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1. Introduction

Photocatalytic dye-degradation activity of nano-
crystalline Ti,_,M,O,_; (M =Ag, Pd, Fe, Niand x =0,
0.01) for water pollution abatement

Vaishali Soni, ©? Abhay Narayan Singh,® Preetam Singh @ ¢ and Asha Gupta © *?

Nanocrystalline metal-ion (M = Fe, Ni, Ag, and Pd) doped and undoped anatase-TiO, powders were
prepared using a solution combustion method. The photocatalytic degradation of different dyes such as
methylene blue (MB), rhodamine B (RB), rhodamine B base (RBB), and thionine acetate (TA) was
investigated under UV exposure. The degradation rate of the dyes were found to be better in the case of
Ag* and Pd?* doped TiO,, whereas Fe** and Ni?* doped TiO, showed lower photocatalytic activity
compared to undoped TiO, nanoparticles. Combustion synthesized catalysts exhibited much better
activity compared to the commercial Degussa P25 (75% anatase + 25% rutile) TiO, photocatalyst. The
intermediate states created in the band gap of the TiO, photocatalyst due to doping of first row
transition metal ions (such as Fe** and Ni?*) into the TiO, lattice act as recombination centres and the
electrons present in the d-orbital quench the photogenerated holes by indirect recombination, hence
increasing e~ —h* recombination rates. As a result, a decrease in the photocatalytic activity of TiO, doped
with first row transition metal ions is observed. However, in the case of noble metal ions (such as Ag*
and Pd?*) in TiO,, photoreduction of Ag* and Pd2* jons occurs upon UV irradiation, hence the noble
metal-ions act as electron scavengers. Consequently, the lifetime of the holes (h*) increases and hence
higher photocatalytic oxidation activity of the dyes is observed. A novel strategy of electron scavenging is
envisaged here to develop Ag* and Pd?* doped TiO, to increase the photocatalytic oxidation of organic
dyes for the development of better water pollution abatement catalysts. Redox-pair stabilization in the
TiO, lattice similar to photo-chromic glasses play a defining role in enhancing the photocatalytic activity
of the catalyst and is a key finding for the development of superior photocatalysts. With the help of UV-
vis and fluorescence spectroscopy, the mechanisms of the superior oxidation activity of Pd?* and Ag*
doped TiO, nanoparticles are explained.

degradation and mineralization of organic pollutants in water
have been extensively explored in the literature.*® In recent

Semiconductor heterogeneous photocatalysis is a promising
strategy with enormous potential to treat contaminants in water
to remove persistent organic pollutants as well as microorgan-
isms in water. The discharge of highly toxic and potentially
carcinogenic dyes from textile industries are the root cause of
water pollution and therefore poses a serious environmental
concern; about 10-15% of the total dyes are wasted during
dyeing and released as effluents into wastewater streams.’
Several studies have been carried out regarding complete
degradation of organic dyes using semiconductors as photo-
catalysts before releasing them into water streams.>* Complete
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years, photocatalytic reactions over semiconductor oxides have
been investigated in depth.***> Although other semiconductors,
such as ZnO,* ZnS,"* Fe,03,"” WO;,'* Nb,O5,"” Ta,0s,** CdS,*
In,03,* etc., have been studied extensively, TiO, remains the
leading and most studied photocatalytic material due to its
photostability, low cost, redox efficiency, and non-toxicity
towards the environment and humans.”'*'* Several studies in
the literature have reported that the anatase phase of TiO, is
more photo-active for degrading pollutants in contaminated
water compared to the other stable polymorphic rutile and
brookite phases.'®*>">

The band gap of TiO, is such that photo-absorption occurs in
the UV region of the electromagnetic spectrum and, therefore,
successful attempts have been made to shift the band gap of
TiO, towards the visible or near UV region by doping of foreign
elements, especially transition metal ions, into the TiO, lattice
or loading them onto the TiO, surface.”*?® However, several
controversies regarding metal substitution in catalysts prevail

© 2022 The Author(s). Published by the Royal Society of Chemistry
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in the current literature. Some of the literature has reported that
the photo-activity of titania is altered by doping with transition
metals like Pt, Pd, Au, Ag, and Cu,”** which act as charge
separators for the photo-induced electron-hole pair. It is
hypothesized that after excitation, the electron migrates to the
metal centre, where it becomes trapped and electron-hole
recombination is suppressed, which results in enhanced photo-
activity. Nagaveni et al’®** conducted a systematic study of
several metal ions such as Cu®', Fe**, zr**, ce**, and V°* and
reported that substitution of these metal ions in TiO, decrease
the photocatalytic activity. The formation of reactive oxygen
species (viz. OH’, O, °, and H,0,) during catalytic processes on
metal oxide semiconductors are of paramount importance for
the practical application of photocatalysis. However, trapping of
either e~ or h' by the new energy band in the metal doped TiO,
matrix decreases the number of these reactive oxygen species,
resulting in a decreased photocatalytic activity.*

Electron scavenging through photo-reduction of metal-ions
similar to the phenomena occurring in photo-chromic glasses
can act as an alternative way to enhance the photocatalytic
activity of doped TiO,. In photochromic glasses, reversible
photo-reduction of Ag" to Ag® occurs to attain photochromism
where the photoelectron is being trapped via Ag" ion reduction
giving a dark colour to the glasses and once photon irradiation
is stopped, Ag transforms back to the Ag" state. Thus, we have
introduced Ag" and Pd*" ions into the TiO, lattice to attain
reversible photo-reduction or scavenging of photoelectrons to
enhance the photocatalytic oxidation activity of Ag* and Pd**
doped TiO, with enhancing of the lifespan of the holes (h").
There are a variety of approaches that are used to synthesize
anatase-TiO, NPs, such as the sol-gel process,**** hydrothermal
method,** microemulsion technique,**® inert gas condensa-
tion,* chemical vapour deposition,* etc.,, but solution
combustion provides a rapid, self-propagating, single-step
synthesis approach yielding nanoscale materials. Most of the
metal doped TiO, reported in the literature is prepared by the
two most common methods: incipient wet impregnation*' and
co-precipitation techniques.”® However, in the impregnation
method, doping is likely to occur only on the surfaces, while in
the co-precipitation method, the long-time heat treatment of
these mixed metal hydroxides leads to agglomeration of metal
particles at the surface of TiO,. Therefore, a new method for the
preparation of metal ion doped titania is essential to study the
effect of the metal ion in the TiO, lattice. The solution
combustion method offers a versatile and simple approach for
in situ doping of metal ions in oxide materials. In the solution
combustion method, highly crystalline fine particles are ob-
tained and have the advantage of controlling the stoichiometric
amount of doping of desired metal ions in TiO,.?*3%%>43

In this work, we present the one step synthesis of nano-
crystalline Ti; ,M,0, ; (M = Fe, Ni, Ag and Pd; x = 0, 0.01) by
a solution combustion method and the photocatalytic degra-
dation of different dyes such as methylene blue (MB), rhoda-
mine B (RB), rhodamine B base (RBB), and thionin acetate (TA)
were investigated using the developed photocatalyst, Ti; ,M,-
0,_; under UV light exposure.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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2. Experimental section
2.1 Synthesis

TiO, nanoparticles (NPs) were obtained by a solution combus-
tion method using the precursor titanyl nitrate [TiO(NO;),] and
glycine (NH,CH,COOH, 99%) as a fuel. 5 ml of titanium-
isopropoxide ([Ti(OC3H5),], 97%) in 15 ml of isopropanol
(99%) was subjected to hydrolysis to obtain the white precipi-
tate of titanyl hydroxide [TiO(OH),], which was further reacted
with 1 ml of 69 wt% nitric acid in ice cold conditions to obtain in
situ titanyl nitrate [TiO(NO;),] solution. 1.4 g of glycine was
added to titanyl nitrate solution and the reaction mixture was
kept in a pre-heated furnace at 400 °C. All the chemicals were
obtained in their highest purity form from Sigma-Aldrich. For
the synthesis of 1 atom% Pd doped TiO,, for instance, titanyl
nitrate, PdCl, and glycine were taken in a molar ratio of
0.99 : 0.01 : 1.14. The combustion reaction can be represented
as:

9(1 — x)TiIO(NO3), + 9xPdCl, + 10(1 — x)C,HsNO, —
9TiO;_Pd, 0, 5 + 14(1 — x)N, + 20(1 — x)CO,
+ 18xHCI + (25-34x)H,0... (1)

The product was light brown in colour. Similarly, AgNO;,
Fe(NO;); and Ni(NO3), were used as the precursor compounds
for the synthesis of the 1 atom% Ag, Fe, and Ni doped titania,
and their colour was light yellow, light brown, and yellow,
respectively.

2.2 Characterization of Ti; ,M,0, ; (M = Ag, Pd, Fe, and Ni
and x = 0, 0.01)

To confirm the phase formation of the synthesized photo-
catalysts, powder X-ray diffraction (pXRD) spectra were ob-
tained from a Philips X'pert Pro Diffractometer with Cu Ko
radiation in the 26 range from 20 to 70° with step size 0.02° at
a scan rate of 1° min " for the purpose of Rietveld refinement.
The SEM images of the powder sample were carried out using
a high resolution-scanning electron microscope (FEI Nova Nano
SEM450) and TEM micrographs of sample were obtained with
a high resolution-transmission electron microscope (FEI TEC-
NAI G2 20 TWIN instrument operated at 200 kV). The X-ray
photoelectron spectroscopy (XPS) measurements were per-
formed on a VG Scientific ESCA Lab Mark II spectrometer (UK)
with an aluminium anode source producing Al K radiation
(1486.6 eV). UV-vis DRS spectra of the doped and undoped TiO,
powders were obtained using a PerkinElmer Lambda 35 spec-
trophotometer in the wavelength range of 200 to 800 nm. Each
sample was dry-pressed into a 10 mm diameter round disk
containing 250 mg of the powder samples; pure BaSO, was used
as a standard for referencing. The photoluminescence
measurements were performed on a luminescence spectro-
photometer (PerkinElmer LS 55) at room temperature.

2.3 Photocatalytic studies

The photocatalytic activity of the synthesized nano-sized cata-
lysts were measured by degrading MB, RB, RBB, and TA under
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UV-vis light illumination. The experiments were carried out
using an annular-type cylindrical batch photo-reactor (of 250 ml
volume) consisting of a jacketed quartz tube of 1.4-inch inner
diameter, 1.6 inch outer diameter, and 8.3 inch length. The
outer shell of a high-pressure mercury vapour lamp of 125 W
(Philips Powertone, Mumbai, India) was removed carefully and
placed inside the quartz reactor. The ballast and capacitor were
connected in series to avoid fluctuations in the input power
supply of the lamp, and a constant water supply was maintained
to avoid overheating during the reaction. The whole unit was
placed inside a glass container filled with polluted/dyed-water
solution. The distance between the source and bottom of the
vessel was maintained at 0.8 inch to stir the solution. The lamp
was irradiated predominantly at 365 nm (3.4 eV). The dye
concentration employed was 100 ppm with a catalyst loading of
1 kg m* and 1 ml of dye solution was collected at a regular
interval of 5 minutes for further analysis by the
spectrophotometer.

2.4 Sample analysis

The degraded samples were filtered through Millipore
membrane filters and centrifuged to remove the catalyst
particles prior to analysis. The centrifuged sample is used to
record the UV-vis spectra in the range 200-800 nm at a scan
rate of 120 nm min~'. The absorption maxima values for MB,
RB, RBB, and TA are 664.8 nm, 553.6 nm, 553.60 nm, and
599.14 nm, respectively. The C/C, values are plotted against
time (min) to obtain the degradation plot of each of the
respective dyes.

3. Structural analysis of the catalyst
3.1 XRD studies

The powder diffraction patterns for Ti; ,M,0, ; (M = Fe, Ni,
Ag, and Pd; x = 0, 0.01) shown in Fig. 1 are indexed to the
anatase phase only; diffraction peaks corresponding to the
rutile and brookite polymorphic phases could not be identified.
Further, we have refined X-ray data to obtain the structural
parameters. The Rietveld refinement of the X-ray spectra of
TiO,, Ag" doped TiO, and Pd*>" doped TiO, has been done taking
pseudo-Voigt as the peak profile function, as depicted in
Fig. 2(a)-(c), respectively. The experimental, calculated and
their difference patterns were denoted as a solid, dotted and
continuous bottom line, respectively. The position of the Bragg
reflections represented by the tick marks corresponds to the
tetragonal structure of anatase TiO,. From the Rietveld refine-
ment, the values of the lattice parameters (a, b, and ¢), unit cell
volume (V), and reliability factors (Rpragg, Ry and x°) for
combustion synthesized doped and pure TiO, are listed in
Table 1. Incorporation of Ag/Pd ions in the TiO, lattice have very
little impact on the lattice parameter and a slight distortion in
the lattice parameter is observed upon Ag/Pd ions substitution,
as shown in Table 1. The crystallite size was determined using
the Scherrer formula and from the FWHM of the highest
intensity peak (101), it was found to be in the range of 8-18 nm
for metal doped titania.

18796 | RSC Adv, 2022, 12, 18794-18805

View Article Online

Paper
——Pd-TiO,
" [] 2 1 2 [ 2 [] 2
—— Ag-TiO,
-
@. . 1 N 1 . 1 . 1 2
~ ——Ni-TiO,
Z
i
4
8 _A‘ )\‘ l/'\ A. N
: 2 L 2 [ 2 [ " [ "
= H Fe-TiO,
2 [ 2 1 " [ 2 [ 2
101 —TiO,
004 200
1030112 A IOSMZH 204 55
" [ " 1 4 [ 4 [ o,
20 30 50 60 70

40
20 (degree)

Fig.1 XRD patterns of TiO, and Ti;_M,O,_; (M = Fe, Ni, Ag, and Pd; x
=0, 0.01).

3.2 SEM and TEM studies

The surface morphology and structural characteristics were
investigated by SEM micrographs. The SEM image of Ag" doped
TiO, NPs, as shown in Fig. 3(a), shows the presence of a porous,
sponge-like structure with high roughness and complexity. The
bright-field TEM image, Fig. 3(b), of Ag" doped titania shows
agglomerated nanoparticles of sizes ranging from 10 to 20 nm,
in close agreement with the sizes obtained from the Scherrer
formula. The high resolution-TEM image, Fig. 3(c), displays
lattice fringes with an interplanar d-spacing of 0.35 nm corre-
sponding to the (101) plane of anatase-TiO,, which is in accor-
dance with the pXRD results. The presence of distinct rings in
the selected area electron diffraction (SAED) pattern, as shown
in Fig. 3(d), indicate that the combustion synthesized doped
TiO, powders are crystalline in nature and could be indexed to
the anatase phase only.

3.3 XPS

The deconvoluted X-ray photoelectron spectra (XPS) of the
combustion synthesized Pd*>" doped TiO, are shown in Fig. 4.
The binding energies reported here are with reference to the
adventitious C 1s peak (284.8 eV). Fig. 4(a) represents the Ti 2p

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Rietveld refined XRD patterns of (a) TiO,, (b) Ag—TiO,, and (c)
Pd-TiO,.

core level spectra which indicates two peaks centered at 458.8
and 465.0 eV corresponding to Ti 2pz, and Ti 2py, levels
(Ti*"), respectively.** Fig. 4(b) represents the Pd 3d core level
spectra of Pd*" doped TiO, which consists of two peaks
centered at 338.0 and 343.7 eV corresponding to Pd 3ds,, and
Pd 3d3,, which confirms that Pd is present in the +2 oxidation
state.***> When the powder sample (Pd** doped TiO,) was
exposed to UV light, the peaks corresponding to Pd 3ds,, and
Pd 3d;,, asymmetrically broaden, as shown in Fig. 4(c), which
indicates that Pd is present in its two chemical states i.e., Pd°
and Pd>". The additional peaks that start growing at 336.0 and
341.7 eV indicate the formation of metallic Pd°. These two
peaks are deconvoluted to obtain the fractional analysis of Pd°
and Pd** in irradiated Pd** doped TiO, and the ratio observed
between Pd** to Pd® was approximately 0.7 to 0.3. Further,
darkening of the powder sample upon irradiation, as shown in
the inset of Fig. 4(b) and (c), also confirms the formation of the
Pd° state at the expense of the Pd*" state indicating a similar
phenomenon of photochromism observed in Pd** doped TiO,
sample.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Structural parameters of combustion synthesized pure TiO,,
Ag-TiO,, and Pd-TiO,

Compound TiO, Ag0.01Tip.990, Pdy 01 Tig.9902
a(A) 3.8012(2) 3.7882(10) 3.77627(12)
b (A) 3.8012(2) 3.7882(10) 3.77627(12)
c (&) 9.5386(5) 9.514(2) 3.8012(2)

v (A 137.8244 136.53 135.3024
Ti/Ag/Pd (4c)

X 0 0 0

Y 0.25 0.25 0.25

zZ 0.375 0.375 0.375

O (4b)

X 0.00 0.00 0.00

Y 0.25 0.25 0.25

VA 0.1657 0.1668 0.1663
Reliability factor of goodness of fit

X 1.17 1.38 1.25

Re 1.33 4.22 1.63

Ruragg 1.53 6.70 2.27

Rp 8.99 20.7 10.3

Ryp 12.9 27.8 13.8

3.4 The Kubelka-Munk plot of metal doped TiO,

In order to study the optical bandgap of the sample, diffuse
reflectance measurements were carried out through UV-vis
spectroscopy. The Kubelka-Munk (K-M) function was used to
convert the reflectance spectra, thus obtained, into an equiva-
lent absorption spectrum. The optical band gaps of the
prepared materials were calculated from the linear part of the
energy dependence of the absorption spectra using the
following equation:

(1-R)

FR) =5

(F(R)w)'? = A(hv — Ey)

where hv is the energy of the photon and F(R) denotes the
Kubelka-Munk function and the graph plotted between (F(R)
hv)'? vs. hv gives the optical energy-band gap of the powder
sample.

The band-gap of the synthesized pale yellow TiO, NPs was
found to be 2.94 eV (426 nm), as shown in Fig. 5(a), which is
quite lower than that of Degussa-P25 TiO, (3.10 eV).** This
decrease is attributed to the presence of interstitial carbide ions
in the TiO, lattice.**** While in the case of Fe’", Ni**, Ag*, and
Pd>" doped TiO,, the energy band-gap values were found to be
2.83 (440 nm), 2.69 eV (463 nm), 2.78 (447 nm), and 2.85 eV (435
nm), respectively, as shown in Fig. 5(b)-(e). It was observed that
doping of the metal ion in the TiO, lattice causes a significant
red shift of absorption threshold in the visible region; even 1
atom% doping concentration brought about noteworthy
changes in the colour of the otherwise pale yellow TiO, NPs. The
origin of the visible spectra in the case of the metal doped

RSC Adv, 2022, 12, 18794-18805 | 18797
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Fig. 3

sample is due to the formation of additional dopant energy
level, which results in the electronic transitions from the
valence band to the dopant level or from the dopant level to the
conduction band of TiO,. Fe** and Ni*" doped TiO, shows
similar absorption behaviour as that of TiO, and the observed
red shift is due to the transition from the metal (3d) level to the
conduction band edge of TiO, NPs. In the case of Ag" and Pd>*
doped TiO,, a broad hump around 2.25 eV (550 nm) and 2.48 eV
(500 nm) was also observed due to surface plasmon absorption
of Ag* and Pd** ions, respectively. We believe that the plasmonic
absorption occurs due the reduction of Ag” and Pd*" ions into
their metallic state (such as Ag® and Pd®) during the measure-
ment of the UV spectrum. Further, we have applied the baseline
approach to see the effect of the surface plasmon absorption on

(a) SEM micrographs, (b) bright field TEM image, (c) HR-TEM with interplanar d-spacing, and (d) SAED pattern of Ag—TiO,.

the optical band gap of TiO, and the result is given in Table 2,
which indicate that E, values obtained from the baseline
method are ~0.2 eV higher than the values obtained from the
K-M plot, as shown as the inset of Fig. 5(d) and (e).*” During
irradiation, the colour of the catalysts turn black, indicating
photo-reduction of Ag" to Ag® and Pd*" to Pd° and hence these
ions act as electron scavengers that increase the lifespan of the
photogenerated holes (h"), resulting in higher photo-oxidation
activity. Thus, different d-electron configurations and the
distributions of the dopant ions in the TiO, lattice can modu-
late the optical absorption and alter the energy band structures
of the synthesized materials through different dopant-lattice
interactions.*

(a) Ti(2p)

Intensity (a.u.)
Intensity (a.u.)

(b) Pd (3d)

(¢) Pd (3d)

Intensity (a.u.)

T T T
334 336 338

T T T T T T T T T
340 342 34 346 334 336 338 340 342 344 346
B.E. (eV)

B.E. (eV)

Fig. 4 (a) Ti (2p) core level spectra, and (b) and (c) Pd (3d) core level spectra of Pd®* doped TiO, before and after UV irradiation, respectively.
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Fig. 5 (a)—(e) Kubelka—Munk plot of Ti;_,M,O,_; (M = Fe, Ni, Ag, and Pd; x = 0, 0.01). Insets of (d) and (e) represent the baseline approach for

band gap estimation of Ag* and Pd?* doped TiO,.

3.5 Photoluminescence of metal doped TiO,

Fig. 6 represents the photoluminescence (PL) spectra for all the
combustion synthesized pure and metal ion doped TiO, NPs.
The PL spectra were recorded at an excitation wavelength of
290 nm which shows a broad band with multiple superimposed
peaks nearly at ~380, 415, 480, and 523 nm.***® The first
emission peak around ~380 nm was observed for all the
combustion synthesized TiO, photocatalysts which is attributed
to direct recombination of the electron-hole which is larger
than the forbidden gap (as TiO, is an indirect gap semi-
conductor).*® The emission peak at ~415 nm is attributed to the
indirect band gap partially allowed electronic transition,**>*
while the peaks at ~480 and 523 nm arise due to shallow
trapped surface states such as Ti*'~OH or oxygen vacancies.>**
It was noticed that upon metal ion doping the emission inten-
sity decreases which indicates the lower recombination rate of
the charge carriers. In the case of Fe** and Ni** doped TiO,, the
decrease in the PL intensity can be attributed to the electron
transfer from the conduction band of Ti*" to the new levels
introduced by partially filled 3d metal ions. The free hole can
recombine with a trapped electron or a free electron can

Table 2 Experimental Eg values of Ag—TiO, and Pd-TiO, obtained by
application of the K—M plot and baseline approach

Energy band gap (eV)

Samples K-M method Baseline method
Ag" doped TiO, 2.78 2.98
Pd** doped TiO, 2.85 3.02

© 2022 The Author(s). Published by the Royal Society of Chemistry

recombine with a trapped hole. This electron-hole recombina-
tion may be non-radiative and transfer its energy to nearby ions
and hence quench the fluorescence process. As a result, Fe*"
and Ni** doped TiO, exhibited lower photocatalytic activity than
pure TiO, NPs. On the contrary, the Ag" and Pd*" doped TiO,
samples show the lowest intensity compared to other transition
metal (Fe** and Ni**) doped TiO,, as shown in Fig. 6. These
doped noble metal ions (Ag* and Pd**) trap the electron from
the conduction band and prevent it from falling back down to
the valence band. Thus, this decreased charge carrier

—Ti0,

=Fe-TiO,
=——Ni-TiO,
= Ag-TiO,
— ll'd-TiOZ

PL Intensity (a.u.)

T T T T T
400 450 500 550 600

Wavelength (nm)

v
300 350 650

Fig.6 Photoluminescence spectra of Ti;_,M,O,_; (M = Fe, Ni, Ag, and
Pd; x =0, 0.01).
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Fig.7 (a) Degradation of MB dye using Ag* and Pd?* doped TiO, and undoped TiO, in dark. (b) Degradation profile of MB dyes with Ti; ,M,O5_;
(M =Fe, Ni, Ag, and Pd; x =0, 0.01) and Degussa P25. (c)-(e) Degradation profile of RB, RBB, and TA dyes with Ti;_,M,O,_; (M =Ag, and Pd; x=0,

0.01) and Degussa P25, respectively.

recombination favours the enhanced photocatalytic activity of
the catalysts.

4. Photocatalytic activity

Initially, the adsorption experiment was performed by taking
100 ppm aqueous solution of MB dye over 1 kg m* of
combustion synthesized metal-ion (M = Ag and Pd) doped and
undoped TiO, catalysts in the dark for 16 h to attain the

adsorption equilibrium. Fig. 7(a) clearly indicates that the
adsorption saturates within 6 h and the equilibrium concen-
tration of the MB dye in the solution of Ag*, Pd*" doped, and
undoped TiO, was estimated using the Beer-Lambert law and
found to be 0.97, 0.95, and 0.94, respectively. Hence, this
concentration was assigned as C, in the present study. An
optimised catalyst loading of 1 kg m™> and 100 ppm of initial
dye concentration were maintained throughout the experiment.
Depending upon the various functional groups present, four

Table 3 Initial rates and % degradation of different dyes with respect to time
Initial rate of degradation

Dyes Catalysts (umol L' min™") % degradation of dye Time (min)

Methylene blue (MB) Ag" doped TiO, 30.6 99.9% 25
Pd** doped TiO, 26.4 99.5% 40
Pure TiO, 21.6 96% 45
Fe** doped TiO, 16.81 70% 45
Ni*" doped TiO, 10.8 68% 45
Degussa P25 4.5 42% 45

Rhodamine B (RB) Ag" doped TiO, 25.5 99% 40
Pd** doped TiO, 23.3 97% 40
Pure TiO, 13.8 92% 40
Degussa P25 9.7 30% 40

Rhodamine B base (RBB) Ag" doped TiO, 14.2 80% 55
Pd>" doped TiO, 12.77 75% 55
Pure TiO, 10.9 66% 55
Degussa P25 7.9 30% 55

Thionin acetate (TA) Ag" doped TiO, 37.8 96% 30
Pd>" doped TiO, 23.9 88% 30
Pure TiO, 17.7 67% 30
Degussa P25 8.7 36% 30
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different dyes such as methylene blue (MB), rhodamine B (RB),
rhodamine B base (RBB), and thionin acetate (TA) were chosen
for the photocatalytic study of various catalysts in the present
work. The degradation profiles of methylene blue (MB) dye
using combustion synthesized pure and metal-ion (M = Fe, Ni,
Ag, and Pd) doped TiO, with Degussa P25 are shown as a func-
tion of irradiation time in Fig. 7(b). An enhanced photocatalytic
activity was observed in the case of Ag" and Pd>" doped TiO,,
whereas Fe** and Ni** doped TiO, shows a lower photocatalytic
activity compared to undoped TiO,. However, all the combus-
tion synthesized photocatalysts are still much better than
Degussa P25. Since Ag" and Pd** doped TiO, shows a higher
activity compared to other metal doped TiO,, further experi-
ments have been carried out taking these two catalysts and their
results were compared with pure-TiO, and Degussa P25.
Fig. 7(c)-(e) show the degradation profiles of rhodamine B (RB),
rhodamine B base (RBB), and thionin acetate (TA), respectively,
and from the plots, it can be observed that Ag* and Pd** doped
TiO, degrades the dye faster compared to TiO,. The initial rates
and % degradation profiles of different dyes as a function of
time are listed in Table 3.

2004 (@) .
L
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5. Kinetic analysis

The effect of the initial concentration of the MB dye on the
degradation rate was determined in the concentration range of
50-200 ppm with the combustion synthesized Ag" doped TiO,
catalyst, and the experimental data are shown in Fig. 8(a). It can
be seen from the figure that the initial concentration has
a significant effect on the degradation rate and the rate of dye
degradation is faster when the initial concentration is less. The
kinetics of the MB dye degradation with the Ag" doped TiO,
catalyst under UV irradiation was observed to follow pseudo
first order reaction kinetics based on the Langmuir-Hinshel-
wood (L-H) model.** The inset of Fig. 8(a) shows that the initial
rate increases with an increase in initial concentration and
saturates at a higher concentration.

The generalized form of the Langmuir-Hinshelwood kinetic
model for the photocatalytic degradation rate is governed by the
following equation:

dC _ kK.C

T dt - 1+K.C

(2)

(b)
® AgTiO,

1/r, x 10, L sec/mol

0 +—————

T T
0.3 0.4 0.5 0.6 0.7

Time (min) 1/C, x 10, L/mol
44 v
(c) MB Dye k=0.161
= TiO,
3 ® Fe-TiO,
A Ni-TiO,
—_ v AgTiO, ¢ k=0.102
@) ¢ Pd-TiO,
8 2 4 Degussa-P25
=
= k=0.049
14
k=0.025
k=10.023
4 | = 0011
0
v L] ¥ T b L] L4 1
0 5 10 15 20 25 30
Time (min.)

Fig. 8

(a) The effect of initial dye concentration on the degradation rate of MB with Ag—TiO, and (b) the Langmuir—Hinshelwood plot for MB dye

with Ag-TiO,. (c) A comparison of the degradation kinetics of all the combustion synthesized photocatalysts using MB dye.
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where k; is the reaction rate constant and K. is the equilibrium
of adsorption constant (L-H parameter). This can be linearized
for initial concentrations as:

Lo .
LSS SPSL S

where C, is the initial dye concentration and r, is the initial
degradation rate. The intercept of the plot of 1/r, and 1/C,
determines the kinetic coefficient that varies directly with the
rate of degradation and the L-H parameter, K. represents the
equivalent of the adsorption coefficient. The higher value of K,
implies the blocking of the active sites of the catalyst due to
strong adsorption. The higher value of &, indicates the higher
degradation rates of the dye. The rate constant and L-H
parameter were calculated from Fig. 8(b) using (eqn (3)).
The rate constant (k) is 3.211 mol L™" s ' and the
adsorption equivalent L-H parameter (K.) is 0.624 L mol " for
Ag'-doped TiO,.

Further, the degradation profile of the MB dye shown in
Fig. 7(b) has been chosen to compare the degradation kinetics
of different metal-ion (M = Fe, Ni, Ag, and Pd) doped and
undoped TiO, along with Degussa P25. A linear plot between
—In(C/Cy) vs. time (t) was fitted and the slope obtained is the
rate constant (k) of different photocatalysts which follow
pseudo-first order reaction kinetics, as shown in Fig. 8(c). The
observed rate constants for Ag*, Pd**, Fe**, Ni** doped TiO,, and
undoped TiO, with Degussa P25 are 0.161, 0.102, 0.025, 0.023,
0.049, and 0.011 min~ ", respectively. It was observed that the
rate constant for Ag” and Pd** doped TiO, is 3.28 and 2.08 times
higher, whereas in the case of Fe** and Ni** doped TiO,, it is
1.96 and 2.13 times lower than that of undoped TiO,,
respectively.

6. Discussion

The photocatalytic activity can be correlated to the observed
intensities in the PL spectra; a higher lifetime of the excited
electron will give rise to a higher photo-activity of the catalyst
and if the excited electron-hole recombination rates are high
then they will suppress the photocatalytic performance. For the
combustion synthesized samples, doping of the metal ions

View Article Online
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create additional mid gap states within the band gap of TiO,
that alter the recombination rate of charge carriers.”” The
energy levels of the metal ions in the TiO, lattice have the same
band position as in their respective pristine oxides.*® Fig. 9
shows the energy band levels of the doped metal ions in the
TiO, lattice and they are similar to those reported by Mizushima
et al.*>" In the case of Fe** and Ni*" doped TiO,, the metal (3d)
energy levels are located just above the O*~ (2p) level*>**® and
correspond to the band gap of 2.83 and 2.69 eV, respectively,
whereas in Ag” and Pd*" doped TiO,, the dopant metal (4d) level
lies at 1-2 eV below the Fermi level (Ex) and their respective
band gaps are 2.78 and 2.85 €V, as shown in Fig. 9. These mid-
gap states which originated from metal ion doping act as
centres for electron-hole trappings. When these mid-gap states
are located below the CB edge, they trap the excited electrons
but if these states lie above the VB edge, the photo-generated
holes are trapped. Thus, the dopant ions provide more sites
for trapping electrons and holes in addition to the surface
defect sites. Several studies have revealed that trapping either
a hole or electron is not always effective because the immobi-
lized charge species rapidly recombines with its mobile coun-
terpart.**>% First row transition metal ions such as Fe*" and
Ni** doped TiO, show a lower photocatalytic activity than pure
TiO, and do not show any change in the colour under UV light
exposure, i.e., these ions are not reduced to their atomic state.
The intermediate state that has been created due to metal ion
doping acts as a recombination centre instead of suppressing
the e ~h" recombination and the electrons present in d-orbital
quench the photogenerated holes by indirect recombination,
hence increasing e -h" recombination rates.** Similarly, Ag"
and Pd”" doped titania is expected to show lower photocatalytic
activity in correlation with its lower photo-luminescence
intensity, which is in contrast with the actual experimental
results, that is, Ag® and Pd®>" dopants show higher photo-
catalytic activity. The higher photocatalytic activity of Ag" and
Pd** doped TiO, could be related to redox pair formation or
photo-reduction of Ag*/Pd** ions through the photoelectrons
generated during UV-irradiation (a phenomenon similar to
photochromism in glasses). The photochromic effect in Ag* and
Pd>" doped TiO, compared with Degussa-P25 has been clearly

Ep S CB CB CB CB
| - S 1 :é: — —
— e — — — - T —
SIX S, [ Hw
2.94 eV 2.83 eV 2.69 eV I Ag i
a a
| 2.78 eV E 2.85 eV
_ ! :
EEEEE ! :
VB VB VB VB

Fig. 9 A schematic representation of the different energy levels of Ti;_M,O,_; (M = Fe, Ni, Ag, and Pd; x = 0, 0.01).
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Fig. 10 (a)-(f) represent the photochromic effect in Degussa-P25,
Ag* doped TiO,, and Pd?* doped TiO,, respectively.

demonstrated here through the XPS results as well as the colour
changing phenomenon observed in the UV irradiated samples,
as shown in Fig. 10. The sample change to the dark grey colour
upon irradiation is similar to the dark colour appearance in
photochromic glasses under UV-visible light, which suggests
the trapping of electrons in the empty conduction band of noble
metal ions. The e -h" pair is generated in TiO, via transfer of
electrons from the filled O (2p) band to the empty Ti** bands
and the excited electron is trapped in the empty conduction
band of Ag" and Pd*" ion which can be represented as:

TiOy + hv —> e~ +h" (4)
e +Ag" — Ag’ (5)
2¢” + Pd** — Pd° (6)

The photoreduction provides electron scavenging and the
empty M (4d-5s) orbitals provide sites storing the excited elec-
tron as represented in Fig. 9, thus increasing the lifespan of the
photogenerated holes (h*), which leads to the enhanced photo-
oxidation/degradation of dyes.

To establish a better understanding of the photochromism
that play a defining role in the development of superior pho-
tocatalysts, we have further performed the degradation

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Degradation of MB dye in sunlight using Pd®* doped TiO»
samples before and after UV irradiation.

experiment under sunlight. Fig. 11 represents the degradation
profile of MB dye using Pd>* doped TiO, before and after UV
irradiation. It was observed that the MB dye degradation effi-
ciency (%) of the samples before and after UV irradiation is 62%
and 43% in 180 min, respectively. The presence of Pd>" ion is
responsible for photochromism in Pd*>" doped TiO,. The
concentration of Pd** ion is higher in case of before UV irradi-
ated sample (as supported by the XPS data) which implies better
degradation efficiency in comparison to the irradiated sample.

After photodegradation experiments with Ag® and Pd**
doped TiO,, pXRD of the spent catalyst was recorded and no
change in the XRD patterns is observed, specifically Ag and Pd
metal peaks are not observed. This implies that Ag* and Pd**
ions upon irradiation remain in the site and segregation of Ag
or Pd does not occur. In fact, the catalyst can be oxidized in air
and the colour returns to the initial colour of doped TiO,
indicating the regeneration of metal ions.

7. Conclusions

Successful synthesis of nanocrystalline Ti; ,M,0, ;s (M = Pd,
Ag, Fe, and Ni; x = 0, 0.01) was achieved by the solution
combustion method and higher photocatalytic dye degradation
activity was observed in case of Ag* and Pd*" doped TiO, pho-
tocatalysts. Upon UV irradiation, Pd*>* and Ag" ions were
reduced to their atomic state (i.e., Pd** — Pd® and Ag" — Ag®)
through photoelectrons, a phenomenon similar to photochro-
mism in glasses, which was confirmed by the XPS as well as the
change in colour of the compound from light brown and yellow
to black, respectively. The photoreduction of the noble metal
ions act as the electron scavenging step which suppress the
electron-hole recombination and increase the lifespan of the
holes (h*) required for oxidation of organic dyes. Thus, Pd** and
Ag" ions in TiO, behave differently than the first-row transition
metal ions (Fe and Ni) in TiO, and, in turn, the Ag" and Pd**
doped catalysts show remarkably superior photocatalytic
activity towards the oxidation of organic dyes, making them

RSC Adv, 2022, 12, 18794-18805 | 18803
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potential candidates as heterogeneous catalysts for water
pollution abatement.
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