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ABSTRACT

The effect of thermal/plasma treatment on the photocatalytic degradation of methylene
blue (MB) using Au-doped Fe/TiO, photocatalyst was investigated. Iron (Fe)-doped TiO,
samples were prepared by solgel auto-combustion technique. Later, gold nano-particles
(AuNPs) were deposited on the as-prepared support (Fe/TiO,) using conventional
deposition—precipitation method with NaOH (DP NaOH), and the resulting catalysts were
subsequently modified with thermal (at 450°C under vacuum) and plasma (at an ambient
temperature under Argon atmosphere for 20 min) treatments. To evaluate particle
structure, size distribution, and composition, diverse analytical techniques such as X-ray
diffractometer, BET surface area, SEM, EDX, and TEM were used. The photocatalytic activ-
ity was evaluated by assessing the degradation of the MB in water under ultraviolet (UV)
irradiations while the parameters affecting photocatalytic process such as the catalyst
crystallinity, light absorption efficiency, the dosage of catalyst, dopant, and MB concentra-
tions were well controlled. Thermal-/plasma-treated samples showed significant enhance-
ment in the photocatalytic activity compared to untreated samples by changing the
morphology, increasing the number of AuNPs, improving the Au-doped Fe/TiO; interface,
and decreasing the band-gap energies thus tuned Au-doped Fe/TiO, catalyst to higher effi-
ciency. The AuNPs deposited on the Fe/TiO, showed good thermal stability as well. Based
on the obtained results, it can be expected that the modified catalyst may have potential
applications in various advanced technologies such as water treatment, sustainable energy,
clean environment, and several others.
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1. Introduction

The rising dependence on technology of our living
standard requires more prospective applications in
advanced technologies such as solar cells, water
decontamination, purification and disinfection, air
purification, and hydrogen production (solar light-
induced water splitting), a rigorous research is needed
to develop novel and the most effective photocatalysts
materials compare to those available today [1-6]. TiO,
is one of the potential photocatalysts that has been
extensively studied and used as photocatalyst for the
degradation of large number of organic and inorganic
pollutants. Apart from photocatalytic behavior of
TiO,, it has various advantages such as its non-
toxicity, relatively economical, chemical stability, anti-
corrosive characteristics, and favorable opto-electronic
properties. However, it has few limitations such as it
works only under ultraviolet (UV) light because of its
wide band gap (3.2 eV) and it has low photocatalytic
activity because the occurrence of charge carrier
recombination takes place within a very short time
(nanoseconds) [7]. In order to enhance the perfor-
mance of TiO, and overcome its limitations as a pho-
tocatalyst, more attention has been paid by
incorporating transition metal ions to lower the band
gap [7-9].

Many research groups [10-12] reported the doping
effects of transition metal ions on the properties of
TiO,. Since the photocatalytic activity of the doped
TiO, photocatalyst depends on various experimental
conditions, preparation methods, nature, and concen-
tration of the dopants ion, it is very hard to compare
the results reported for doped samples. Among vari-
ous dopants, the most favored dopants are iron (Fe)
and gold (Au), as they have similar size to TiO,.
Recently, it is reported that catalytic activity of Fe/
TiO, catalyst extensively improved as compared to
Au/TiO, [13]. It is comprehensively reported that, the
catalytic activity boosts as the mean particle size of
Au decreases, and the optimum particle size is in
between 2 and 4 nm [14-16].

In the present work, gold nano-particles (AuNPs)
were deposited on the as-prepared support (Fe/TiO,)
and the resulting catalysts were subsequently
modified with the thermal and plasma treatments.
Thermal/plasma treatment has a momentous effect on
the Au particle size and due to this reason, the specific
surface area of the resulting catalysts decreased. Struc-
turally, the thermal/plasma treatments reduced the
size and increased the population of the AuNPs,
improved the Au, Fe/TiO, interface, altered the tex-
tural properties and functionally, reduced the band
gaps, and these traits contributed in improving the
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efficiency of the modified catalysts. In this article, we
report on Au-doped Fe/TiO, photocatalysts modifica-
tion by thermal and plasma treatment, as well as their
photocatalytic activity in the aqueous solution of
methylene blue (MB) using UV.

2. Experimental section
2.1. Synthesis techniques

To prepare Fe-doped TiO, particles, commercially
available tetra-n-butyl titanate (Ti (OC4Ho)s, Wylson-
Chem Co. Ltd, CAS No.: 5593-70-4) and iron nitrate
(Fe (NO3)3.9H,O, 99.99% pure, Sigma-Aldrich) were
used as the starting materials in the proper stoichiome-
tric ratios for solgel auto-combustion method, while the
glycine (NH,CH,COOH, 99% pure, Sigma-Aldrich)
was used as a fuel agent. The metal nitrate to glycine
ratio was adjusted to 1:2. During synthesis, precisely
calculated amounts of the starting materials were first
dissolved in 50 mL of deionized water and later dried
at 100°C under continuous stirring for about one hour.
In this way, a brownish color xerogel was obtained
through stirring and heating at 150°C on a hot plate.
The dried powder was then heated at 400°C for 2 hin a
muffle furnace in air.

Secondly, in order to enhance the photocatalytic
activity of TiO, to the maximum limit, we deposited 5
wt. % Au (AuCl, Acros) onto Fe-TiO, using the
deposition—precipitation method. The detailed conven-
tional deposition—precipitation method with NaOH (DP
NaOH) and conditions of thermal/plasma treatment
were described somewhere [16].

2.2. Catalysts characterization

Structural characterizations of all the Au-doped
Fe/TiO, photocatalysts were performed using X-ray
diffractometer (XRD) (Brucker, D8 diffractometer)
using Cu Ke Au-doped Ti (4 =1.5406 D8 diffractome-
ter) using Cu Ke Au-dope. The morphology of the as
synthesized (Pristine sample) and modified (thermal
and plasma treated) photocatalysts was examined by
scanning electron microscopy (SEM), JEOL JSM-7600F,
FESM, Japan, and elemental analysis was carried out
by attached EDS analysis (Oxford instruments, UK).
Transmission electron microscopy (TEM) studies were
done using JEOL 2100F, FEG-TEM, Japan. The specific
surface area, pore volume, and average pore diameter
of the catalysts were measured using Micromeritics
Tristar ASAP 2020 surface area and porosity analyzer
by N, adsorption data at 77 K according to the stan-
dard Brunauer Emmett Teller (BET) procedure. For
each analysis, 0.25g of catalyst was used. Prior to
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analysis, the degassing of the samples was done at
200°C for 2h to remove the moistness and weakly
adsorbed gases from the catalyst surface. The absor-
bance spectra were recorded on UV absorbance spec-
tra Labomed-2950, USA. UV-vis diffuse reflectance
spectroscopy measurements were carried out to
calculate the energy band gaps (E,) of the synthesized
composites using PerkinElmer's LAMBDA 35 UV-vis
systems with integrating sphere accessory. The
catalysts were further characterized by inductively
coupled plasma atomic emission spectroscopy
(ICP-AES) measurements.

2.3. Photocatalytic activity measurements

In this study, MB was exploited as pollutant
molecule. The photocatalytic degradation of MB was
carried out in a rectangular quartz reactor
(30 mm x 40 mm x 60 mm). An MB aqueous solution
(1.16 x 107> M) was photocatalyzed in a quartz reactor
at room temperature (25°C under UV light irradia-
tion). In order to maintain the temperature of MB
solution in the photo-reactor, cold water was circu-
lated around the solution. A high-pressure mercury
lamp (450 W, principal wavelength 365 nm, and lumi-
nous intensity 0.4 mW/cm? served as the UV light
source. 100 mg catalyst powders were dispersed into
100 mL MB aqueous solution (10 mg/1). Prior to irra-
diation; the suspension was sonicated in the dark to
disperse the catalyst in dye solution and certain atten-
tion was given to the continuous stirring of the solu-
tion during the whole experiment. After irradiation at
a given reaction time (0 to 390 min by an increment of
30 min), about 2 mL of the mixed suspensions was
extracted and filtered to separate the catalyst from the
dye solution then the absorbance and degradation
rates were determined by a UV a filtered to separate.
The scanning wavelength range was from 300 to
750 nm. In this study, all the experimental and charac-
terization conditions/tools are similar as in the previ-
ous research works [17] except the addition of Fe.

3. Results and discussion
3.1. Structural analysis

Fig. 1 shows XRD patterns of all catalysts and the
peaks position are well agreed with the reflection of
TiO, anatase crystal structure (JCPS card No. 00-021-
1272). The distinctive peaks at 20 = 25.3°, 37.8°, 47.7°,
54.0°, 62.4°, and 76.02° corresponding to the anatase
crystal planes are observed in all samples. Fe peaks
could not be identified in Fig. 1. Since the ionic radius
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Fig. 1. XRD patterns of catalysts (a) Fe/TiO,, (b) Au-doped
Fe/TiO,, (c) thermal, (d) plasma, and (e) thermal/plasma
treated.

of Fe’* (0.64 A°) was slightly smaller than that of Ti**
(0.68A°) [18], so it can be supposed that all of the iron
ions were incorporated into the structures of titania
and replaced the titanium ion or located at the inter-
stitial site. XRD peaks of metallic gold were observed
(JCPS card No. 00-004-0784) in Fig. 1(b)—(e). The dis-
tinctive peaks at 20 =44.39°, 64.57°, and 77.54° corre-
sponding to the metallic gold were observed in all the
samples Fig. 1(b)-(e). Even after thermal/plasma treat-
ment, no change in the crystal structure was observed
as shown in XRD patterns (Fig. 1(b)—(e)).

Particle morphology of as synthesized Au-doped
Fe/TiO, catalyst sample is evident from the SEM
images shown in Fig. 2. It can be observed from Fig. 2
that thermal/plasma treatment leads to a smaller TiO,
particle. Based on these SEM images, it may be postu-
lated that the thermal-/plasma-treated samples might
have enhanced photocatalytic activity owning small
particle size of TiO,. Furthermore, characteristic peaks
recorded in the EDX spectra elucidate the presence of
Au and other elemental constituents of the catalysts
such as Fe, Ti, and O as shown in insets of Fig. 2(a)-(c).

TEM studies are very helpful in understanding the
exact morphology, structure, dimensions, and distribu-
tion of Au nanoparticles on TiO, support, as shown in
Fig. 3. Although the same amount of Au nanoparticles
(AuNPs) was deposited during the catalysts prepara-
tion but thermal modification followed by plasma
treatment substantially affected the size and popula-
tion of the Au nanoparticles on the surfaces of TiO,
support than untreated samples, as displayed in
Fig. 3(b) and AuNPs separately dispersed in solution.
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Fig. 3. TEM images of Au-doped Fe/TiO, catalysts samples (a) Au-doped Fe/TiO,-indicating the attachment of Au
nanoparticles (white arrows) on TiO, support and (b) thermal-/plasma-treated samples exhibiting fine Au nanoparticles

at TiO, surfaces.

Quantitative analysis further confirmed the size
refinement of the Au nanoparticles for modified cata-
lyst (2-3 nm), shown in Fig. 3(b), compared to
untreated samples which showed diameters in the
range of 4~5nm (Fig. 3(a)). This diametric reduction
of Au nanoparticles may be attributed with the

plasma sputter processing, (i) it is quite possible that
the Au nanoparticles undergone sever mechanical
loading upon plasma ions bombing resulting in the
compaction of Au nanoparticles into smaller size and
(ii) the other possibility is the disintegration of the Au
nanoparticles under severe plasma sputtering
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conditions which probably turned nanoparticles to
smaller dimensions [19].

Furthermore, high resolution transmission electron
microscopy (HR-TEM) studies further confirm the size
confinement of the Au nanoparticles after thermal/
plasma treatment, as exhibited in lattice resolved
images of the Au-doped TiO, catalyst (see Fig. 4).

HR-TEM images recorded on individual Au-doped
Fe/TiO, catalyst constituent provide further insight
into the structure and the catalyst constituents. Lattice
resolved TEM images, Fig. 4, shows Au nanoparticles
composed of a single-crystal metal having (111)
planes and having a sharp interface with the (004)
crystal planes of TiO, anatase phase. The HR-TEM
micrograph (Fig. 4) showed that the average interpla-
nar distance of fringes was (0.67 + 0.73 + 0.89/3) —
0.76 nm, which was in good agreement with the (111)
plane of Au.

The results obtained from ICP-AES (OPTIMA 4300
DV (Perkin-Elmer, USA), Power: 1,300 W, Amount of
catalyst = 0.25 g) confirmed that the Au particles
increased for plasma treated and thermal-/plasma-
treated samples as compared to wuntreated (As
received sample) and thermal-treated samples (see
Table 1). This implies that plasma and thermal treat-
ments lead to a greater number of Au particles depos-
ited on the TiO, surface.

Specific surface area (BET), pore volume (PV), and
average pore size (PD) of the Au-doped Fe/TiO, and
thermal- and plasma-treated catalysts are summarized
in Table 2.

The PV and PD were calculated from adsorption
branch of the respective N, adsorption-desorption iso-
therms (see Fig. 5) by applying Barrett, Joyner, and

" Interfaces—7

Au—

Fig. 4. HR-TEM images of modified catalyst, Au nanoparti-
cles (white arrow) attached with TiO, surface and Lattice
resolved HR-TEM image of the Au nanoparticle and TiO,
crystal-interface is very clear.
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Table 1
ICP-AES results of Fe/TiO,, Au-doped Fe/TiO,, thermal,
plasma, and thermal/plasma treated

Compositions Au (wt. %)
Au-doped Fe/TiO, 4.38
Thermal-treated Au-doped Fe/TiO, 4.47
Plasma-treated Au-doped Fe/TiO, 4.86
Thermal-/plasma-treated Au-doped Fe/TiO, 4.89

Halenda (BJH) method. According to the IUPAC
classification both adsorption/desorption isotherms
were of a mixed type (I/II form). Moreover, it is also
apparent from Table 2 that Au nanoparticles size con-
finement has a notable effect on textural properties,
especially on pore volume of the prepared catalysts.
Au-doped Fe/TiO, sample showed relatively higher
specific surface area and pore volume than that of
thermal-/plasma-treated sample. For instant, the BET
surface area and pore volume of Au-doped Fe/TiO,
sample were 53.10m*/g and 0.47 cm®/g, while for
thermal-/plasma-treated Au-doped Fe/TiO, both were
45.67 m*/g and 0.32 cm®/g, respectively, which was in
good agreement with the results determined by SEM
and TEM.

In comparison with Au-doped Fe/TiO, sample, the
smaller pore volume in case of thermal- and plasma-
treated sample is probably resulted due to partial
blockage of the pores with active metal particles. Simi-
lar kinds of alterations in textural properties due to
partial blockage of pores with active metal particles
were also reported by various researchers in the
literature [20].

3.2. Photocatalytic performance

The effect of thermal and plasma treatment on the
photocatalytic activity was evaluated by estimating
the band gap and the photo-absorption spectra tech-
nique. The energy band gap (Eg) of Au-doped Fe/
TiO, and thermal-/plasma-treated samples can be
calculated using Eq. (1) [21].

ahv = A(hv — Eg)"/? 1)

where «, v, Eg, and A are absorption coefficient, light
frequency, band-gap energy, and a constant,
respectively, and n based on the nature of optical
transition of a semiconductor for example n =1 stands
for direct transition whereas n =4 stands for indirect
transition. For TiO, n = 1/2, which corresponds to an
indirect transition. The calculated band-gap energy of
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Textural properties and band-gap energies of Au-doped Fe/TiO, supported catalyst

Surface area

Samples (m*/g)

Pore volume

(ecm?/g)

Band-gap energy
(eV)

Average pore size
(nm)

53.10
45.67

Au-doped Fe/TiO,
Thermal-/plasma-treated Au-doped
Fe/TiO,

0.47
0.32

2.79
2.65

38.27
31.67

350
300
250
200
160
100

(a) Au doped Fe/TiO,
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Fig. 5. N2 adsorption—desorption isotherms for (a) Au-doped Fe/TiO, and (b) thermal-/plasma-treated Au-doped Fe/

TiO,.

Au-doped Fe/TiO, sample and thermal-/plasma-
treated Au-doped Fe/TiO, have decreased to 2.79 and
2.65eV, respectively, (as shown in Table 2) in
comparison with pure TiO, (P25) which is around
3.0-3.2 eV [22]. The surface modification with Au par-
ticles can cause a redshift of around 0.14 eV. The
decrease in band-gap energy of Au-doped Fe/TiO,
nano-composites may be due to the band shrinkage
effect which is resulted from the AuNPs deposition on
TiO, surface [23].

The sharp tangents (see Fig. 6) were drawn to
examine the band gaps of the fabricated catalyst and
obtained reduced band gaps 2.79, 2.75, 2.68, and
2.65 eV for the Au-doped Fe/TiO,, thermal, plasma,
and combined thermal-/plasma-treated samples,
respectively.

Fig. 7 shows the photo-absorption spectra of the
degraded dye solutions with respect to light-exposure

durations ranging from 0 to 390 min. It is clearly evi-
dent that the absorption of MB gradually decreased
with increasing irradiation time; however, different
values of the degree of reduction were observed for
each catalyst. The least degradation was observed after
illuminating the solution for 390 min under UV-vis
light that can be seen in Fig. 7(a). For the thermal-/
plasma-treated Au-doped Fe/TiO, catalyst in the same
sample, the MB showed a promising degradation even
after 180 min exposure to UV-vis light, as displayed in
Fig. 7(d). It can be seen that the maximum absorbance
at 665 nm rapidly decreases with the increase in irradi-
ation time and disappears almost completely after
210 min. The lack of any new-appearing peak in the
course of the reaction showed that degradation had
been successfully completed. These results confirm the
enhanced photocatalytic activity of the modified sam-
ples in the UV light compared to untreated samples.
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Fig. 6. (ahv)1/2 vs. photon energy (hv) of Au-doped Fe/TiO,, thermal, plasma, and thermal/plasma treated.

Such enhanced photocatalytic performance can be
attributed to the excellent electronic conductivity and
enhanced mass transportation, which facilitates photo-
induced electron transport to the surface of the
catalysts, thereby inhibiting recombination of photo-
induced electrons and holes [24].

Although the same amounts of Au nanoparticles
were introduced during the catalysts synthesis but our
TEM and ICP-AES analysis showed significant
changes in the diameters and population of Au nano-
particles after thermal followed by plasma treatments.
Since the Au nanoparticles expedite the transport of
photo-generated electrons and facilitate the longer
charge separation by trapping them which in result
displayed positive effect on the MB degradation [16].

Plasma sputtering improved the uniform distribu-
tion of the catalytic active species in the catalyst by

converting the large Au nanoparticles into relatively
smaller nanoparticles and our results are well agreed
with the reported cases [16,25]. Thus, it can be
postulated that the size confinement of Au nanopar-
ticles due to thermal/plasma process increase the
number of photo-generated electrons and holes in
order to contribute in the photocatalytic reaction
which in result enhanced the photocatalytic activity
[25]. Furthermore, our results also showed an inter-
esting sequence related to the photocatalytic activity
of the catalyst samples. The order for MB degrada-
tion of Au-doped Fe/TiO, catalysts was related to
type of processing done on the catalysts, and the
results showed MB degradation for thermal/
plasma > plasma > thermal treatment >as received
(Au-doped Fe/TiO,) samples. This sequence degra-
dation exactly follows the order of band gaps
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Fig. 7. Time-dependent UV-vis absorption spectra of (a) Au-doped Fe/TiO,, (b) thermally treated Au-doped Fe/TiO,,
(c) plasma-treated Au-doped Fe/TiO,, and (d) thermal-/plasma-treated Au-doped Fe/TiOs.

obtained for all samples. The decreased band gap
by the thermal and plasma treatment of Au-doped
Fe/TiO, catalyst demonstrates the effectiveness of
the synthesis catalysts for MB degradation in the
UV-vis irradiation. Based upon these results, it may
be elucidated the thermal/plasma treatment con-
trolled the morphology and population of the Au
nanoparticles. The size confinement of the Au nano-
particles decreased the band gap and the increased
in numbers of active sites thus improved the quality
of the Au-doped TiO, catalyst, which was confirmed
experimentally by assessing the degradation of MB
in the presence of modified catalyst.

The reaction mechanism for the degradation of MB
over AuNPs-doped Fe/TiO, under UV irradiation has
been explained in detail. After UV irradiation, the
electrons available in the valance band get activation
to the conduction band since the band gap of TiO; lies
in the UV region [26]. In the conduction band, on the
surface of support, electrons might be further shifted
to the adsorbed O, to form the superoxide radical
anions. Apart from this, in the case of AuNPs-doped
Fe/TiO,, the AuNPs can be considered as an electron
sink, where the electrons in the conduction band can
migrate to the noble metal surface, thereby preventing
the recombination of electron hole pairs [26]. As a
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result, the shifting of electrons from the inside of the
samples to the surface results in enhancement of pho-
tocatalytic efficiency that might be the reason for the
improved photo catalytic activity for the existed
AuNPs-doped samples under UV irradiation.

Fig. 8 shows time-dependent degradation of all the
samples. It is clearly evident that the absorption of
MB gradually decreased with increasing irradiation
time; however, different values of the degree of reduc-
tion were observed for each catalyst.

Fig. 9 also shows that the performance of all
samples. % degradation was calculated using Eq. 2.

% degradation = (1 — C/C,) x 100 2

C, is the initial concentration, C is the concentration
after adsorption at different time. Thermal-/plasma-
treated Au-doped Fe/TiO, showed higher degradation
(70%) compare to other samples.

4. Conclusions

The effect of thermal/plasma treatment on the
photocatalytic degradation of MB using Au-doped
Fe/TiO, photocatalyst was investigated. The photocat-
alytic activity was gauged by assessing the degrada-
tion of MB in the presence of catalysis under UV light
spectra. Our results showed that the quality of
Au-doped Fe/TiO, catalyst was significantly
improved by the thermal/plasma treatments. After the
thermal and plasma treatment, the specific surface
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Fig. 8. Time-dependent degradation of (a) Au-doped
Fe/TiO,, (b) thermally treated Au-doped Fe/TiO,, (c)
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plasma-treated Au-doped Fe/TiO,.
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Fig. 9. % Age degradation of the dye pollutant using (a)
Au-doped Fe/TiO,, (b) thermally treated Au-doped
Fe/TiO,, (c) plasma-treated Au-doped Fe/TiO,, and (d)
thermal-/plasma-treated Au-doped Fe/TiO..

area of the Au-doped Fe/TiO, samples decreased.
Due to the thermal/plasma treatments, the size of
AuNPs reduced that increase the population of the Au
nanoparticles. Thermal/plasma treatment improves
the Au/TiO, interface, altered the textural properties
and functionally, reduced the band gaps and these
traits contributed in improving the efficiency of the
catalysts. Concisely, combined thermal/plasma treat-
ment is an effective method to obtain Au-doped
Fe/TiO, with better photocatalytic performance and
the catalysts may have potential applications in waste
water disinfection, energy harvesting, solar technology
and air purification, and many others.
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