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Abstract

In this study, we report the synthesis of indium tin oxide (ITO) decorated Pt—Pd nanoparticle by a simple and facile liquid
phase deposition protocol and their application as a heterogeneous catalyst for the reduction of toxic hexavalent chromium.
Different characterization techniques were used to confirm the synthesized nanoparticles are honeycomb-like structure. The
average size of nanoparticles was found to be 2—5 nm and uniformly distributed over ITO surface. During this study, the
parameter was optimized such as the effect of different reducing agent and their concentration, effect of microwaves radia-
tion and dose of nanoparticles. It was observed that the kinetic mechanism was best describes by the pseudo-first order. The
synthesized Pt—Pd nanoparticles were successfully applied as an excellent heterogeneous catalyst for reduction of Cr(VI) to
Cr(III) in water. The synthesized nanocatalyst was good in term of fast kinetic, high catalytic efficiency, excellent recyclabil-
ity, and analytical applicability for fast and efficient reduction of toxic hexavalent chromium as compared to conventional
methods of nanocatalysts.
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1 Introduction

The hexavalent chromium compounds are considered as
the most common pollutants which can play a vital role
in causing acute toxicity, mutagenicity, and carcinogenic-
ity [1, 2]. The wastewater of industrial processes such
as leather tanning, lacquer production, electroplating
and production of chromate contain Cr(VI) as a com-
mon contaminant. The toxicity and mobility of trivalent
chromium are less as compared to hexavalent chromium
[3-6]. The small amounts of Cr(IIl) are required for
humans and animals as an important nutrient for the
metabolism of sugars and fats [7]. Therefore, to avoid the
environmental risks associated with Cr(VI) production
sites, the development of advanced technologies is the
highest need which can convert Cr(VI) to Cr(III) which
is hazardous for living beings. For this purpose, nowa-
days different cheaper and practical techniques have been
developed [7-15]. In these techniques, nanocatalysts of
noble metals and their architectures have received much
attention due to their porous surface, multiple-edged,
fine tips, and fringes. These structures have profound
activity in catalytic reactions due to greater interactions
with reactants [16-29]. It has been studied that Pd nano-
particles with various morphologies and shapes used in
a different type of redox reactions as catalysts [30-37].
Tilly and coworkers reported the synthesis and activ-
ity of branched like Pd nanocatalyst and confirmed the
tetrapods of Pd nanoparticles in toluene solution [35].
In some other studies, the supported and solution phase
nano tetrapods of Pd were synthesized in the solution
of sodium dodecyl sulfate and N,N-dimethylformamide
and these tetrapods proved as efficient catalysts [33, 34].
Sadik and colleagues synthesized the colloidal nanoparti-
cles of Pd catalyst for the effective conversion of Cr(VI)
to Cr(III) in the presence of formic acid. Dadapat et al.
synthesized reusable Pd nanocatalyst, a thick film of
these nanoparticles fused with mesoporous y-Al,0; were
formed by using formic acid as a reducing agent. These
films have proved to be an effective reusable catalyst
for the conversion of Cr(VI) to Cr(III) [38, 39]. Fu and
coworkers synthesized the arginine assisted Pd tetrapods
and they have checked the catalytic activity for the reduc-
tion of Cr(VI) to Cr(IIT) [40]. However, these tetrapods
have proved to be an efficient catalyst in the reduction
of toxic pollutants, because these particles agglomerate
together there is a problem to remove and reuse. Further-
more, their application as large scale hindered at industry
level [41].To enhance catalytic applicability of Pd, by
combining with Pt would significantly increase catalytic
activity because of superior catalytic activity of Pt [42].
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Furthermore, Pt is reliable to use suitable substrate to
grow noble catalyst to enhance its catalytic applicability
such as Graphene oxide, graphene reduced substrate to
immobilize the metal catalyst [43, 44].

Dong-Ning Li and coworkers prepared Pt@Pd core—shell
nanoparticles on supporting material N-doped reduced gra-
phene oxide (Pt@Pd NCs/N-rGO) which showed enhanced
catalytic activity and the problem of the reusability also
improved but the synthesis of nanocrystals on reduced gra-
phene oxide approach has complicated experimental proce-
dure that reports high cost and time consuming [29, 45]. In
our reported method, we have grown Pd nanocatalysts on
ITO substrate and successfully applied as a heterogeneous
catalyst [46].

In this study, we report a simple and facile liquid phase
deposition route for Pt—Pd bimetallic nanocatalyst grown on
ITO surface and their application as a heterogeneous cata-
lyst for reduction of toxic hexavalent chromium to trivalent
chromium. The synthesized nanocatalyst have high catalytic
performance due to their highly porous honeycomb-like
structure. Furthermore, they have fast kinetic, excellent reus-
ability and good candidates for efficient reduction of toxic
hexavalent chromium to trivalent chromium (99.8%) reduc-
tion using 50 pg catalyst within only a 100 s reaction time.

2 Experimental Work
2.1 Chemicals and Materials

All Chemicals used in the experiment were analyti-
cal grade and purchased from well-known suppliers and
used as received without any further purification. Indium
tin oxide substrate (ITO) was purchased from Vinkarola
instrument, USA and metal precursors salts including
Potassium hexachloroplatinate (K,PtCl (IV)), Potassium
hexachloropalladate (K,PdClI (IV) and Potassium dichro-
mate (K,Cr,0,) were obtained from Fluka company. Also,
Sodium Dodecyl Sulphate (SDS) and Polyvinyl Pyrro-
lidone (PVP) purchased from Fluka. Formic acid, Oxalic
acid, Sodium borohydride, acetone, and ethanol were
obtained from Sigma-Aldrich. Milli-Q water was used
throughout experimental work.

2.2 Glassware’s

All the glassware used in experimental work was washed
using detergent and sonicated in the presence of 2% HNO;
for 15 min after sonication rinsed thoroughly with Milli-Q
water and finally dried in the oven.
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2.3 Synthesis of Pt-Pd Bimetallic Nanocatalyst

Platinum-palladium bimetallic nanocatalyst was success-
fully synthesized on the surface of Indium tin oxide (ITO)
glass slide (solid substrate) by simple and facile one-pot
liquid phase deposition protocol in which the nanoparti-
cles were directly grown on the surface of the solid sub-
strate. The growth solution used in this method was the
mixture of aqueous solutions of 1.0 mM K,PtCl¢, 0.5 mM
K,PdCls, 10 mM sodium dodecyl sulfate, 0.5 mmol~!
polyvinyl pyrrolidones, and 1.0 mmol~! formic acid.
Initially, by the addition of metal precursor, the solution
became dark brown but later turned yellow by the addition
of reducing agent. After that, ITO slide (size 1 X 1.5 cm)
was immersed up to 1.2 cm height and the reaction was
proceeded at 45 °C with 400 rpm stirring. The color of the
solution gradually changes from yellow to transparent and
completely black color particles appeared on ITO slide
in 40 min of reaction time. A black layer on the surface
of the ITO substrate confirms the successful growth of
Pt—Pd nanostructures. Surprisingly, the growth of nano-
particles was found only on the surface of ITO and not on
the walls of the reaction vessel. Thus, this phenomenon
shows the unique property of the liquid phase deposition
(LPD) method we applied for the synthesis of Pt—Pd bime-
tallic NPs.

Fig.1 TEM images of Pt-Pd@
ITO substrate. a and b at low
resolution, ¢ and d at high
resolution

3 Results and Discussion
3.1 Characterization
3.1.1 TEM Analysis

The morphology of the hetero-aggregated Pt—Pd bimetallic
NPs was characterized by transmission electron microscopy
(TEM) at low and high resolutions as shown in Fig. la—d.
The images at low magnification show that nanoparticles are
arranged in a honeycomb-like structure shown in Fig. 1a, b,
while the high magnification images show that honeycomb-
like structure is composed of ultra-small nanoneedles like
shape as shown in Fig. 1c, d. Further, it confirms the size
of NPs ranges from 3 to 5 nm with an average size of 4 nm.

3.1.2 XRD Analysis

The crystalline structure and phase of synthesized bimetal-
lic nanoparticles were examined by X-ray diffractometer as
shown in Fig. 2. Three peaks at 20=40.20°, 55.3°, and 77.6°
were observed in the XRD spectra which are associated with
Pt—Pd bimetallic system. Some additional peaks associated
with ITO substrate could also be seen in Fig. 2. The XRD
results were found in good agreement with the Joint com-
mittee of powder diffraction standards (JCPDS) card No.
05-0681. These results demonstrate the effectiveness of the

100 nm

20 nm
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Fig.2 XRD analysis of the Pt-Pd bimetallic nanoparticles on ITO
substrate (Red line) Pd, (Blue line) Pt nanoparticles and (Black line)
Pt—Pd bimetallic nanoparticles

approach for growing Pt—-Pd BMNPs from the solution phase
onto the surface of the substrate directly. When the Bragg’s
planes of bimetallic Pt—Pd nanoparticles at (111), (200) and
(220) were compared with the pure Pt and Pd diffraction
planes at these positions, a close resemblance was found in
the diffraction planes with a little bit shifting as shown in

Fig. 2. This little shift in the position of the plane could be
due to the introduction of Pd metal into the host lattice of Pt.
The position of Pt—Pd bimetallic nanostructure’s peaks were
compared with the lattice plane of pure Pt and Pd, and it is
observed that the main peak of Pt—Pd is shifted about 0.22°
from the peak of individual Pt and shifted about 0.22° from
the peak of individual Pd as shown Fig. 2.

3.1.3 XPS Analysis

The X-ray photoelectron analysis was carried out to assess
the chemical composition and binding energies of the syn-
thesized Pt—Pd nanocomposites. Gaussian—Lorentzian
(G-L) curve fitting process was used for the peak line shape
and its background was Shirley-type. The components of
Gaussian and Lorentzian were 70% and 30% respectively.
The C!s used as a calibration curve with a binding energy of
285 eV for the core level spectra. Figure 3a—c illustrate the
characteristic low and high-resolution core level spectra of
Pt (4f) and Pd (3d). Figure 3b demonstrates the appearance
of Pt 4f7” curve with three spin—orbit pairs accompanied
with its two oxidation states, such as Pt’ at 71.37 eV (curve
1) and two peaks (curve 2 and curve 3) of Pt>* with bind-
ing energies of 71.90 eV and 72.99 eV, which depicts its
chemical state composition. This phenomenon shows the

Fig.3 XPS spectra of Pt-Pd %104
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reduction in Pt, from Pt** to Pt°. Figure 3c further illustrates
Pd 3d>? with two spin—orbit pairs appeared one at 334.5 eV
and second at 336 eV. Thus, showing two oxidation states
namely Pd® and Pd*?. Two binding energy shifts, showing
effective electron transfer from Pd to Pt, are easily notice-
able. A positive shift is with Pt (to high energy level) and
negative shift (to lower energy level) with Pd. This should
be valid with the property of Pd as an electron donor, while
the Pt as electron acceptor because of its f-orbital half-filled
for bimetal formation.

4 Application and Optimization
4.1 Effect of Various Reducing Agents

At first, the type of reducing agent was checked by adding
formic acid, Ascorbic acid, Oxalic acid, and sodium boro-
hydride as shown in Fig. 4. The percent reduction of Cr(VI)
to Cr(III) was achieved 3.1, 5, 7.9 and 18.3 for sodium
borohydride, formic acid, ascorbic acid, and oxalic acid
respectively. It was observed that organic acids are the more
suitable reducing agent as compare to sodium borohydride.
The best results were observed in oxalic acid it may because
oxalic acid is one of the strongest organic acids and it is
readily oxidized which makes it useful as a reducing agent
for the reaction. Therefore, it was chosen for further study.

4.2 Effect of Oxalic Acid Concentration

The effect of oxalic acid concentration was initially moni-
tored. In a typical procedure, different concentrations from
0.005 mmol™~! to 0.025 molL~" oxalic acid were added in
a reaction vessel containing 0.002 molL~! Cr(VI). The
reaction was monitored for 4 min (240 s) results shown
in Fig. 5. The spectrum demonstrates that increase in the
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% reduction of Cr(VI) to Cr(III)

3.1 .
o R |

NaBH4 Oxallic acid Formic acid Ascorbic acid

Type of reducing agent

Fig.4 Effect of different reducing agents for the reduction of Cr(VI)
to Cr(I1I)
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Fig.5 Effect of oxalic acid concentration for the reduction of Cr(VI)
to Cr(II)

concentration of oxalic acid from millimolar to molar
without any initiator or catalyst did not show any spectral
change of the Cr(VI) absorption band, hence no improve-
ment was observed in reduction. Maximum 35% reduction
was achieved with the use of 0.025 molL~! oxalic acids.
Therefore, it was concluded that the amount of oxalic acid
is not much effective without catalyst or initiator. Thereafter,
the reaction was processed, and microwave radiations were
introduced as the reaction initiator.

Generally, the hydrogenation process occurs when the
oxalic acid reacts with the Pt—Pd bimetallic nanoparticles
and forms carbon dioxide and hydrogen gas.

Pt—Pd
(HOOCCOOH—— 2CO, + H,)

The result of decomposition of C,H,0, occurs at {111}
fcc Pt—Pd bimetallic nanoparticles. Particularly, the adsorp-
tion of oxalic acid occurs at the surface of Pt—Pd bimetallic
nanoparticles which decomposes the oxalic acid into CO,
and H, which reduced the Cr(VI) into Cr(III) with the help
of hydrogen transfer

(Cr,02” + 14H* + 6e~ — 2Cr’* + 7TH,0)

4.3 Effect of Microwave Radiation Power

The microwave radiations were introduced as reaction ini-
tiator and MW power was optimized as shown in Fig. 6. In
a typical procedure, the same amount of Cr(VI) was taken
along with 0.001 M oxalic acid and the reaction was pro-
ceeded under microwave radiations. The reduction of Cr(VI)
was measured by changing the power (0 to 1100 W). It was
then observed that microwave can accelerate the reduction
of Cr(VI) up to 50% at 110 W in 4 min (240 s). The fur-
ther rise in the power of radiations from 110 W caused no
significant increase in reduction. This could be due to the
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Fig.6 UV-Visible spectrum of Cr(VI) reduction at different MW
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Fig. 7 Effect of catalyst dose on the reduction of Cr(VI) to Cr(III)

rise in temperature of reaction with an increase in power
of microwave radiations which in turn does not favor the
reaction in the forward direction. So, it is suggested that
without catalyst only 50% Cr(VI) to Cr(IIl) transformation
can be achieved.

4.4 Catalyst Dose Optimization

Finally, the effect of catalyst dose was also evaluated by
increasing the number of Pt—Pd-decorated ITO slides as
shown in Fig. 7. Initially, one ITO slide was added into the
reaction vessel containing 0.002 M chromium, 0.005 mM
under microwave radiations and the changes in Cr(VI) peak
were monitored by the spectrophotometer. Figure 7 shows that
one ITO slide which approximately containing 50 pg of Pt—Pd
catalyst (Blue line) gradually decreased the concentration of
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chromium (VI) and maximum 88% reduction was achieved
at 100 s of reaction time. As we increased the number of ITO
slides (red line), 95% conversion is obtained within 80 s. Fur-
ther, when we increased the amount of catalyst by putting
3 ITO slides (Green line), the results were much promising
and 99.9% reduction of Cr(VI) was achieved within 100 s of
reaction time. Hence, it was observed from these results that
by increasing the amount of catalyst, the efficiency of Cr(VI)
reduction was enhanced and the time to complete the conver-
sion of Cr(VI) to Cr(III) was also reduced (Fig. 7).

5 Kinetic Study

The change in reduction with time is very crucial, for this pur-
pose Lagergreen pseudo first order and the pseudo-second-
order was used to determine the reduction capacity with time.
The Lagergren first-order kinetic model equation can be writ-
ten as follows:

kyt
2.303

ln(Qe - qt) =In qd. —

The examination of Lagergren pseudo-first-order model
was observed by plotting In(q,—q,) against time (t) where q,
represents the quantity of chromium adsorbed on Pt-Pd@
ITO(mg/g) at equilibrium, q, is the quantity of chromium
adsorbed on Pt-Pd@ITO at time t and k; is the rate constant of
adsorption reaction. Linear correlation coefficient value of the
first order is 0.99 as shown in Fig. 8a and from the slope of the
plot also the values of rate constant K, and ge were evaluated
as 0.476 min~! and 2.505 mg g™! respectively. The Lagergren
second-order kinetic model equation can be written as follows:

t 1 1

qt - k,qe?  qe

where K, is the rate constant of pseudo-second order, in
second order plot of i versus t is obtained in which correla-

tion coefficient line is not linear having the value of 0.921 as
shown in Fig. 8b and from the slop of plot the calculated
values for K, and qe are 1246 mg~' min~' and
8% 10™°mg g~! respectively. So, from the line of correlation
coefficient it, is assessed that adsorption of Cr(VI) on
Pt—Pd@ITO follows Lagergreen pseudo first order reac-
tion. All obtained values for pseudo-first and second order

are summarized in Table 1.

6 Reusability of Catalyst

To check the multiple time utilization of Pt—Pd bimetallic
nanoparticles, reusability studies were carried out. The syn-
thesized Pt—Pd bimetallic nanoparticles with good mechani-
cal durability are essential to be recycled multiple times.
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Fig.9 Reusability study of nanocatalyst

Reduction of Cr(VI) ions was taken as a model reaction to
check the efficiency with respect to the time. The catalytic
performance of the Pt—Pd on ITO was studied for 5 different
cycles. Before using in every next cycle ITO was washed
by using deionized water and dried under nitrogen gas. It
can be seen in the first cycle, 99.2% Cr(VI) was reduced
and it was 95, 90, 65 and 30% for 2nd, 3rd, 4th, and 5th
cycles respectively as shown in Fig. 9. Single ITO sheet
(dimension 1.5 1.2 cm?) contains 50 ug/mL Pt—Pd bimetal-
lic nanocatalyst.

7 Comparison of Pt-Pd Nanocatalyst
with Previously Reported Studies

Finally, we have also compared our work with the literature
data, the bimetallic nanoparticles of Pt—-Pd @ITO in the
presence of oxalic acid have superior catalytic efficiency for
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ITO@PtPd slide |
v
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0.0
200 300 400 500
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Fig. 10 UV-Visible spectra of Cr(VI) treated with Pt-Pd BMNPs@
ITO in the presence of oxalic acid and MW radiations

Table 1 Kinetic parameters for reduction of Cr(VI) to Cr(III)

Pseudo first order Pseudo-second order

K, (min"") Qe(mgg™) R* K, Qe (mgg™") R’
(mg_1 min")
0.476 2.508 0.996 1246 8x107° 0.921

the reduction of Cr(VI) among all the previous synthesized
nanomaterials shown in Table 2 whether they are Bimetallic
or monometallic nanoparticles. While taking one glance on
Table 2 we can see Pd tetrapods, Pd-Cu HPANSs and Pd@
GACs showing the rate constant values of 0.571, 0.447 and
0.4210 min~! respectively and these values are superior to
all other catalysts such Pt/Pd @Pro-ESM, Ag—Au/RGO and
Pd@Si0,-NH, summarized in the table. When Pt-Pd@ITO
employed it shows the rate constant of 0.476 min~!, which
is superior to other reported data.
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Table2 Comparison of

catalytic activity of PL_Pd@ITO Catalyst Dose (g) Size (nm) Time (min) g(azii??)stam Ref.

over other reported catalysts
Pd tetrapods 2.0 10+£2 5.0 0.571 [40]
Pt/Pd@Pro-ESM 1.5%1072 1.8-4.2 15 0.282 [7]
Pd@SiO,-NH, 1x1072 3.7 5.5 0.094 [47]
Ag—-Au/RGO 5%107* 1-10 35 0.0004 [48]
Pd-Fe/NMC 8x1073 20-30 30 0.163 [49]
Pd—-Cu HPANSs 2.0 3.7 8.0 0.447 [50]
Pd@GACs 2x1073 21+0.3 15 0.4210 [51]
Pt-Pd@ITO 1.5x107* 3-5 1.4 0.476 Present work

8 Analytical Applicability of Pt-Pd
Nanocatalyst

The catalytic applicability of Pt—-Pd@ITO nano catalyst
was checked for the reduction of Cr(VI) in aqueous solution
under optimized conditions. In a typical process, Pt-Pd@
ITO nano catalyst was added in 10 mL aqueous solution
having 4.0 mL of 0.002 molL~! Potassium dichromate
(K,Cr,0,) and oxalic acid (C,H,0,) of 0.001 molL~" and
irradiated with 110-W microwave radiations. After every
5.0's, 0.5 mL of radiated solution was withdrawn and diluted
up to 2.0 mL and the reduction of Cr(VI) was monitored by
UV-Visible spectrophotometer. The redox reaction of oxalic
acid occurred when chromate and oxalic acid adsorbed on
the surface of Pt—Pd NPs and as a result, hydrogen and car-
bon dioxide gases are liberated which reduce the Cr(VI)
to Cr(IIl). Initially, the effect of Pt—Pd nanocatalyst sup-
ported on solid substrate ITO was observed when the color
of analyte (Chromium VI) solution changed from yellow
to colorless within 100 s indicated the reduction of Cr(VI)
to the Cr(III) (yellow to colorless). About 99% reduction
of Cr(VI) to Cr(IIT) was obtained within 100 s of radiation
time. The formation of Cr(II) was confirmed by the addi-
tion of sodium hydroxide solution to the reduced solution of
Cr(VI). The chromium solution turned green which is the
indication of hexahydroxochromate (III) ions in the solu-
tion. It was observed that the catalytic reduction of Cr(VI)
proceeds fast due to the presence of Pt—Pd bimetallic nano-
particles as shown in Fig. 10.

9 Conclusion

In summary, the successful synthesis of Pt—Pd nano-
catalysts decorated on the ITO surface by one-pot liquid
phase deposition protocol. The synthesized nanocatalysts
are highly porous and distributed throughout the ITO sur-
face and arranged in a honeycomb-like structure. Various
parameters were optimized during this study to enhance
the catalytic efficiency of synthesized nanocatalyst such as
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concentration and type of reducing agent, dose, microwave
radiation power, and reaction time. The synthesized nano-
catalyst was successfully applied for catalytic reduction of
toxic hexavalent chromium to trivalent chromium, with the
99.8% efficiency using 50 pg catalyst within only a 100-s
reaction time. The synthesized nanocatalyst was good in
term of fast kinetic, high catalytic efficiency, excellent recy-
clability, and analytical applicability for fast and efficient
reduction of toxic hexavalent chromium.
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