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To investigate the photocatalytic degradation of reactive dyes in aqueous solution, pure ZnO and Fe/Ag-
doped magnetic photocatalysts having nominal compositions of Zn0.95�xFe0.05AgxO (x = 0.0, 0.05 and 0.1)
have been synthesized via self-consistent sol–gel based auto-combustion route. Thermally stable samples
were subsequently confirmed to exhibit wurtzite type hexagonal structure, characteristic of ZnO. The
nature of chemical bonding was elaborated by Fourier transform analysis. Electron microscopic
techniques were employed to investigate the structural morphology and to evaluate the particle size. Fer-
romagnetic nature of the Fe/Ag doped samples was revealed by vibrating sample magnetometry,
enabling the photocatalytic samples to be re-collected magnetically for repeated usage. The enhanced
photocatalytic activity in the degradation of methylene blue under UV light irradiation with 5 and
10 wt.% Ag/ZnFeO has been observed validating the potential applications of these materials in the field
of photo-degradation of organic pollutants.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Dilute magnetic semiconductor (DMS) materials have been
attractive for spintronic devices due to their multiple functional-
ities and unique traits. Apart from various applications of these
materials in advanced electronics such as opto-electronics,
magneto-electronics, microwave devices, n/p-type doping and
room temperature (RT) ferromagnetic characteristics, their
photodegradation role for organic pollutants has recently been dis-
covered [1–5]. Owing to its wide band gap (3.3 eV) and relatively
large binding energy (60 meV) at RT, ZnO has emerged as a poten-
tial DMS material [6]. In addition to the wide range of optical and
electronic applications such as solar cells, gas sensors, photocatal-
ysis, ZnO-based DMS materials also demonstrate exceptional
mechanical, thermal and chemical stability [7,8]. The use of
ZnO-based photocatalysts is further motivated because of its high
photosensitivity, high stability and non-toxic nature [9]. In
addition, relatively large band gap value and higher ultraviolet
(UV) light absorbing capability, also adds to its merits as promising
catalyst for the degradation of organic pollutants as compared to
TiO2 [10].

Besides distinctive advantages of low cost and complete miner-
alization, photocatalysts used normally for degradation of organic
pollutants are easily discharged in water which hinders their
recovery and poses potential loss of material [11]. In this context,
various solid–liquid separations based techniques such as centrifu-
gation, ultra filtration and microfiltration have been practiced to
separate suspended ZnO and TiO2 photocatalytic particles [12–
18]. On the other hand, magnetic photocatalysts assist the recovery
of the photocatalysts from treated water by exploiting magnetic
properties without compromising the activity and semiconducting
properties [15,19,20].

Extensive studies have been carried out to convert ZnO from UV
sensitive material to a visible-light irradiated material by doping
elements like N, C, S, Co, Ag, Au, Pt and Ru [21–24]. Among these,
Ag-doped ZnO have gained key focus due to its suitable functional-
ities as a photocatalyst, for the degradation of dyes [25–27]. This
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Fig. 1. Thermo gravimetric profiles of (a) ZnO, (b) Zn0.95Fe0.05O (ZnFeO), (c) 5 wt.%
Ag/ZnFeO, and (d) 10 wt.% Ag/ZnFeO.
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composition has been utilized for the generation of p-type conduc-
tivity wherein Ag ion acts as an electron acceptor in the material
[15]. The improved photocatalytic activity of Ag-doped ZnO has
been attributed to the dopant-mediated surface properties, such
as oxygen vacancies and crystal defects [19]. On the other hand,
Fe-doped ZnO has also been investigated for its potential photocat-
alytic activity for the degradation of organic dyes [4]. In this
context, Ag/Fe co-doped ZnO could be a potential candidate to be
exploited for the enhanced photocatalytic activity for the degrada-
tion of organic pollutants.

In this paper, we present the synthesis of Fe/ZnO dilute mag-
netic semiconductors doped with various Ag concentrations. The
effect of Ag doping on the structural features, magnetic response
and photocatalytic activity was investigated. The aim of the
intended photocatalysts is to enhance the performance by the
modification of surface texture. The degradation of methylene blue
(MB) with the synthesized photocatalysts was investigated. The
MB degradation behavior was examined using UV
spectrophotometer.

2. Experimental procedure

2.1. Synthesis

Low cost sol–gel auto-combustion method was used to prepare pure ZnO and
Ag-doped ZnFeO samples having compositions, Zn0.95�xFe0.05AgxO (x = 0.0, 0.05
and 0.1) [28]. Analytical grade reagents, zinc nitrate [Zn(NO3)�6H2O, P99.0%, Sigma
Aldrich], iron nitrate [Fe(NO3)3�9H2O, P99.999%, Sigma Aldrich] and silver nitrate
[AgNO3, 99.9999%, Sigma Aldrich] were used as starting materials in stoichiometric
molar ratios while citric acid [C6H8O7, P99.5%, Sigma Aldrich] was used as a fuel
agent. The metal nitrate to citric acid ratio [MN:CA] was adjusted to 1:2 for each
sample. Precisely weighed amounts of these materials were first dissolved in
50 mL of deionized water and the solution was continuously stirred using a mag-
netic stirrer while placed on a hot plate. The temperature of the hot plate was fixed
at 95 �C for about 1 h. Meanwhile, the solution was converted to a brownish xero-
gel. The stirrer was taken out of the gel at the instant and temperature was raised to
300 �C. After a few moments, the gel was burnt instantaneously with the evolution
of gases and the final product was a loose and fluffy powder. The powder was then
sintered at 400 �C for 2 h in a muffle furnace.

2.2. Characterization

Thermo gravimetric analysis (TGA) was carried out using an S-II, EXSTAR, Hit-
achi, TG/DTA at a temperature range of 35–750 �C, employing a heating rate of
9 �C/min in air. For structural analysis and phase identification, a Rigaku Ultimate
IV, USA X-ray diffractometer (XRD) using Cu Ka radiation, was employed in the
range of 25–70� with a step increment of 0.05�. Fourier transform infra-red (FT-
IR) measurements were performed using a Bruker Vertex 70, Germany, spectrome-
ter for analyzing the bonding characteristics of the prepared samples. Prior to this
testing, the material was embedded in KBr. Structural morphology and elemental
analysis was carried out by using a JEOL JSM7600F, FESM scanning electron micro-
scope (SEM) attached with energy dispersive X-ray spectroscopy (EDS) from Oxford
instruments.

The specific surface area, pore volume and average pore diameter of the cata-
lysts were measured using a Micromeritics Tristar ASAP 2020, surface area and
porosity analyzer by N2 adsorption data at 77 K, according to the standard Brunauer
Emmett Teller (BET) procedure. For each analysis, 0.25 g of catalyst was used. Prior
to the analysis, degassing of the samples was carried out at 200 �C for 2 h to remove
the moisture and weakly adsorbed gases from the catalyst surface. Transmission
electron microscopy (TEM) studies was carried out by using JEOL 2100F, FEG-
TEM, Japan.

The absorbance spectra were recorded on a Labomed-2950, USA UV absorbance
spectrometer. UV diffuse reflectance spectroscopy measurements were carried out
to calculate the energy band gaps (Eg) of the synthesized composites using Perkin
Elmer’s LAMBDA 35 UV systems with integrating sphere accessory. Magnetic prop-
erties were assessed by using a physical properties measurement system (PPMS,
Quantum Design, USA) with a maximum applied field of ±10 kOe.

2.3. Photocatalytic activity measurements

In this study, MB was exploited as a pollutant molecule. The photocatalytic deg-
radation of MB was carried out in a rectangular quartz reactor (30 � 40 � 60 mm3).
A MB aqueous solution (1.16 � 10�5 M) was photocatalyzed in a quartz reactor at
RT under the UV light irradiation. In order to maintain the temperature of MB
solution in the photo-reactor, cold water was circulated around the solution. A
high-pressure mercury lamp (450 W, principal wavelength 365 nm and luminous
intensity 0.4 mW cm�2) served as the UV light source. 100 mg catalyst powders
were dispersed into 100 mL MB aqueous solution (10 mg/L). Prior to irradiation,
the suspension was sonicated in the dark to disperse the catalyst in dye solution
and particular attention was given to the continuous stirring of the solution during
the whole experiment. After irradiation at a given reaction time (0–4 h), about 2 mL
of the mixed suspensions were extracted and filtered to separate the catalyst from
the dye solution. The absorbance and degradation rates were determined by a UV
spectrophotometer. The scanning wavelength range was from 400 to 800 nm.
3. Results and discussion

3.1. Thermal stability

TGA spectra were recorded to study the thermal degradation
behavior of the as-synthesized samples in the temperature range
of 35–750 �C, as shown in Fig. 1. The rapid initial weight loss
observed is the characteristic of desorption/drying of water. The
maximum weight loss in the observed temperature range was
about 1% which could be attributed to the loss of residual water
in the powder samples. No further degradation clearly
demonstrates the thermal stability of the Ag-doped ZnFeO com-
posite catalysts in this wide range of temperature.
3.2. Structural analysis

Fig. 2 shows the XRD patterns of pure (a) ZnO, (b) Zn0.95Fe0.05O
(ZnFeO), (c) 5 wt.% Ag/ZnFeO and (d) 10 wt.% Ag/ZnFeO samples
obtained in the 2h range of 25–70�. All the peaks present in the first
two patterns have been identified as related to characteristic hex-
agonal wurtzite type structure of ZnO, since all the peaks are well-
matched with JCPDS No. 75-1526, and hence indexed accordingly.
No extra peaks corresponding to any secondary or impurity phase
were observed in the patterns. The absence of any Fe-related peak
in ZnFeO (Fig. 2(b)) might be attributed to two reasons. First, the
substitution of dilute amount of Fe3+, which had a smaller ionic
radii (0.55 Å) as compared to the host Zn2+ (0.74 Å), could not dis-
tort the parent hexagonal matrix of ZnO [29]. The other may be
attributed to the limitation of XRD technique to detect impurities
present in very small amounts [3]. Fig. 2(c) and (d) reveals the
XRD patterns of 5 and 10 wt.% Ag-doped ZnFeO, respectively. The
patterns clearly demonstrate that along with ZnO peaks, three
additional peaks related to Ag at 2h values of 38.16�, 44.35� and
64.52� corresponding to (111), (200) and (220) planes, respec-
tively, in accordance with JCPDS No. 04-0783, are also present.
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Fig. 2. XRD patterns of (a) ZnO, (b) Zn0.95Fe0.05O (ZnFeO), (c) 5 wt.% Ag/ZnFeO, and
(d) 10 wt.% Ag/ZnFeO.
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Ag has not fully incorporated into the lattice of ZnFeO due to larger
ionic radius of Ag as compared to Zn2+ and Fe3+ [30]. In addition, a
slight and gradual perturbation was also observed in the diffraction
peaks in all the four samples as shown in magnified patterns in
Fig. 3. This shift in peak position towards left is mainly due to
the presence of Fe in ZnO lattice [31].

The nature of chemical bonding in the synthesized un-doped
and doped samples was studied using FTIR spectroscopy, as shown
in Fig. 4. All the spectra showed two broad peaks at 3428 cm�1 and
1637 cm�1, attributed to the surface-adsorbed water and OH-
group, respectively [32]. The peaks at 2358 cm�1 and 1102 cm�1

are due to the presence of CO2 in air and sulfate group, respectively
[33,34]. The strongest peak in the range of 400–500 cm�1 is a char-
acteristic peak of ZnO [31]. With the addition of 5% Fe in ZnO, the
absorption band moved from 438 to 426 cm�1. The change in the
peak position of ZnO absorption band reveals that Zn–O–Zn net-
work is perturbed by the presence of Fe in its lattice [31]. This
observation is consistent with the magnified XRD spectrum shown
in Fig. 3. Hence, it is inferred that Fe ions have replaced Zn ions and
incorporated completely into the ZnO matrix. The FTIR spectra
were further utilized to elaborate the effects of Ag-doping. No
absorption peak related to AgO or Ag2O was observed in the rele-
vant spectra [35]. The absence of the Ag–oxide peaks could be
attributed to the fact that Ag remained in metallic form and chem-
ical bonding between Ag–O and Ag–ZnO could not occur [36].
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Fig. 3. Magnified XRD patterns of (a) ZnO, (b) Zn0.95Fe0.05O (ZnFeO), (c) 5 wt.% Ag/
ZnFeO, and (d) 10 wt.% Ag/ZnFeO.
The structural morphology of all the samples has been investi-
gated by SEM as shown in Fig. 5(a–d). The grain sizes and grain
boundaries could not be marked as the micrographs were taken
at low resolution, however uniform distribution of small grains
in the form of clusters is evident mainly in all the samples. The
incorporation of Fe and Ag in ZnO has been observed to increase
the surface roughness, porous nature with lots of channels and
folds. In particular, after the addition of Ag, the surfaces became
more rough and porous which might enhance the photocatalytic
activity [9]. A porous structure can provide more surface contact
and space to absorb the pollutant molecule to make the excited
electron arrive more easily at the surface [37] and hence enhancing
the photocatalytic activity. Furthermore, characteristic peaks
recorded in the EDX spectra, shown in the insets of Fig. 5(a–d), elu-
cidate the presence of Zn, Fe and Ag contents in accordance with
the stoichiometric amounts as expected from the relevant sample
composition.

Fig. 6 shows low-magnification TEM images of un-doped and
Fe/Ag-doped ZnO samples. The particle size in case of pure ZnO
and ZnFeO was almost same, in the average range of 50 nm.
Whereas, it is observed that with the increase of Ag from 5 wt.%
to10 wt.%, the average particle size decreases from about 40 to
30 nm on average. The reduced particle size favors an increase in
surface to volume ratio of the nanoparticles which in turn
increases the maximum utilization of the catalysts in the photocat-
alytical activity.

Specific surface area (BET), pore volume (PV) and average pore
size (PD) of ZnO, ZnFeO and Ag-doped ZnFeO samples have been
summarized in Table 1. The PV and PD were calculated from
adsorption branch of the respective N2 isotherm by applying
Barrett, Joyner and Halenda (BJH) method. Moreover, it is also
apparent from Table 1 that nanoparticle size confinement has a
notable effect on textural properties, especially on pore volume,
of the prepared catalysts. Ag-doped ZnFeO samples showed rela-
tively higher specific surface area and pore volume than that of
undoped sample. For instant, the BET surface area and pore volume
of pristine sample were 4.97 m2/g and 0.0196 cm3/g, while for
10 wt.% Ag-doped samples both were 21.91 m2/g and 0.214 cm3/
g, respectively which was in good agreement with the results
determined by SEM and TEM.

3.3. Magnetic behavior

The magnetic properties of the synthesized samples except ZnO
were investigated at a low temperature of 20 K. Fig. 7 shows the
field-dependent magnetic hysteresis (M–H) loops obtained at an
applied field of ±10 kOe. The saturation magnetizations (Ms) of
Zn0.95Fe0.05O was determined to be 1.72 � 10�4 which decreased
to 7.70 � 10�5 emu/g for 10 wt.% Ag-doped sample, as listed in
Table 1. The decreased value of Ms could be attributed to the dop-
ing of diamagnetic element Ag. Nevertheless, the overall ferromag-
netic nature of the Ag-doped samples confirmed the utilization of
these magnetic catalysts for use in photocatalytic activity for the
photodegradation organic dyes.

3.4. Photocatalytic performance

The effect of Ag doping on the photocatalytic activity was
assessed by evaluating the band gap and photo-absorption spectra
technique. The energy band gap (Eg) of pure and doped samples
was calculated using Eq. (1) [38].

ahv ¼ Aðhv � EgÞn=2 ð1Þ

where a, v, Eg and A are absorption coefficient, light frequency, band
gap energy, and a constant, respectively, and n is based on the



Fig. 4. FTIR spectra of (a) ZnO, (b) Zn0.95Fe0.05O (ZnFeO), (c) 5 wt.% Ag/ZnFeO, and (d) 10 wt.% Ag/ZnFeO.

Fig. 5. SEM micrographs of (a) ZnO, (b) Zn0.95Fe0.05O (ZnFeO), (c) 5 wt.% Ag/ZnFeO, and (d) 10 wt.% Ag/ZnFeO, and the relevant EDX spectra in the insets.
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nature of optical transition of a semiconductor. For example, n = 1
stands for direct transition, whereas n = 4 stands for indirect transi-
tion. The calculated band gap energy of Ag-doped samples was
decreased as compared to un-doped sample (Table 1). The surface



Fig. 6. Low-magnification TEM images of (a) ZnO, (b) Zn0.95Fe0.05O (ZnFeO), (c) 5 wt.% Ag/ZnFeO, and (d) 10 wt.% Ag/ZnFeO.

Table 1
Textural properties, band-gap energies and saturation magnetization of the un-doped and Ag-doped ZnFeO catalysts.

Samples Surface area (m2/g) Pore volume (cm3/g) Average pore size (nm) Band gap energy (eV) Saturation magnetization (Ms) (emu/g)

ZnO 4.97 0.0196 19.71 3.22 –
ZnFeO 16.45 0.111 29.58 3.17 1.72 � 10�4

5 wt.% Ag/ZnFeO 18.04 0.190 31.79 3.15 7.74 � 10�5

10 wt.% Ag/ZnFeO 21.91 0.214 34.57 3.14 7.70 � 10�5
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Fig. 7. Field-dependent M–H loops of (a) Zn0.95Fe0.05O (ZnFeO), (b) 5 wt.% Ag/ZnFeO,
and (c) 10 wt.% Ag/ZnFeO.
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modification with Ag doping can cause a red-shift of around 0.04 eV
[8]. The decrease in band gap energy of Ag-doped samples may be
due to the band shrinkage effect [39]. Fig. 8 shows a plot between
(ahm)1/2 and hm. The sharp tangents were drawn to determine the
band gaps of the synthesized catalysts. The value of band gap was
reduced gradually from 3.22 to 3.14 eV starting from the ZnO to
10 wt.% Ag/ZnFeO sample as summarized in Table 1.



Fig. 9. Time-dependent UV absorption spectra of (a) ZnO, (b) Zn0.95Fe0.05O (ZnFeO), (c) 5 wt.% Ag/ZnFeO, and (d) 10 wt.% Ag/ZnFeO.
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UV–Vis spectroscopy analyses were performed to determine the
effect of Ag-doping on the optical properties of the ZnO nanoparti-
cles. Fig. 9 shows the photoabsorption spectra of the degraded dye
solutions with respect to light-exposure durations ranging from 0
to 4 h. It was clearly evident that the absorption of MB gradually
decreased with increasing irradiation time; however, different val-
ues of the degree of reduction were observed for each catalyst. The
least degradation of around 35% was observed after illuminating
the solution for 4 min under UV light that could be seen in
Fig. 9(a). After incorporating Ag in the same sample, the MB
showed a promising degradation of about 87% after 4 h exposure
to UV light, as exhibited in Fig. 9(d). It can be seen that the maxi-
mum absorbance at 665 nm rapidly decreases with the increase in
irradiation time and disappears almost completely after a certain
time.

The incorporation of Ag may expedite the transport of photo-
generated electrons, facilitating the longer charge separation by
trapping them, which results in a positive effect on the MB degra-
dation [25,28].

The order of catalytic activity for MB degradation with the as-
synthesized catalysts is 10 wt.% Ag/ZnFeO > 5 wt.% Ag/ZnFe-
O > ZnFeO > ZnO which is consistent with the order of band gaps
(Table 1) of these materials. The decreased band gap by incorporat-
ing Fe and Ag in ZnO lattice demonstrates the effectiveness of the
resulting materials for MB degradation in the UV light irradiation.
Based upon experimental observations, it is elucidated that the
degradation of MB increases by increasing irradiation time under
UV light in the presence of photocatalysts due to increase in life
time of excited charge carriers which may enhance the photocata-
lytic activities [40].
4. Conclusions

In this article, pure ZnO, Fe-doped ZnO, and Ag-doped ZnFeO
were synthesized via self-consistent sol–gel based auto-
combustion method. The XRD analysis showed that Fe incorpora-
tion in ZnO did not distort the wurtzite ZnO structure while Ag
loading in ZnFeO resulted in phase separation (yielding Ag-doped
ZnFeO nano-composites). Ferromagnetic behavior was evident for
the doped samples enabling the photocatalysts to be re-collected
and re-used multiple times. The UV diffuse reflectance spectros-
copy displayed the decreased value of band gaps by the addition
of Fe in ZnO which were further decreased by adding Ag in ZnFeO.
An organic dye (methylene blue) was chosen as a model compo-
nent which was degraded under UV light irradiation. The results
revealed that the minimum degradation of MB had taken place
with pure ZnO which was increased by adding Fe into ZnO lattice.
The degradation of MB was further increased by incorporating Ag
into ZnFeO. The increase in dye degradation was attributed to
the increased life time of excited charge carriers, reduced recombi-
nation of electron–hole pairs, and decrease in materials band gaps
by the addition of Fe and Ag in ZnO.
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