Photodeposition of Palladium Supported on TiO2 Nanotubes Powder as Electro
Catalyst for Methanol Oxidation Reaction
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Abstract

Titanium oxide nanotubes powder (TONTSs powder) was prepared by hydrothermal method
into annealed in N2 at 450°C for 3 hours to obtamm the TONTs-N2 powder as catalyst
support to which Pd was loaded by photodeposition technique using PdCI2 and isopropanol
as sacrificial donor. The resulting Pd-TONTs-N2 powder catalyst improved high surface
area of 177 m2/g. The physicochemical characterization of TONTs arrays powder were
performed by X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission
electron microscopy (TEM), and surface area and pore size analysis. The catalyst support
TONTs arrays powder were electrochemically characterized in basic solution of methanol
by cyclic voltammetry (CV), and chronoamperometry measurements.Pd-TONTs-N2
powder electrode catalyst exhibited a remarkably high electrocatalytic activity and has high
electrocatalytic stability for methanol electrocatalytic oxidation reaction. Pd supported on
the conductive support TONTs-N2 is used as electrocatalyst in fuel cells.
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1. Introduction

In the previou work “Palladum supported
on titantum oxide nanoparticles as a
catalyst for methanol oxidation reaction
“was synthesised [1]. Titanium oxide
nanotubes (TONTS) are

of specific importance due to their greater
physicochemical properties and potential
applications 1n electro catalysis [2],
photocatalysis [3, 4], solar energy cell,

environmental purification, gas sensors
[5], energy usage containing H2 storage
and batteries of lithium. (TONTSs) arrays
have attracted much mterest due to their
large specific surface area, chemistry

positive surface, and best
biocompatibility [6].
Hydrothermal  synthesis of TiO2

nanotubes powder (TONTs powder) by
using two steps including sonication
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process and static hydrothermal process
to

fabricate the TiO2 nanotubes [7-9].The
Pd-TONTs-N2 powder fabricated by
photodeposition method by means of 400
W UV. The radiation with UV was
suitable for Pd to reduce and deposit onto
the surface of titanium oxide nanotubes
powder. Hence, offer a sustamable
synthesis method. This was attamed
during expositing catalyst supported to
400 W UV, through which free electrons
holes were produced. The electrons were
excited into the conduction band (CB)
which functions as an electron source for

UV-400'W Conduction band

Photodeposition

the palladium cations reduction. The
photoelectrons produced by dint of
titantum oxide nanotubes reduce the Pd2+
cation to palladium metal nanoparticles.
In the meantime, the photogenerated
holes from

valance band (VB) react with
1sopropanol to form aldehyde [10-14].
The whole mechanism was shown in
Fig.1. The synthesized TONTSs displayed
absolutely the anatase phase. On the other
hand, the UV leads to the reduction and
fixing of palladium nanoparticles onto the
surface of TONTs-N2 powder.

Tify- nanntunhes

Valence band

Fig.1: Mechanism of palladum
photodeposition (Illustrated drawing for
the preparation of Pd-TONTs-N2 catalyst
using UV-400 W lamp photodeposition).

2. Experiment
2.1 Materials

T1 foils (>99.5% purity, Alfa Aesar,
thickness: 0.25 mm), perchloric acid
HClO4 Palladum (II) chloride (PdCI2,
Sigma— Aldrich, 99.9+ %) as precursor,
1sopropanol (99.0 %) as sacrificial donor,

Isopropanol  ——=p Ketone

 J

TONPs powder prepared i our lab
(surface area 109m?/g), Nafion (5 wt %).

2.2 Synthesis of TONPs powder

At the beginning titantum oxide
nanoparticles powder (TONPs powder)
was prepared by the electrochemical
anodic oxidation (annodization process).
The Ti foils (>99.5% purity, Alfa Aesar,
thickness: 0.25 mm) were anodized in an
aqueous solution contammg 0.7 M
perchloric acid HCIO4 usmg a two-
electrode electrochemical cell (T1 foil as

- T3
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the anode and Pt foil as the cathode) at
20V for 1h at room temperature then, we
separate the precipitate (TONPs powder)
from the mixed solution using 7000 rpm
centrifuge. Then dry the precipitate in
oven at 80 °C for overmight, then use

pestle and mortar to make smooth powder
to obtain TONPs powder.

Hydrothermal synthesis of TiO2
nanotubes powder (TONTs powder)

Synthesis of Ti02 nanotubes, 2 g of the
TONPs powder (prepared in our lab) was
mixed with 100 ml of 10 M NaOH and
the suspension system was stured for lh
at room temperature to form a suspension.
The hydrothermal treatment of the
mixture was carried out at 150°C for 24
hours m autoclave. When the reaction
was completed, the white solid was
collected and washed using 200 ml of 0.1
M HCI followed with deionized water till
a pH 7 of wash solution was obtained.
The last products were obtained by means
of 7000 rpm centrifuge with consequent
drymg at 80 °C for 24 hours. The TONTSs
powders were subsequently annealed at
450 °C m N2 for 3hours with heating and
cooling rates of 5 °C min—1 to obtain
TONTs-N2 powder.

Photodeposition by UV-400W lamp was
carried out m an aqueous solution
contains 150 mg of TONTs powder, 10
ml of 20 mM PdCI2, 10 ml of 0.3 M
isopropanol and put in the beaker
magnetic stirer for 2hs. In this step we
note change m the colour of the solution
in the case of palladium from the yellow

colour to the light green colour and this
prooks that palladium is deposited on the
surface of TONTs-N2 powder. Then, we
separate the precipitate (e.g. Pd adsorbed
on TONTs-N2 powder) from the mixed
solution using centrifuge. Then dry the
precipitate mm an oven at 80 °C for
overnight, then use pestle and mortar to
make smooth powder. Then to prepare the
mnk; weigh 50 mg of (Pd-TONTs-N2
powder) and add to it 1ml DI water plus
20 pL of nafion (5 wt. %) solution to
stick the catalyst on the Au working
electrode. After that, we loaded 3 pl of
the catalyst (Pd-TONTs-N2 powder) by
micropipette on 3 mm Au polycrystalline
working electrode to carry out cyclic
voltammetry (CV).

2.4 Physicochemical characterizations

Transmission electron microscopy (TEM)
1mages were obtamed using a JEOL JEM-
2100F electron microscope operating at
200 kV.

X-ray diffraction (XRD) data were
collected on a Model RIGAKU
MINIFLEX 100 X-ray diffract meter,
operating at tube voltage 40 kV and tube
current 15 mA, using Cu(Ka) , intensity
was 0-400 cps , range of 26(deg) was 5-
80 degree 1.e. wide angle. For chilling, the
water flow rate was 3.7 L/min, scan rate
etther 5 °mm or 2 °min.
Monochromator is used.

BET (Brunauer-Emmett-Teller) surface
area and porosity measurements were
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carried out by N2 adsorption at 77.3 K
using Quantachrome mstrument.

2.5 Electrochemical measurements
Cyclic Voltammetry (CV)

CV was performed m a conventional
three-electrode single-compartment Pyrex
glass cell usmg a computerized
potentiostat/galvanostat (Autolab, FRA2,
LAUTOLAB, TYPE III). The reference
and auxiliary electrodes were SCE and
pure Pt-foil, respectively. All potentials
provided n the text are based on the SCE
electrode only. A Pt wire auxiliary
electrode and a saturated calomel
reference electrode (SCE) were used.
Also 3mm Au polycrystalline working
electrode was used (with geometric
surface 0.07 cm2).The software program
used in cyclic voltammetry measurements
were NOVA 19. An evenly distributed
suspension mk of catalyst was prepared
by ultrasonic the mixture of 50 mg
catalyst and 1 mL D.I water for 30 m,
and 3 pL of the resultant suspension was
laid on the surface of Au polycrystalline
working electrode (3 mm diameter, 0.07
cm2). After drymmg at 40 °C, 1 pL of
Nafion (5 wt. %) solution was covered on
the catalyst surface and allowed to dry
again. Thus, the working electrode was
obtamed, and the specific loading of
metal on the Au working electrode
surface was about 0.0225 mg (22.5ug).

Electrochemical tests were performed in 2
M KOH + different concentrations of
methanol.

Chronoamperometry (CA) was cairied
out in different potentials 1.e. at -0.4V.-
0.27V, and OV.

Material characterization

The mass loading of the (metals) Pd in
the prepared materials were determined
by means of an mductively coupled
plasma spectroscopy system (ICPS-7000
ver.2 Shimadzu, SEQUENTIAL
PLASMA SPECTROMETER). For that,
determination, samples were dissolved in
aqua regia (3HCL: 1HNO3) (E-Merck)
acld by means of high-pressure
microwave digestion in Teflon tube
vessel system (MARSX; CEM) at 450K
and 170 psi. The Microwave Accelerated
Reaction System (MARS) was used.

3. Results and discussion

3.1Physicochemical Characterization
of Pd-TONTSs-N2 powder catalyst

Fig. 2 showed the TONTs-N2 powder
catalyst support before treated with UV
radiation and after 2 hours illimination
by 400 W UV in precenced of palladium
solution and obtaming Pd-TONTs-N2
powder electrocatalyst. The changes in
color (from white color to yellow color)
was observed un treated and treatment.

g&%
B
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Fig. 2: (a) TONTs powder before
photodeposition and (b) Pd-TONTs-N2
powder after photodeposition.

Fig. 3 exhibit SEM 1mage of TONTSs
sample synthesized at 150 °C for 24 h
before and after washing. Fig. 3a reveals
that the starting TONPs powder particles
had been fully transformed into nanotubes
before washing at 150 °C in 24 h. Thus,
during heating process of reaction from
room temperature to 150°C, the
nanotubes were formed. The length of
nanotubes mcreased corresponding to the
reaction time, and the uniformed wire-
like nanotubes were obtained m the
sample without washing m the dynamic
hydrothermal time of 24 h as shown in
Fig. 3 b. This result idicates that the
nanotubes are formed during the dynamic
hydrothermal process and definitely
contradicts the assumption that titanate
precursor sheets would only scroll after
acid treatment [15].The microstructure of
nanotubes before and after washing can
be found to be similar

M.AH.Awad -N .AN. Alkadasi- A M. Al-Mayouf

in comparison Fig. 3a with Fig. 3b. In this
study, TONPs powder was the precursor
of the synthesized TONTs powder [16].

The SEM 1mages of the samples prepared
m a concentrated NaOH treatment and
with a subsequent acid washing then DI
water until obtamm pH=7 of filtrate are
shown m Fig. 3. Fig. 3a 1is the
microscopic figure with low-power field
(magnification 50,000 times). We can
observe that the uniformity of the
structure distribution mside the catalyst
support 1s very excellent, and no particle
1s remamned because of the mmcomplete
reaction. As clearly seen from Fig 3 a
and b numerous fiber like nanotubes grow
from nano-size TONPs powder. It,s group
1s like a petal with bunchy arrangement
not disarray. Under these conditions, the
outer diameter and length of the
nanotubes 1s about 10 nm and >Ipm
respectively [17]. The TONTs made from
TONPs powder could improve
significantly the specific surface area,
increase the efficiency of electron
transport and also separate the electron-
hole pairs efficiently.

g&%
=
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Fig. 3: The SEM mmage of TONTs
prepared from a 10 M NaOH treatment at
150 °C and with a subsequent acid
washing then DI water until obtain pH=7
of filtrate. (a) magnification of 50,000
times before washing treatment, (b)
magnification of 30,000 times after

washing treatment. Scale was 0.5 um
(500 nm).

Fig. 4 shows TEM images of TONTs
befor washing , after washing with 1.0 M
HCI and after calcination m 450 °C for
3h.The nanotubes are observed as shown
in Fig. 4 (a) (b) and (¢), and (d) mndicating
that nanotubes had scrolled mto
nanotubes before washing. Ti0O2 samples
after

M.AH.Awad -N .AN. Alkadasi- A M. Al-Mayouf

18kl  X36,888 8.5um

washing was still nanotubes ( as shown in
Fig. 4 ¢). In comparison to Fig. 4 a and b,
it can be found m Fig. 4c that the
nanotubes before and after calcination
were similar. The results of TEM
indicated that crystalline phase of Ti02
nanotubes transformed from titanate into
anatase phase after calcination m 3h at
450 °C,whereas the microstructure of
nanotubes was not changed. The
complete nanotubes structure was
obviously detected in the 150 °C sample
The average outer diameter and the length
of the nanotubes formed at 150 °C are
about 12 and 110 nm, respectively [18].
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Fig. 4: TEM mage of TONTs powder
(a) 20 nm and (b) 50 nm before washing
(¢) 50 nm after washing (d) 50 nm after
calcination in 450 °C for 3h. The distance
between two nanotubes is 10.63 nm.

Fig. 5 shows the XRD pattern for the
TONTs powder array via annealing at
450 °C (TONTs-N2) for 3h. The
diffraction peaks of TONTs array agree
with the standard JCPDS anatase cards
Ti102 (No. 21-1272). The XRD pattern of
the TONTs arrays displays (101), (004),
(200), (105), (211), (116), (204), (220)
and (215)anatase peaks.

A —— TONPs powder
TONTs powder

—  TONTs-N2 powder

2000 Pa-TONTs N2 powds:
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Fig. 5: XRD patterns of TONPs powder,
TONTs powder after washing, TONTSs-
N2 powder (after calcmation at 450°C for
3h) and Pd-TONTs-N2 powder.

The major diffraction peaks of the as-
synthesized sodum nanotubes and
protonated titanate nanotubes obtained by
acid treatment (before calcination at 450
°C for 3 h) and the final anatase TiO2
nanotubes (after calcmation at 450 °C for
3 h) sample found at 201 ~ 10.2°.24.2°,
28.4°, and 48.3° were characteristic of the
tubular Na2T1307 (JCPDs 31-1329) [17].
The peak at 10.2° was assigned to the 001
plane of Na2Ti307 for TONTs powder
before washing with HCL The crystals of
the nanotubes uncalcined are not very
fine.

In the XRD spectra of the sample
obtamed by acid treatment (Fig. 5 for
TONTSs powder after washing with HCI),
this peak cannot be seen clearly. In
comparison to the as-synthesized sample,
the intensity of the peak at 277 = 24.2° of
the acid treatment sample increased, but
that of peak at 28.4° decreased. These
differences can be explamed by the
exchange from Na2Ti1307 to H2Ti307
[19, 20], and the XRD spectra of the
calcinated sample 1.e. TONTs-N2 powder
with strong diffraction peaks completely
differ from those of uncalcmated sample.
The patterns at 2[1 = 25.4°, 37. 9°, 48.1°,
and 62.8° clearly present the anatase

%&%
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phase TiO2 of nanotubes indicating the
transformation from titanate into anatase
phase in the wall of T102 nanotubes after
calcination at 450 °C for 3h [21, 22]. The
XRD data showed the presence of sodium
titanate phase Na2Ti1307 of the as-
prepared sample as well as the protonated
titanate phase H2T1307 of acid treatment
sample and anatase phase of calcinated
sample. These results indicated an ionic
exchange from Na+ to H+ after washing
treatment process as well as a phase
transformation from titanate into anatase
phase after calcination process.

Fig. 5 shows the XRD patterns taken
from initial TONPs (precursor) and photo
catalyst with HCI washing to pH=7. In
the pH-decreasng course with HCI
washing of pH= 6.5 to 7, there are
characteristic peaks positioned at 201 =
24° and 28°. These peaks have been
assigned to the diffraction of titanates
such as Na2Ti1205.5H20, Na2Ti307.
lepidocrocite titanates. The amount of H+
ions provided from the acid may not be
enough to replace the Na+, therefore the
formation catalytic powders are still the
structure with titanate not titanium
dioxide.

Concerning palladium, the presence of Pd
nanoparticles 1s indicated via diffraction
peaks appearing at 21 values of 40.1 and
46.7°. They were assigned to the (111)
and (200) crystal plane spacing’s of face-
centered cubic (FCC) Pd (JCPDS no 46-
1043, respectively. Only two peaks of
three peaks that designated Pd were

observed. This was since one peak
overlaps with the anatase TiO2 at 201 =
68.1 (220).Hence, these diffraction peaks
further signifies the metallic state of the
loaded Pd nanoparticles.

Fig. 6 shows nitrogen adsorption-
desorption 1sotherms of Pd-TONTs-N2
powder expressed by relative pressure
(P/P°) vs. cc/g (Volume @ STP) and their
pore size distribution (inset) 1e. (N2-
physiosorption isotherm and pore size
distribution).

As seen 1 Fig. 6, the nitrogen sorption
1sotherm is of type (IV), characteristic for
TONTs materials. It displays a
pronounced capillary condensation step
of 0.4 to 0.98 P/P°. The Pd-TONTs-N2
material has a BET surface area of 177
m2/g and a total pore volume of
0.389cm3/g. It has a bimodal pore size
distribution with maxima around 3.94 and
7.59 nm in case of (Diameter (nm) vs. dv
(d) cc/nm/g (Fig. 6 b).

The  nitrogen  adsorption-desorption
1sotherms and corresponding pore size
distribution of the synthesized samples
are 1llustrated m Fig. 6 a and b. As can be
seen, all the samples have a stepwise
adsorption and desorption hysteresis,
represented via type-IV isotherms, with
the characteristics of a mesoporous
material [23]. The differences m BET
surface area, average pore size and pore
volume after Pd  desomption 1is
summarized i Table 1. Additionally, the
average pore diameter, determimned
through the  Barrett-Joyner-Halenda
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(BJH) method by the adsorption isotherm
(Fig. 6 b) was found to decrease after the
adsorption of Pd NP. The decrease of
BET surface area and average pore

005 4
004 4

003 4

2
E
E 0102
o
=

001 4

000

0 10 20 3‘0 40 50
Diameter (nm)

Fig. 6: (a) Adsorption—desorption

1sotherm of TONTs powder, TONTs-N2
powder and Pd-TONTs-N2 powder (b)
the average pore diameter, determined
through the  Barett-Joyner-Halenda
(BJH) method by means of the adsorption
1sotherm.

Table 1: Shows the average pore
diameter, determined through the Barrett-
Joyner-Halenda (BJH) method using the
adsorption isotherm. From Table 1, it 1s
noted that diameter (nm) of Pd-TONTs-
N2 powder catalyst (4.644 nm) 1s lower
than that of Pd-TONPs-N2 powder
catalyst (2.951 nm) [1]. And also the
surface area of the synthesized catalysts (
TONTs powder) are two to three times
(2.2 times) larger than TONPs powders.

The BET surface area of the sample
prepared with 10 M NaOH concentration
1s presented in Table 1. The average BET
surface area of TONTs was 241.4 m2/g at

diameter was owing to a slight blocking
of the pore m anatase TONTs-N2 by the
deposited Pd NPs [24].

Volume @ STP (ccig)

T T T T T T
0.0 0.2 04 06 08 10
Relative pressure F/P*

10 M NaOH concentration. These results
showed that the surface area had

relation to the number and the length of
the nanotubes, and they

were 1 good agreement with the
nanostructures determined usimg the TEM
method.

The surface area of catalyst with rmsmng
pH of 7 slightly upgrades to 241.4 m2/g
because of the shortage in H+ 1ons. The
amount of H+ ions provided from acid
rinsing may not be enough to replace
Na+, therfore the formation of catalytic
powders are still lamellar structure not
tubular. When the pH value of catalysts
during the acid washing process 1s
controlled to 2.2 further, the proportion of
Na+ 1ons within the titanate would be
decreased due to the increasing of the
washing acidity (H+). The percent of the
generated Ti02 nanotube would be also

gﬁ}
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increased by scrolling the lamellar
titanate or titanium oxide sheets into
tubullar structure. So the specific surface
area can be up to 294.9 m2/g [17].
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Table 1: The BET surface area, average
pore size and pore volume of TONTs ,
TONTs-N2 and Pd-TONTs-N2 powde

BET surface area Average .pore size 3
iy dsonption (Pore diameter) | Porevolume(cm™/g)
&) G301 dv(d) (nm)
TONTSs powder 241 3.647 0.363
TONTs-N, powder 170 6.102 0.38
Pd-TONPs-N, powder 98 2.951 0.247[1]
Pd-TONTs-N, powder 177 4.644 0.389

3.2 Methanol oxidation of Palladium
supported on TONTs-N2 powder

Fig.7 shows the effect of loading for Pd-
TONTs-N2 powder catalyst. It 1s clear
that the catalytic current density increase
with 1 pL and 3 pL respectively. Then
when the loading 5 upL, the catalytic
current density will decrease because of
blocking of catalyst and also physical
detachmg. For 3 pL Pd-TONTs-N2
powder, the value of If/Ib was 3.21 which
are larger than that reported for Pt/carbon
(0.75) [25] 1e. 1t 1s about 4.28 tmmes
higher than that reported for Pt/carbon
(0.75).

It 1s observed from Table 2 that If/Ib
value of 3 puL Pd-TONTs-N2 powder

I, mA/em®

catalyst 1s larger than that of 5 pL Pd-
TONTSs-N2 powder catalyst and 1L Pd-
TONTSs-N2 powder catalyst respectively,
indicatmg that 3 pL Pd-TONTs-N2
powder catalyst has the highest catalytic
activity and current density.

A low If/Ib ratio points to poor electro
oxidation of methanol to carbon dioxide
during the forward scan, and too much
accumulation of
intermediates on the catalyst surface [26].
High current density and low Ib/If were
achieved, which can be ascribed to the
large surface area, reduced diffusion

carbonaceous

resistance, and excellent poisoning
tolerance.
4[——2M KOH + 1 M methanol (@)

——2 M KOH + 0.5 M methanol
— 2M KOH + 0.2 M methanol

T T T T T T 1
-08 0.6 0.4 -02 0.0 0.2 04

Applied Potential (V) vs. SCE
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Fig. 7: Effect of loading for Pd-TONTs-
N2 powder catalyst loaded on 3 mm Au
working electrode m (2 M KOH + IM
methanol) at a scan rate was S0mV/s.

Fig. 8 shows CV of 3 puL Pd-TONTs-N2
powder loaded on 3 mm Au

30 o [—— 7 W ROH

I, mAdem

—? M KOH - 1M Matanal |

polycrystalline working electrode 2 M
KOH solution was baseline but in 2 M
KOH + 1 M methanol) the catalytic
current density increase.

T
0.6

T T T 1
0.2 0.0 0.2 0.4

Applied Patential (Vyvs SCE

Fig. 8 CV of 3 pL Pd-TONTs-N2
powder loaded on 3 mm Au
polycrystalline working electrode m 2 M
KOH and in (2 M KOH + 1 M methanol)

at a scan rate was 50 mV/s.

Table 2: Ip (peak height -mA/cm2) for
both the forward and backward

paths also contaimns the values of If/Ib for
the Pd@TONTs-N2 powder catalyst
loaded on 3 mm Au polycrystalline
working electrode 50 cycles for (MOR).

Loading I¢(Peak height) (mA/cm?) I, (Peak height) (mA/cm’) ik
(uL) For forward For backward

(1 L) 24.43 7.82 3.12
(3 L) 29.64 9.24 3.21
(5 L) 15.26 6.76 2.26

Fig. 9 (a) mdicates to palladum
supported on titanium oxide nanotubes as

Al-Rayan Journal of Humanities & Applied Sciences, Volume |, Issue |, December 2018
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(MOR).
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Fig. 9 (a) shows the electro catalytic
activity for methanol oxidation reaction
1.e. shows the CVs of the 3 uL Pd-
TONTs-N2 powder catalyst m (1 M
methanol+ 2 M KOH). It 1s clear from
Fig. 9 that 1 M concentration of methanol
gives high current density i contrast
with other concentrations of methanol in
basic medium of 2 M KOH.

In Fig. 9 (a), concerning the 1 M
methanol concentration i basic medium,
the peak current densities in the forward
scan for Pd-TONTs-N2 powder catalyst
were measured to be 29.64mA/cm2 in
alkaline medium whereas the peak current
densities in the backward scan were
measured to be 9.24mA/cm2 (scan rate
was 50mV/s). It 1s noted that the peak
current 1s enhanced for catalyst prepared
by photodeposition of PACI2 on TONTs-
N2 powder as support/catalyst using 0.3
M isopropanol as solvent.

Also the oxidation current has been
normalized to specific current density so
that the current density (I) can be directly
used to compare the catalytic activity of
the samples. The Pd-TONTs-N2 powder
catalyst which was examined show a
significantly mmproved
oxidation activity as compared to
TONTs-N2 powder -catalyst and Pd-
TONPs-N2 powder.

methanol

The ratios of peak currents associated
with the anodic peaks in forward (If) and

Al-Rayan Journal of Humanities & Applied Sciences, Volume |, Issue |, December 2018

backward (Ib) 1s generally used to
describe the tolerance of a catalyst to
intermediates generated during the
methanol oxidation [27]. A low IfIb
ratio indicates poor

electro oxidation of methanol to

carbon dioxide during the forward scan,
and  excessive
carbonaceous intermediates on the
catalyst surface [26]. For Pd-TONTs-N2
powder, the value of I/Ib was 3.21 which
1s larger than that reported for Pt/carbon
(0.75) [25] re. 1t 1s about 4.28 tmmes
higher than that reported for Pt/carbon
(0.75) and Pd/carbon. The results of If/Tb
ratio indicates that Pd-TONTs-N2 powder
(3.21) catalyst exhibit excellent poison
tolerance than that of the Pd-TONPs-N2
(2.88) catalyst. The Pd-TONTs-N2
catalyst was an excellent electro catalyst
compared to the other catalysts analysed,
since 1t yielded the largest forward peak
current density and a higher real surface
activity, exchange current density and
I{/Ib ratio. That was in the case of 1 M
methanol at a scan rate was 50mV/s.
Fig.9 (b) shows the concentration (M) vs.
Ip (peak height in mA/cm2) for both the
forward and backward paths. The
concentration i1s dimrectly proportional to
the peak height of forward and backward
respectively and the relation between
them is linear

accumulation of
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Fig.9: (a) Effect of concentration of
methanol on 3 microliter Pd-TONTs-N2
powder loaded on Au polycrystalline
working electrode m 2 M KOH at a scan
rate was 50mV/s by current density (b)
the concentration (M) vs. Ip (peak height
—mA/cm2) for both the forward and
backward paths.

Table 3: lists the values of If, Ib, and If/Ib
for Pd-TONTs-N2 powder catalyst. It is
observed

that Pd-TONTs-N2 powder with 1 M
methanol concentration in basic medium

T
06

T T
08 10

Concentration (M)

of 2 M KOH have If/Ib value higher than
that of 0.5 M and 0.2 M methanol
concentration in basic medium of 2 M
KOH, mdicating that Pd-TONTs-N2
powder with 1 M methanol concentration
m basic medium of 2 M KOH have
higher catalytic activity

Table 3: The concentration (M) vs. Ip
(peak height —mA/cm2) for both the
forward and backward paths also contains
the values of If/Ib for the PA@TONTSs-N2
powder catalyst loaded on Au
polycrystalline working electrode 50
cycles.

Concentration I; (Peak height) (mA/cm?) I, (Peak height) (mA/cm?) I/,
(M) of ethanol For forward For backward
0.2 13.06 4.73 2.76
0.5 18.97 6.64 2.86
1.0 29.64 9.24 3.21
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A
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Fig. 10 shows the effect of the scan rate
for methanol oxidation process at Pd-
TONTSs-N2 powder catalyst m 2 M KOH
in the presence of 1 M methanol. The
curve shows that the anodic current for
methanol oxidation at Pd-TONTs-N2
powder catalyst mcreases rapidly with
increasing the potential scan rate and
anodic potential shift toward higher
potential values. Indeed the time window
for methanol oxidation process at higher
scan rates becomes very narrow where
facile electron transfer takes place
between methanol and catalytic sites. The
proportionality of anodic peak currents to
the scan rate m a range of 1-150 mV/s
was 1llustrated in Fig. 10. The anodic
peak current are linearly proportional to
the scan rate suggest that the overall
oxidation of methanol at this electrode 1s
controlled by the diffusion of methanol
from solution to surface redox sites [28,
29].

35

] —— 150 mV/s
30 4 — 100 mV/s
] 75 mV/s T
25 4 — 50 mV/s
1 — 20 mV/s
“e 20+ —— 10 mV/s
— 01 mV/s

15

|, mA/cm

10
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Fig. 10 shows the effect of scan rate for
Pd-TONTs-N2 powder electrode m a
potential range from (-0.8 V to 0.15 V)
recorded at different scan rate for 1 M
methanol in basic medum (2 M KOH)
solution, Fig. 10 also shows an enhanced
anodic peak current that increase linearly
with increasing scan rate, this behavior is
characteristic of an electrochemical
reaction controlled by a diffusion process.

The mass loading of Pd in 3 puL Pd-
TONTSs-N2 powder is equals to 0.0225

mg Pd, this value was determined by
ICPS-7000.

A low IfIb ratio indicates poor
electrooxidation of methanol to carbon
dioxide during the forward scan, and
excessive accumulation of carbonaceous
intermediates on the catalyst surface.

-0.8 -0.6 -04

Applied Potential (V) vs. SCE
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Fig. 10: CV for Pd-TONTs-N2 powder
loaded on 3 mm diameter Au
polycrystalline working electrode in (2M
KOH+1M methanol), 3 microliter loading
by current density, S5Ocycles (effect of
scan rate).

Fig. 11 shows the chronoamperometry
(CA) of Pd-TONTs-N2 powder loaded
on 3 mm diameter Au working electrode
in (2 M KOH+ 1M methanol) at different
potentials ( -0.4 V,-0.27 V and 0 V). At
the principal step of the
chronoamperometry curves, the current
density 1s comparatively high because of
the adhesion of methanol molecules on
the active sites. Then the current density
decrease when the time mcreases.

Approximately 200 s later, the curve
becomes stable. The stable current
density of the Pd-TONTs-N2 powder at
the potential -0.27 V 1s the highest among
the other potentials -04 V and 0 V,
signifymg that this would achieve
equilibrium among catalytic activity and
poison resistance owing to suitable
deposition quantity of Pd nanoparticles
on titanium oxide nanotubes.
Chronoamperometry (CA) 15 an
electrochemical method m which the
potential of the working electrode is
stepped and the resultant current from
faradaic process happening at the
electrode (produced by the potential step)
1s monitored as a function of time)

30 -
] —— At-04V
237 —— At-0,27 VI
1 —— AtOV
20 4
&= 154
(%]
E 10 -
R
sl &5
0 260 460

Fig. 11: Chronoamperometry (CA) for
Pd-TONTs-N2 powder loaded on 3 mm
diameter Au polycrystalline working
electrode in (2 M KOH+ 1M methanol).

Fig. 12 shows the catalytic stability of the
Pd-TONTs-N2 powder catalyst from first
cycle to 50 cycles m (2 M KOH + 1 M

Time (s)

methanol) with a scan rate was 50mV/s.
Stability test was performed for Pd-
TONTs-N2 powder -catalyst. Fig. 12
shows the CVs for Pd-TONTs-N2
powder catalyst after continuous cycling
between -0.8 V and 0.15 V for a total of
50cycles.

Al-Rayan Journal of Humanities & Applied Sciences, Volume |, Issue |, December 2018
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The catalytic stability of Pd-TONTs-N2
powder catalyst for methanol oxidation
was mvestigated via CV as shown i Fig.
12.The Pd-TONTs-N2 powder methanol
oxidation current shows a steady decrease
in current density within the first few
cycles (10 cycles) and then a nearly

30
—— Pd-TONTs-N_ powder
4 [ 2 |

25

20

I, mAlcm’
o
L

constant current density was
progressively established for longer time.
Therefore, the results reveal that Pd-
TONTs-N2 powder possesses higher
catalytic activity and stability than Pd-

TONPs-N2 powder in alkaline media.

T T
0.2 0.0 02 04

Applied Potential (V) vs. SCE

Fig. 12: CV of 3ul Pd-TONTs-N2
powder, from 1 cycle to 50 cycles loaded
on Au working electrode as baseline, all
in (2M KOH+1M methanol) at a scan rate
was 50 mV/s by current density.

It 1s noted that the ratio IfIb of Pd-
TONTs-N2 powder is about 4.28 times
higher than that stated for Pt/carbon
(0.75), 1.43 times higher than that stated
for Pd/Ti02 Nano belts, 2.77 times higher
than that stated for Pd/AC activated
carbon, 3.53 times higher than that stated
for Pd/T102 nanobelts-C, and 1.12 tmmes

Al-Rayan Journal of Humanities & Applied Sciences, Volume |, Issue |, December 2018

higher than that stated for Pd-TONPs-N2
powder.

That 1s to say, the Pd-TONTs-N2 powder
elector catalyst exhibits better poison
tolerance and about four to three times
methanol oxidation current density higher
than that reported for Pt/C and Pd/C
catalysts respectively. This was attributed
to synergistic effect on TONTs support
Pd NPs and on CO oxidation, the ordered
unidirectional structures of TONTs and
the greater conductivity and
electrochemical active surface area of
TONTs-N2 powder.
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Table 4: The composition of the IfIb
ratio for the 3uL catalysts loaded on Au

polycrystalline working electrode at a
scan rates was S0mV/s for (MOR).

Cakalysts If (mA/ cml) I, (mA/ cmz) Mass loading of Pd in (mg/ml) 17T,
Pd-TONPs-N, powder 21.3 7.4 0.0555 in 3 pL 2.88[1]
Pd-TONTs-N; powder 29.64 9.24 0.0225 in 3 uL 3.21

Pt/C 0.75 10 | 0.75[25]

Pd/Ti0, Nano belts 2.57 1.14 0.523 in 3 puL 2.25[30]
Pd/AC Activated carbon 2.9 2.5 0.353 in3 uL 1.16[30]
Pd/TiO; nanobelts-C 4.0 4.4 0.3348 in 3 uL 0.91[30]

4. Conclusions

TONPs and TONTs supports do not
suffer from degradation and the metals as
catalysts can be deposited on its surfaces
compared to carbon support Dby
photodeposition method. The Pd NPs
showed the smallest particle size, very
well dispersion on TONTs-N2 powder,
higher electrochemical active area and
stability as compared to Pd-TONPs-N2
powder , Pt/C and Pd/C because it yielded
the largest forward peak current density
and higher real surface activity, exchange
current density and If/Ib ratio. The Pd-
TONTs-N2 powder electrode showed the
highest electrocatalytic activity towards
the MOR. In addition the cycle tests
proved that Pd-TONTs-N2 powder
catalyst has the highest current density
and the lowest decay rate for current
density compared with the Pd-TONPs-N2
powder. The addition of Pd NPs
ontoTONTs-N2 powder leads to the
improvement of electrocatalytic activity.

Al-Rayan Journal of Humanities & Applied Sciences, Volume |, Issue |, December 2018

Therefore, the Pd-TONTs-N2 powder
catalyst higher
electrochemical active area and higher
catalytic activity for MOR compared with
Pd-TONPs-N2 powder catalyst.

elector has
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