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a b s t r a c t

TiO2-P25 supported Pd/C (P25@Pd/C) composite was prepared by the solid state dispersion method. The
prepared composite was characterized by XRD, Raman, PL, SEM and DRS measurements. The photo-
catalytic activity of the composite was tested towards Naphthol Blue Black (NBB) azo dye degradation
under visible light. The photocatalytic activity of P25 was highly influenced by Pd/C. Almost complete
degradation was achieved with P25@Pd/C in 120 min, and found to be more efficient when compared
with pristine Degussa-P25. The composite was reused in four cycles without loss of activity. A mecha-
nism was proposed for NBB degradation by P25@Pd/C composite under visible light.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Photocatalyst is of high interest due to its applicability on
environmental pollution correction. Titanium dioxide (TiO2) is well
known as a photocatalyst for the removal of environmental con-
taminants [1e3]. With increasing concerns about environmental
pollution, environmental cleaning has attracted a great deal of
attention owing to the increase in the level of environmental
pollution worldwide. Photocatalysis on photocatalyst surfaces is of
current vital interest with respect to both fundamental under-
standing and potential practical utilization. It is well known that
degradation of organic compounds to CO2 and H2O can be
accomplished using the ultraviolet (UV) or visible irradiation with
photocatalsyts [3e6]. During the photocatalytic degradation pro-
cess, UV or visible irradiation of a photocatalyst excites electrons
from the valence band (VB) to the conduction band (CB) and leaves
the holes in VB. TiO2, a semiconducting material, has been exten-
sively used on environmental applications, self-cleaning,
B. Krishnakumar), asobral@ci.
deodorizing and sterilizing applications owing to its abundant
resource, excellent photocatalytic performance [1e3]. However, the
activity of TiO2 could be limited because of its fast electron-hole
recombination. In order to enhance its efficiency many efforts
have been made so far [7e10]. Recently, Rongrong Ma et al. [11],
reported magnetic activated carbon-supported F and N co-doped
TiO2 for salicylic acid degradation. The activated carbon is one of
the good materials to enhance the photocatytic activity of the
semiconductor. Also, Chuang Wang et al. [12], reported carbon
foam-loaded nano-TiO2 photocatalyst and its degradation on
methyl orange. Carbon foam (CF) is a light three-dimensional
reticular material consisting of plenty of pores and inter-
connected hole walls with super adsorption capability. Methyl or-
ange was taken as a model pollutant and the degradation efficiency
of nano-TiO2/CF was evaluated under UV light, and nano-TiO2/CF
photocatalyst exhibited the most desired efficiency in the degra-
dation of methyl orange solution, reaching up to 83e87%.

Now the research is focused on co-doping two kinds of elements
into semiconducting materials as this three component system
resulted in increased photocatalytic activity. Velmurugan et al. [13],
have reported that co-doping of ‘Pd’ metal into sulphated titania
causes the synergistic effect on the solar photodegradation of
Reactive Red 120 (RR 120) dye. Initially TiO2eSO4

2e was prepared by
a sol-gel method and later ‘Pd’ was deposited on the surface of
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sulphated titania through photo-deposition method. The syner-
gism between SO4

2� and ‘Pd’ metal results enhance the photo-
catalytic activity. Pd-co-doped TiO2eSO4

2e was found to be reusable
catalyst. Many studies reveal that presence of Pd and activated
carbon based materials enhanced the efficiency of semiconductors
[14e20]. The electro-oxidation of methanol was studied in alkaline
solution on Pd nanoparticles supported on carbon black (XC-72R, C)
and TiO2/C composite reported by Estudillo-Wong et al., [19]. In the
present work, from the above discussion, ‘Pd’ and activated carbon
co-modification of semiconductor expected to be a good photo-
catlyst. Degussa TiO2-P25 was modified with Pd/C using simple
solid state dispersion method. Degussa TiO2-P25 (80% anatase; 20%
rutile) is a well-known and widely investigated photocatalyst [2].
The prepared composite catalyst was effectively utilized for
degradation of toxic azo dye NBB under visible light.
Fig. 2. Schematic diagram of immersion type photoreactor.
2. Experimental section

2.1. Materials and measurements

Naphthol Blue Black (NBB) azo dye and Pd/C (10 wt% of ‘Pd’)
were purchased from Aldrich and used as received. The structure of
the dye and its absorption maxima are given in Fig. 1. A gift sample
of TiO2-P25 was obtained from Degussa (Germany). It is an 80:20
mixture of anatase and rutile. It has a particle size of 30 nm and BET
specific area 50m2 g�1. Powder X-ray diffraction (PXRD) patterns of
solids were recorded using a Bruker D8 Advance diffractometer,
equipped with a 3 kW generator, using Cu Ka radiation
(l ¼ 0.15418 nm) X-ray tube and a Lynx Eye Detector. Data were
collected in Bragg-Brentano geometry with a fixed 0.3� divergence
slit. Scanning electron microscope (SEM) images were taken in
Tescan Vega3 SBH scanning electron microscope. Images were
collected using a secondary electron detector. DRS-UVeVis ab-
sorption spectra of solid samples were obtained from a Shimadzu
UV-2450 double-beam spectrometer with an integrating sphere
over the range 200e800 nm. The absorption spectra were recorded
using an OCEAN OPTICS USB 4000 UV spectrometer.
2.2. Preparation of P25@Pd/C

Exactly 500 mg of P25 dispersed in 25 mL of 2-propanol, and
appropriate amount of Pd/C was dispersed in 10 mL of 2-propanol
followed by 2 min sonication. The Pd/C depression was mixed with
P25 dispersion under stirring and was continued to 12e15 h. The
formed P25@Pd/C composite was filtered, air-dried at 115 �C for 5 h
in a hot-air oven. This catalyst contains 9 wt% of Pd/C on P25, and
9 wt% was reported to be optimum loading of activated carbon on
ZnO for the degradation of Direct Blue 53 under direct solar light
[21].
Name of the dye Structure of the dye

Naphthol Blue
Black

SNaO3S

OH NH2

NNN

Fig. 1. The structure of the NBB dy
2.3. Photodegradation experiments

Photocatalytic activities of the as-obtained photocatalysts were
evaluated by the degradation of NBB azo dye using visible light
under immersion type photoreactor. Heber immersion type pho-
toreactor model HP-SLJV16254, whose schematic diagram is shown
in Fig. 2. This model consisted of a double walled immersion well
made of a quartz reactor of 175 cm3 capacity. A small diameter inlet
tube extended down the annular space to ensure flow of the
coolant from bottom of well upwards to outlet. In the centre of
cylindrical reactor, the lamps (UV or visible) used for light source
was placed inside the quartz tube. For present experiments visible
lamp was used (150 W, Tungsten visible lamp). The reaction vessel
had an arm at the top for gas purging. The temperature of the
experimental solutionwas maintained at 25 �C by circulating water
during the experiments. The above set-up was placed in the mag-
netic stirrer for complete mixing of the catalyst. In each experi-
ment, the reaction suspension consisting on 10 mg of the
photocatalyst in 100 mL of NBB solution (10 ppm), was magneti-
cally stirred in the dark for 30 min to ensure the adsorption/
desorption equilibrium between the photocatalyst particles and
NBB dye. Then the suspension was exposed to the visible
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irradiation, and aliquots (4 mL) were sampled at given time in-
tervals and centrifuged to remove photocatalyst particles. The su-
pernatants were analyzed by recording the absorbance variations
of an absorption band (615 nm) in the UVeVisible spectrum of NBB.
3. Results and discussion

3.1. Characterization of P25@Pd/C

The prepared catalyst P25@Pd/C was characterized by X-ray
diffraction (XRD), Raman spectra, photoluminescence spectra (PL),
diffuse reflectance spectroscopy (DRS)) and scanning electron mi-
croscopy (SEM) images, as well as the bare TiO2-P25 for
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Fig. 3. XRD patterns of a) TiO
comparison. Fig. 3 shows the XRD patterns of TiO2-P25 and
P25@Pd/C composite. TiO2-P25 is composed of both anatase (JCPDS
card no. 21e1272) and rutile (JCPDS card no. 21e1276) phases of
TiO2 [22] (Fig. 3a). The modification of P25 with Pd/C does not
change the phase composition, although the broad peak between
degrees 23 and 28 is observed in Fig. 3b, suggesting that the
presence of carbon a typical amorphous structure [23]. No
diffraction peaks of individual Pd particles could be observed
because of its low loading or may be small size. The as-prepared
P25@Pd/C and bare P25 were further characterized by Raman
scattering spectroscopy (Fig. 4). In the curve of TiO2-P25, the Raman
scattering peaks at 154.0, 393.9, 516.3 and 632.4 cm�1 can be
associated with Eg(1), Bg(1), Ag(1) þ Bg(2) and Eg(3) modes of
2 Theta]
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anatase TiO2, respectively (Fig. 4a) [22]. In addition, the Raman
phonon vibrational mode of rutile TiO2 at 483.1 cm�1 correspond
Eg, since TiO2-P25 has both anatase and rutile phase. Due to the
coverage of Pd/C network on the surface of P25, the intensities of
anatase and rutile peaks of TiO2-P25 decrease in the curve of
P25@Pd/C (Fig. 4b). Furthermore, the characteristic G-band and D-
band peaks of carbon materials obviously appear at 1599.8 and
1347.3 cm�1, respectively (Fig. 4b) which confirms the presence of
Pd/C in P25@Pd/C. The morphology of TiO2-P25 and P25@Pd/C was
Fig. 5. SEM images of a) TiO
observed by SEM, and as given in Fig. 5. We could see the separated
particles in TiO2-P25 (Fig. 5a), whereas P25@Pd/C, the particles are
agglomerated and Pd/C are uniformly distributed on the surface of
TiO2-P25 (Fig. 5b), indicated by arrow marks.

The diffuse reflectance spectra (DRS) of TiO2-P25 and P25@Pd/C
are depicted in Fig. 6a and b, respectively. P25@Pd/C has higher
absorption than bare TiO2-P25 in both UV and visible region.
Although there was no absorption in visible region for TiO2-P25
(Fig. 6a), however, P25@Pd/C has strong absorption in visible region
(Fig. 6b), this may be due to presence of Pd/C on the surface of P25.
Furthermore, the band gap value is obtained from the plot of the
modified KubelkaeMunk function (F(R)E)1/2 versus the energy of
the absorbed light E [24]. The band gap energies of TiO2-P25 and
P25@Pd/C are found to be 3.23 and 3.13 eV respectively (Fig. 7).
Photoluminescence spectra of TiO2-P25 and P25@Pd/C composite
are shown in Fig. 8a and b, respectively. As the photoluminescence
occurs due to electron-hole recombination, its intensity is directly
proportional to the rate of electron-hole recombination. TiO2-P25
gave three emissions at 365, 412 and 493 nm. The peak at 365 nm is
ascribed to direct electron-hole recombination; the emission band
2-P25 and b) P25@Pd/C.
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from 400 to 500 nm arises from indirect band gap and surface
recombination where the emission peak at 493 nm arises due to
indirect recombination with the interaction of phonons in TiO2
lattice [25]. Modification of TiO2-P25 with Pd/C does not shift the
emission of TiO2-P25, but the intensity of PL emission is less when
compared to bare TiO2-P25. This is because of suppression of
recombination of electron-hole pairs by Pd/C, which enhanced the
photocatalytic activity of the catalyst.
3.2. Photodegradability

The photocatalytic activity of the prepared P25@Pd/C was tested
for the degradation of Napthol blue black (NBB) dye under visible
light, activity of TiO2-P25 was also tested for comparison. The NBB
azo dye, which is extensively used in dying industries, has the ab-
sorption maxima at 320 and 615 nm. The decrease of the absor-
bance at 320 (p /p* transition) and 615 (n / p* transition) nm
was used to monitor the degradation and decolourization of NBB,
respectively. Photocatalytic decolourization of NBB with TiO2-P25
and P25@Pd/C catalysts under visible light is shown in Fig. 9. There
is no degradation achieved when dye is irradiated without catalyst
(curve a), in contrast a small decrease in dye concentration was
observed (15.5%, curve b) when dye is treated with P25@Pd/C
without light. These results indicate that dye is resistant to self-
photolysis also both catalyst and light are essential for dye degra-
dation. Under visible light irradiation at 120 min, the dye under-
went 91 (curve c) and 75.5% (curve d) of decolourization and
degradation, respectively with P25@Pd/C, whereas with TiO2-P25
only 82.6 (curve e) and 62.9% (curve f) of decolourization and
degradation observed, respectively under same condition. Since a
greater loss of colour was achieved in P25@Pd/C when compared
with TiO2-P25, P25@Pd/C is found to be very efficient photo-
catalysts for NBB degradation under visible light. The higher ac-
tivity of P25@Pd/C in visible light may be due to reduction of
bandgap when compared with TiO2-P25 evidenced by DRS mea-
surements (Figs. 6 and 7). Moreover, suppression of recombination
of electron-hole pairs by Pd/C (Fig. 8), which enhanced the pho-
tocatalytic activity. The UVevis spectra of NBB solution at different
irradiation times with P25@Pd/C under visible light are shown in
Fig. 10. The absorption peaks in UV and visible regions decreased
gradually and finally disappeared indicating the complete degra-
dation of the dye. There is no significant change in spectra during
irradiation and the intensity at 320 and 615 nm decreases during
the degradation. This reveals that the intermediates do not absorb
at the analytical wavelengths of 320 and 615 nm.

3.3. Reusability

Catalyst reusability is an important process for photocatalytic
degradation process, for this reason the photocatalyst P25@Pd/C
was recycled and reused. After the each degradation experiments
the photocatalyst was filtered, washed with deionised water and
ethanol, air dried at 110 �C for 2 h and reused. The reusability of
P25@Pd/C toward NBB degradation under visible light is shown in
Fig. 11, which showed a drop of decolourization efficiency from 91%
(first run) to 88% to fourth run. These results indicated that
P25@Pd/C remain effective and reusable under visible light.

3.4. Mechanism of photocatalytic degradation

On the basis of the experimental results above, a mechanism for
the photocatalytic degradation of NBB is suggested as follows. The
higher efficiency in the degradation by P25@Pd/C than TiO2-P25 is
mainly due to the synergistic effect between P25 and Pd/C in
aqueous suspension [26]. TiO2-P25 acts as a photoactive centre,
carbon acts as an adsorbent and ‘Pd’ acts as an electron trapper
(Scheme 1). When the TiO2-P25 nanoparticles modified with Pd/C
are irradiated by visible light, the TiO2-P25 excited and produced
ee-h þ pairs in conduction band (CB) and valence band (VB),
respectively. The excited CB electrons are trapping by ‘Pd’ and they
can react with the adsorbed O2 on the surface of TiO2-P25 to



Fig. 9. Photodegradability of NBB: [NBB] ¼ 10 ppm, P25@Pd/C suspended ¼ 10 mg/100 mL.

Fig. 10. UVevis spectra of NBB on visible light irradiation in the presence of P25@Pd/C:
[NBB] ¼ 10 ppm, P25@Pd/C suspended ¼ 10 mg/100 mL, irradiation time ¼ (a) 0 min,
(b) 30 min, (c) 60 min, (d) 90 min and (e) 120 min.
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Fig. 11. Reusability of P25@Pd/C: [NBB] ¼ 10 ppm, P25@Pd/C suspended ¼ 10 mg/
100 mL, irradiation time ¼ 120 min.

B. Krishnakumar et al. / Journal of Molecular Structure 1153 (2018) 346e352 351
produce the reactive species, such as super oxide radical anion
(O2

�e). Simultaneously, holes in the valence band (VB) of TiO2-P25
react withwater to produce hydroxyl radical (�OH), both species are
highly reactive toward NBB degradation. Meanwhile, carbon
adsorbed more numbers of dye molecules toward surface of TiO2-
P25 which also enhances the dye degradation.

4. Conclusions

The commercially available benchmark photocatalyst Degussa
P25 was modified with Pd/C and used for dye degradation under
visible light. The modification was carried out simple solid state
dispersion method. The prepared P25@Pd/C composite was char-
acterized; pristine P25 was also characterized for comparison.
Although no diffraction peaks of individual ‘Pd’ particles could be
observed in XRD of P25@Pd/C, presence of carbon confirmed by
XRDmeasurements. Furthermore, the characteristic G-band and D-
band peaks of carbon materials obviously appear in Raman spectra.
P25@Pd/C has higher absorption than bare TiO2-P25 in both UV and
visible region confirmed by DRS measurements and band gap en-
ergy of the P25@Pd/C is reported to be 3.13 eV. Modification of
TiO2-P25 with Pd/C does not shift the emission of TiO2-P25, but the
intensity of PL emission is less when compared to bare TiO2-P25.
This is because of suppression of recombination of electron-hole
pairs by Pd/C, which enhanced the photocatalytic activity of the
catalyst. The photocatalytic activity of the prepared P25@Pd/C
composite was tested towards NBB degradation under visible light,
and P25@Pd/C composite was found to be very efficient when
compared with pristine P25. The catalyst was found to be reusable.



Scheme 1. Proposed mechanism of degradation of NBB by P25@Pd/C.
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