Crystal size of ZnO-Fe2O3, Ag-doped ZnO-Fe2O3, N-doped ZnO-Fe2O3 and Ag-N co-doped ZnO-Fe2O3
powders.
Nanocomposite

2θ (degree)

β (radians)

D (nm)

Bandgap (Eg) (eV)

b1

36.203

0.0041

35.4

2.74

b2

36.236

0.0046

33.2

2.48

b3

36.136

0.0046

32.15

2.17

b4

36.124

0.0063

24.12

2.04

3.2. Analysis of UV-visible diffuses reflectance
absorption spectra of as-synthesized materials
UV-visible diffuse reflectance spectroscopic data of
ZnO-Fe2O3, Ag-doped ZnO-Fe2O3, N-doped ZnOFe2O3, and Ag/N co-doped ZnO-Fe2O3 (b1, b2, b3, b4
respectively) obtained from the plots of absorbance
against wavelength (Figure 2) are discussed as
follow. The intercept of the tangent line on the
descending part of the absorption peak at the
wavelength axis gives the value of reflectance (nm).
Estimation of bandgap energy using the above
approach sometimes may not provide a clear
tangential line when the peak is not well resolved for
a given sample. This could probably happen when
the scattering effect is as high as the optical
absorption processes. In such case, scattering screens
the absorption peak, making the assignment of
bandgap energy (Eg) uncertain. To avoid difficulties
in obtaining the bandgap energy, for example, from
UV-visible absorption spectroscopy in scattered
samples, diffuse reflectance spectroscopy (DRS) was
used. The transformed the data obtained from UVvisible diffuse reflectance spectroscopy to suppress
the bandgap estimation obtained from a plot of
absorbance against wavelength using the equation
below 21.

αhν =A (hν−Eg)n/2

Eq. 3

Where α, hν, A, and Eg are optical absorption
coefficient, the photonic energy, proportionality
constant, and bandgap, respectively. In this equation,
n decides the type of the transition in a

semiconductor (n=1, direct absorption; n=4, indirect
absorption). By applying n=1, the direct bandgap of
the prepared photocatalyst was determined from the
plot of (αhν)1/2 vs. hν, as indicated in the inset of
Figure 2. Accordingly, the estimated bandgaps by
extrapolating the straight line to the x-axis for ZnOFe2O3 13, Ag-doped ZnO-Fe2O3, N-doped ZnO-Fe2O3
and Ag-N co-doped ZnO-Fe2O3 (b1, b2, b3, b4) were
found to be 2.74, 2.48, 2.17 and 2.05 eV
respectively.
The
results
indicated
that
nanocomposite
photocatalysts exhibit a redshift which widens the
absorption wavelength and allows the composite to
absorb in the visible region due to their lower
bandgaps. These all happen due to the coupling of
Fe2O3 with ZnO 12,13, Ag-doped ZnO-Fe2O3, N-doped
ZnO-Fe2O3, and Ag/N co-doped ZnO-Fe2O3, and
Ag/N co-doped ZnO-Fe2O3 is the dominant factor in
decreasing the bandgap due to co-doping Ag and N.
The reflectance property is a crucial factor to
consider when selecting a photocatalyst. Figure 2
shows the UV–vis reflectance spectra of ZnO-Fe2O3,
Ag-doped ZnO-Fe2O3, N-doped ZnO-Fe2O3, and AgN co-doped ZnO-Fe2O3 (b1, b2, b3, b4). It can be seen
that the Ag/N co-doped ZnO-Fe2O3 compared with
the Ag-doped ZnO-Fe2O3 and N-doped ZnO-Fe2O3,
the absorption intensity slightly increases. This result
indicates that Ag/N co-doped ZnO-Fe2O3 is a
potential
photocatalyst
for
sunlight-driven
applications.
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Figure 2. UV-visible diffuse reflectance of b1, b2, b3, and b4
The photocatalytic activity of Ag/N co-doped ZnOFe2O3 nanocomposite was higher than all the assynthesized photocatalysts: b1, b2, and b3, this is due
to co-doping of Ag-N in the composite.

3.3. Photocatalytic Studies
3.3.1. Comparison of photocatalytic activities of
the as-synthesized photocatalysts
The photocatalytic activities of ZnO-Fe2O3,
Ag-doped ZnO-Fe2O3, N-doped ZnO-Fe2O3, and
Ag/N co-doped ZnO-Fe2O3 using initial dye
concentrations of 10 mg/L and with 110 mg/L
photocatalyst load were evaluated under visible light.
The highest % degradation of the photocatalysts b1,
b2, b3& b4, was 45.11, 47, 51, and 64.5. As indicated
in Figure 3, the results reveal that the smallest
degradation efficiencies of b1 and b2 are due to their
large bandgaps.

In general, the photocatalytic activities of b1 <b2
<b3 <b4 under irradiation with visible light and the
highest percentage of photocatalytic degradation
were 64.5%, which is for b4 and it was selected for
the following experiments.
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Figure 3. Plots of % degradation of Methylene blue as a function of time under visible irradiation using b1, b2, b3
and b4 photocatalysts: Methylene blue = 10 mg/L , catalyst load =110 ml/L
3.3.2. Effect of the solution pH
To study pH effect on catalytic efficiency of b4,
experiments were conducted at pH 2, 3, 5,6, 8, 10,
and 12. The Methylene blue % degradation at pH 2,
3, 5, 6, 8, 10 and 12 were 40.1, 43.53, 55.1, 67, 62,
57 and 54, respectively. These results show that the
Methylene blue degradation efficiency was increased
from 40.1 to 67 from pH 2 to pH 6 and decreased
from 62, 57 to 54 from pH 8 to 12 in 180 min as

indicated in Figure 4. These may be due to the less
availability of OH- ions to form highly active OH radicals. Beyond pH 7 (for higher pH), the catalyst
surface becomes negatively charged and causes
electrostatic repulsion between the catalyst and
negatively charged Methylene blue. As a result,
degradation efficiency decreased. Since the
photodegradation was most effective at pH 6, the
subsequent experiments were continued at pH 6.
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Figure 4. Plots of % degradation of Methylene blue as function of time under visible irradiation using b4
photocatalyst: Methylene blue = 5 mg/L, catalyst load=110 mg/L, pH 2-12
As illustrated in Figure 5 the point of zero charge of
Ag/N co-doped ZnO-Fe2O3 was investigated
between pH of 2.0 and 12.0. The PZC of the
photocatalyst was found to be 6.52, which is
expected to be the point at which the surface charge
of the synthesized photocatalyst is neutral. The
above photodegradation result revealed that higher
adsorption and higher photocatalysis were obtained
at pH less than the PZC of the catalyst, which is
pH = 5.0. This is due to the higher interaction
between the positively charged surface of the
photocatalyst particles and the negatively charged
MB molecules at this pH. At a pH = 1.0, complete
bleaching (decolorizing) of the photocatalyst was
observed.

3.3.3. Study of Point of Zero Charge(PZC) of
Ag/N co-doped ZnO-Fe2O3
The PZC is a point at which the surface charge of the
photocatalyst is zero or neutral that lies in the pH
range of 4.5 - 7.0, depending on the catalysts used.
Due to the absence of an electrostatic force between
photocatalyst and dye particles, the interaction
(adsorption) and photocatalysis processes are very
less at PZC. When the pH of the system under study
is higher than the PZC, the photocatalyst surface will
be negatively charged, and the repulsion between the
photocatalyst and cationic (MB) at pH greater than
the PZC, interaction and photocatalysis is higher.
Still, at pH, less than the PZC of the photocatalyst,
the repulsion is higher, and the photocatalysis is
lesser 20.
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Figure 5. Plot of Point of Zero Charge of Ag/N co-doped ZnO-Fe2O3 photocatalyst
3.3.4. Effect of initial dye concentration
The effect of the initial substrate concentration on
the degradation of Methylene blue was studied using
different concentrations of the dye 5, 10, 15, 20, and
25 mg/L by keeping the photocatalyst load 110 mg/L
and at pH 6. The highest recorded percentage
degradation of Methylene blue at these
concentrations was 77, 74.1,70.13, 64.12, and 54.3,
respectively. From the above results, the highest

degradation was found to be maximum at 5 mg/L
initial concentration of Methylene blue, as indicated
in Figure 6. The photodegradation rate decreases
when dye concentration increases. It is because, at a
higher concentration of dye, the number of
interacting radiation photons per dye molecule
decreases 23. Further, at more top dye initial
concentration, the approach of the radiation photons
to the catalyst surface is hindered and screened off,
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thereby, reducing the photocatalytic activity in the
system 24. Moreover, at the higher dye concentration,
the number of collisions between dye molecules
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increases at the cost of required collisions between
dye molecules and OH radical. Therefore, the rate of
reaction is retarded 25.
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Figure 6. Plots of % degradation of Methylene blue as a function of time under visible light irradiation by
keeping the b4 photocatalyst load constant and varying the amount of MB solution
was the highest % degradation by b4 for the 90 mg/L
in 180 min. The remaining dosages’ degradation
efficiency was less, and at 110 mg/L, it was recorded
60% in 180 min. The increase of the photocatalytic
efficiency seems to be due to the rise in the total
surface area available for the photocatalytic reaction
as the loading of photocatalyst increased. However,
the photodegradation efficiency of b4 photocatalyst
was decreased beyond 90 mg/L (catalyst
concentration). Then the number of active sites on
the b4 surface may become almost constant because
of the reduced light penetration via shielding effect
of the suspended particles 27 and the loss in the
surface area caused by agglomeration 28. Therefore,
90 mg/L of the photocatalyst was selected as the
optimal amount of photocatalyst for the subsequent
experiments, since it was the most effective 29.

3.3.5. Effect of photocatalyst load
The MB degradation efficiency using different
catalyst concentrations of 30, 50, 70, 90, and
110 mg/L were studied with an initial dye
concentration of 5 mg/L at pH=6 within 180 min.
The highest % degradations for the given
concentrations were 60, 65, 71, 78, and 74,
respectively, as indicated in Figure 7. This is a
meaningful way to check out and select one with an
optimum photocatalyst concentration for avoiding
excess photocatalyst and ensuring total adsorption of
energetic photons 25. Thus, this induces catalyst
aggregation where the catalyst becomes larger,
leading to catalyst sedimentation 26. This is because
an unfavorable light scattering and reduction of light
penetration into the solution is observed with excess
photocatalyst loading. From the above results, 78 %
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Figure 7. Plots of % degradation of Methylene blue as a function of time under visible light irradiation by
varying the b4 photocatalyst load and keeping the concentration of MB constant
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Fig. 8. Proposed mechanism for Ag/N co-doped ZnO-Fe2O3 nanocatalyst on the photocatalytic decolorization of
Methylene blue under light radiation
4. Conclusions
In conclusion, the optical, structural, and
photocatalytic properties of silver and nitrogen codoped ZnO-Fe2O3 nanoparticles were checked. XRD
analysis showed that the samples were in the
hexagonal-wurtzite phase. Optical absorption
measurements indicated a redshift in the edge of the
absorption band by doping with silver and nitrogen.
This study suggested that silver and nitrogen doping
reduced energy deficit. The photocatalytic activity
of the ZnO nanoparticles was improved by Ag and N
doping. Also, the decolorization eﬃciency of
Methylene blue depended on the amount of silver
and nitrogen.
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