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Abstract

Pt nanoparticle-multi walled carbon nanotubes namgmsites supported on titanium
substrate (Pt-MWCNTSs/Ti) were prepared by co-etetgposition method. This
composite catalyst was characterized by scanniegireh microscopy (SEM), energy
dispersive spectrum (EDS), and electrochemical ousthThe SEM images reveal that
nanostructures are distributed at the surface efithnium plate. Electro-oxidation of
methanol was investigated in acidic media on Pt-MNVE/Ti electrodes via cyclic
voltammetric analysis in the mixed 0.1 M methanod ®.1 M H2SO4 solutions. The
Pt-MWCNTSs/Ti catalyst has good electro-catalytitivaty for methanol oxidation. This
novel Pt-MWCNTSs/Ti catalyst can be used repeateatiy exhibits stable electro-
catalytic activity for the methanol oxidation.
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Introduction

Direct alcohol fuel cells (DAFCs) based on liquidels have attracted much
attention as power sources for portable electrdeidces and fuel cell vehicles,
due to their much higher energy density than gaséaels such as hydrogen [1-
4]. Studies aiming at developing efficient fuellsdtave greatly contributed to
the development of catalysts for the electro-oxahabf small organic molecules.
Among these substances, methanol has been theimvestigated due to the
possibility of using it as a fuel in direct methaheel cells (DMFC).

Direct methanol fuel cells (DMFCs) are potentidealative energy sources for
portable electronic devices, because of their l@gargy-conversion efficiency,
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low pollution emission, and safe fuel handling [#Fn effective catalyst is a key
factor for the realization of DMFCs applicationsisl largely accepted that Pt and
Pt alloys are still indispensable and the mostcéitfe catalysts for the electro-
oxidation of methanol in DMFCs [6-8]. However, tinereasing use of Pt and Pt
alloys may raise the price of electro-catalyst daflete a scarce resource. Thus,
one of the grand challenges in DMFC developmetiois to reduce the use of
precious Pt. One approach to cost reduction is¢oRi-based alloys, and another
way is to efficiently utilize Pt by distributingnliited Pt nanostructures on a
suitable support [9-12]. Immobilization of Pt natrastures in an active matrix
may enhance the overall reactivity of catalytic aheenters. In the literature on
optimum support for dispersed metal nanopartickntion shall be paid not
only to systems stability and feasibility of fastacge propagation, but also to the
existence of the activation of mutual metal-supgateractions. In order to
reduce the amount of noble metal loading and aldwarce electro-catalytic
activity of electrodes, there have been considerafibrts to increase dispersion
of metal particles on different supports. Titaniusncorrosion-resistant, has a
high mechanical strength, a reasonable cost, wldetrechemical potential
windows and good stability. Because of its excellproperties, titanium has
been applied as a substrate in order to preparel o stable electro-catalysts
including the well-known dimensionally stable ane@®SA) [13-15]. Compared
with the conventional structure of the anode, thenium anode has many
advantages, such as simplicity, easy productiora onass scale, low cost and
flexibility in terms of shape [16]. In recent yeacarbon nanotubes have received
increasing attention, regarding the preparatiormoidified electrodes, due to
their unique structures and extraordinary propgrseich as a huge surface area,
strong stability and efficient catalytic activityhieh can promote charge transfer
reaction. At the present, carbon nanotubes arelyvig®d in the electrochemical
field [17-19]. To the best of our knowledge, eleetixidation of methanol on
titanium-coated with platinum nanoparticle-multi lgd carbon nanotubes has
not been reported in the literature. In the preseotk, we have prepared an
electro-catalyst based on the co-deposition ofrplat nanoparticle-multi walled
carbon nanotubes on titanium plate and have stuthed electrochemical
activity for methanol electro-oxidation using cyclioltammetry (CV).

Experimental

Chemicals, Solutions and Electrochemical measurement

Methanol (Merck, 99% purity) and H2SO4 (Merck, 99Mrity) were used as
received. Hexachloroplatinic acid (98%) was purelddaBom Merck. All other
chemicals were of analytical grade and used withatther purification. All
electrochemical experiments were carried out aimrdemperature. Distilled
water was used throughout. The electrochemicalrexpats were performed in
a three-electrode cell arrangement. A platinum tshe&s used as counter
electrode, while all potentials were measured wibkpect to a commercial
saturated calomel reference electrode (SCE). Blgwtmical experiments were
carried out by the IlviumStat electrochemical anaty@VIUM Technology, The
Netherlands).
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Preparation of Pt-MWCNTS/Ti and Pt/Ti electrodes

Titanium discs were cut from a titanium plate anoumted using polyester resin.
Titanium electrodes were first mechanically poldlaad then chemically etched
by immersion in a mixture of HF:HN(L:3 solution for 1 min. Prior to electro-
deposition, titanium samples were degreased bycating in acetone and
ethanol followed by rinsing with distilled water.

Untreated MWNTs were ultrasonically treated witB: & mixture of concentrated
H>SQw and HNQ for 4 h, which produced carboxylic acid groupghe defect
sites and thus improved the solubility of the c-MW&Nin acidic solution, and
then washed with distilled water several times lutite pH of the solution
became neutral (pH 7). The carboxylic MWNTs wernediand stored until use.
Afterwards, 10 mg carboxylic MWNTs were dispersad100 mL of 0.5 M
H2SQy solution containing 1 mM #PtCk by ultrasonics over 1 h. The platinum
nanoparticle-multi walled carbon nanotubes weretedehemically deposited at
the surface of titanium substrate from this batie @ieposition conditions were a
current density of 10 mA cthfor 5 min and the temperature was maintained at
45 °C. For preparation of Pt/Ti electrodes, thev& electrochemically deposited
at the surface of titanium substrate from 1 mdPt€k in aqueous 0.5 M ¥y
solution as the supporting electrolyte. Here agiie,deposition conditions were
a current density of 10 mA cfrfor 5 min and the temperature was maintained at
45 °C.

In order to determine how much Pt (mass) was ptesetitanium substrates, the
final platinum loading, as measured by dissolutidrthe deposit followed by
ICP analysis was about 0.6 mg érffor Pt-MWCNTs/Ti) and 1.1 mg ct(for
Pt/Ti) electrodes.

Results and discussion

Morphology of Pt-MWCNTS/Ti electrode

Fig. 1 illustrates the SEM images of Pt-MWCNTs flndeposited on the
titanium plate. It can be seen that platinum nartappes and MWCNTs are
distributed in an almost homogeneous manner autace of the titanium plate.
The EDX confirms the presence of Pt on the modiélettrode.

Characterization of the Pt-MWCNTS/Ti electrode surface

To determine whether the electro-deposition propedoas resulted in the
removal of the oxide layer, thereby ensuring goedtacal contact between the
deposited composite film and the underlying subssrathe Pt-MWCNTS/Ti
were tested as electrodes using one electron redogle. Fig. 2 (A and B)
shows the voltammetric curves for the reductioiKeffe(CN) on flat platinum,
Pt-MWCNTSs/Ti and bare titanium electrodes. The amminogram for the Pt-
MWCNTSs/Ti electrodes shows the expected reverdibleavior for the reduction
on a bulk platinum electrode (Fig. 2A). In comparisthe CVs obtained with
titanium electrode show increased peak separamohpgak widths (Fig. 2B).
This is probably attributable to a passivating acef film, most likely the oxide
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layer present on the surface of the titanium ebelgdr The lack of such
resistances and over-potentials observed on repea#ox cycling of Pt-
MWCNTSs/Ti electrodes indicates that there is nonsigant resistive film

between the underlying titanium and the deposiaposite film. It suggests
that the adhesion and electrical contact properth® deposited composite film
with titanium is quite satisfactory [20].
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Figure 1. Scanning electron microscopic (SEM) image of Pt-@IMT's films deposited
on the titanium and EDX of Pt-MWCNTSs/Ti electrode.

To understand the electrochemical activity of tHeM®WCNTSs/Ti, the cyclic
voltammetric responses of the Pt-MWCNTSs/Ti, Pt/Tmdabare titanium
electrodes were recorded at a scan rate of 100 f\Fig. 3 shows the cyclic
voltammograms of the Pt-MWCNTSs/Ti, bare titaniund&t/Ti (inset) in 0.1 M
H>SQOy solution. Although the typical Pt-peaks for thedlggen deposition (a),
the oxidation of hydrogen (a'), formation of platim oxide (b), and its reduction
(b") are present on the Pt-MWCNTSs/Ti, they becothshiaped compared to
PUTi (inset) [21-23]. Also, curve 3 shows the aycloltammetric of bare
titanium substrate in 0.1 M 430, solution. No adsorption/desorption peaks of
hydrogen appeared at the bare titanium.
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Figure 2. (A) Cyclic voltammograms for Pt-MWCNTs/Ti (1x1 émand smooth
platinum (1x1 crf) electrodes recorded at 100 m¥ is a solution containing 10 mM
Ks[Fe(CN}] + 1 M KCI at 25 °C with a scan rate of 100 mVt B) Cyclic
voltammograms for bare titanium electrode (1x%)cand Pt-MWCNTS/Ti (1x1 cR)
electrode recorded at 100 mV & a solution containing 10 mM#Ee(CN)] + 1 M
KCI at 25 °C with a scan rate of 100 mV. s
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Figure 3. Cyclic voltammograms of Pt-MWCNTSs/Ti and barenitan electrodes in 0.1
M H.SQy at a scan rate of 100 m\t.sThe inset is CV of Pt/Ti in the same conditions.

Oxidation of methanol on the Pt-MWCNTS/Ti catalyst

In order to compare the Pt-MWCNTSs/Ti electrode Wt electrode, the cyclic
voltammetry method was used to estimate the eleattalytic behavior of the
electrodes. Fig. 4 shows the comparison of oxidatib methanol on Pt/Ti and
the Pt-MWCNTSs/Ti electrodes. It can be seen fromg. E that the cyclic
voltammogram of Pt-MWCNTs/Ti electrode (curve Ihosvs the usual
characteristics of Pt/Ti electrode (curve I), excédpat for both forward and
reverse scan directions the oxidation currents ethanol on the Pt-MWCNTS/Ti
electrode are significantly higher than on Pt/Hotlode. Fig. 4, inset A, shows
the cyclic voltammograms of Pt/Ti electrode in MIH>SQO; aqueous solution at
a scan rate of 100 mVsvithout methanol (dash line) and in the preserfd@ b
M methanol (solid line). Cyclic voltammetry data merecorded for Pt-
MWCNTSs/Ti electrode in 0.1 M 6Oy aqueous solution at a scan rate of 100
mV s?! without methanol (dash line) and in the preserid@ bM methanol (solid
line), as shown in Fig. 4 (inset B). It can be sem the cyclic voltammetry of
methanol oxidation on the Pt-MWCNTSs/Ti electrodeatththe reaction
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commences in the hydrogen region and proceeds)slavthe positive direction,
and then reaches a plateau at about -0.10 V. &ingiats with more than 0.25 V,
the reaction becomes accelerated and maximum tata.&.83 V occurs. At
potentials above 0.83 V the oxidation of platinund &ormation of platinum
oxides cause a decrease in the amount of actiee aitailable on the electrode
surface which subsequently result in a decreageak current. Upon reversing
the potential sweep, a very steep increase of ¢aetion rate at ca. 0.65 V
develops and a maximum current is observed at.68.\0. In the backward scan,
the reduction of platinum oxides to platinum andduction of active sites take
place, so re-oxidation of methanol and/or methaesidues occurs on clean
platinum surface and backward peak at 0.55 V agdedr 25].
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Figure 4. Cyclic voltammograms for (1) Pt/Ti and (II) Pt-MW\O s/Ti electrodes in 0.1
M H.SQ; + 0.1 M methanol aqueous solution at 25 °C witns@te of 100 mVvk (A)
Cyclic voltammogram for Pt/Ti electrode and (B) loycvoltammograms for Pt-
MWCNTSs/Ti in 0.1 M BSOswithout (dash line) and with (solid line) 0.1 M rhanhol.

Electro-oxidation of methanol at platinum-basedcetales has been studied
extensively. Results from infra-red spectroscopgwsithat methanol oxidation

on platinum at low potentials lead to the formatioh linearly bonded CO

species. This species, which is strongly adsorbedhe platinum, acts as a
catalyst poison. The surface reaction between dadsorbed CO species and
adsorbed OH species, from water decomposition,esatlie formation of carbon
dioxide (final product of methanol oxidation) [226]. According to the

literature, it is well known that methanol oxidatigrocess consists of the
following steps that result in the formation of lmaxyl intermediates and

strongly adsorbed CO species [27-29]:

(CHSOH)solution—’ Pt'(CHSOH)ads (1)
Pt-(CHOH)ads— Pt-(CHO)ads+ H* + & 2)
Pt-(CHO)ads— Pt-(CHO)ags + H* + & (3)
Pt-(CHO)ags— Pt-(CHO)gs+ H* + € (4)
Pt-(CHO}ds — Pt-(COlgs+ H + € (5)

Reactions (1)-(5) can be denoted by a total dissiwei adsorption reaction:
Pt-(CHOH)solution— Pt-(CO)as+ 4H" + 4€ (6)
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The complete methanol oxidation (reaction 7) canuo@nd cause the sharp
increase in current of methanol oxidation peak:
Pt-(COlgs+ H:O — Pt + CQ + 2H + 26 (7)

In order to investigate the kinetic characterizatad methanol oxidation on the
Pt-MWCNTS/Ti electrode, we have looked into theseffof the scan rate on the
behavior of methanol oxidation. CVs of methanoldation on Pt-MWCNTSs/Ti
electrode at different scan rates were shown in %ig he result clearly reveals
that the peak current associated to the methareatreloxidation increases
linearly with the scan rate in the range 30-150 stVIn principle, peak currents
are proportional to the scan ratg for an adsorption process and the square root
scan ratey*?) for a diffusion process [30]. In inset A curvepaak currents were
plotted as a function of the square root scan (&{é. As it can be seen, the
current value of main anodic peakq)lis liner vs.v”2. This behavior indicates
that the electro-catalytic process under studyorgrolled by diffusion [31]. The
dependence of methanol oxidation peak potentig) (& the scan rate indicates
an irreversible charge-transport process (inset[3). The potential of re-
oxidation peak (f) shifts negatively with the scan rate, becausestmpobably
in high scan rates, the stability of platinum osidiecreases, thus, their reduction
in the backward scan requires more negative paisrjz9].

In order to reveal the correlation between methan@ation and platinum oxide
species, we have studied the effect of the uppet fiotentials (EU) in the cyclic
potential scanning on the methanol oxidation. Tdeson for that, as reported in
the literature, is that the different ranges ofgptial, over which the formation
and dissolution of surface oxides occur on the sm@batinum or on the Pt-
based electrodes, form a striking feature of thextedbchemical behaviors of
these electrodes [32]. It is also reflected in mekC irreversibility of most
electro-catalytic oxidation, even in the reductreactions that proceed on these
electrodes [33].
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Figure 5. Cyclic voltammograms of Pt-MWCNTSs/Ti electrodes il M HSOy
containing 0.1 M methanol obtained at differentnsites (1-13), 30, 40, 50, 60, 70, 80,
90, 100, 110, 120, 130, 140 and 150 mV kiset A: variations of peak currents with
square root of scan rate. Inset B: variations ekgetentials with scan rate.
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Fig. 6 shows the CVs of methanol oxidation on tird®WCNTSs/Ti electrodes
for EU of 1.05-1.40 V. As seen in figure 6, by ieasing the final positive
potential limit, the anodic current density of neatbl oxidation in the positive
going potential sweep (PGPS) remains unchanged thautoxidation current
density in the negative going potential sweep (NJGBSdecreased (Fig. 6B).
According to reports in the literature, the re-@tidn peak for methanol is
related to the oxidation of methanol and/or methaesidues (Pt-CO) in the
backward scan. The reaction for the re-oxidatioakpes assumed as follows
[24]:

Pt-(OH}dst+ Pt-(CO)s—COz + H + 2Pt + € (8)

In the lower limit potential, Pt oxides with a highlence do not develop greatly,
so, the effect of the Pt oxides with a high valeonethe methanol oxidation in

the NGPS is relatively small. It can also be seleat the potential of the

methanol oxidation peak remains invariable in PGRid|e the potential of the

methanol oxidation peak shifts positively in NGFFg( 6C). On the other hand,
the peak current density in NGPS decreased, as rietkdsed. Indeed, by
increasing the final positive potentials, the casian of Pt to PtO is accelerated,
causing a decrease of the oxidation current densitNGPS, which further

demonstrates that methanol can only be oxidize@d @hean metallic platinum

nanoparticles surface [20].
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Figure 6. (A) Effect of upper limit of potential scanninggien on the electro-oxidation
of 0.1 M methanol on the Pt-MWCNTSs/Ti electrode®ith M HSQ; from (1) 0.0-1.05
V to (8) 0.0-1.40 V with a scan rate of 100 mV. §B) Plot of anodic peak current in
forward (pr) and in backward scarlpf). (C) Variation of anodic peak potential in
forward Epr) and in backward scaigp).
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In order to evaluate the capacity of Pt-MWCNTs/®r felectro-oxidation of
methanol, the effect of methanol concentrationhendorresponding main anodic
peak currents was investigated by cyclic voltammetAccording to
experimental data the peak current of methanol imaseased by methanol
concentration, and reached a nearly constant Watusoncentrations higher than
1.5 M methanol. We assume this effect was causeshatoyation of active sites at
the surface of the electro-catalyst.

The effect of HSQy concentration on the peak current related to teetre-
oxidation of methanol at Pt-MWCNTSs/Ti electrode Hasen investigated by
cyclic voltammetry. The variation of the peak cutr@btained for methanol
oxidation (main anodic peak) was plotted againS® concentration. The peak
current of main anodic peak oxidation increased wiite increase of 13Oy
concentration to 0.1 M, and then it remains coristan the optimum HSOs
concentration range of 0.10-0.20 M. Further inceeas HSQ:w concentration
depressed the anodic peak current. It can be katdrt high concentrations of
H.SQu, the dissociation of acid decreases, causingdtaction of the solution
conductivity. Also, the reducing effect of a higtvél HSQu concentration on
peak currents may be addressed according to theeli@na principle, i.e. the
thermodynamic tendency for oxidation of main anopeak was reduced by
H>SQu concentration [23, 34], because, as it can be iseieactions from (1)-(7),
hydrogen ion was produced in the right sides. Tioegee as the concentration of
hydrogen ion increases via increasingSBs concentration, the reaction’s
progress will be reduced. On the other hand, acogrdo the Chatelier's
principle, if we are to add a species to the oVeealction, the reaction will favor
the side opposing the addition of the species.

The long-term stability of the electro-catalystngportant from the viewpoint of
the practical application. In order to evaluate stability of the electro-catalytic
activity of the Pt-MWCNTSs/Ti electrode toward metioh electro-oxidation and
also poisoning-resistance of the electro-catalysthronoamperometric
measurements were performed. The obtained results PgTi and Pt-
MWCNTSs/Ti electrodes in 0.1 M methanol + 0.1 M3@ solution were shown
in Fig. 7. As it can be seen in Fig. 7A, in bothrvas, the currents dropped
rapidly at first, and then became relatively stablge to the fast poisoning of the
platinum surface by adsorbed intermediates. Alke, decay of the oxidation
current density on Pt-MWCNTSs/Ti is much slower thihat on Pt/Ti electrodes.
This indicates that the Pt-MWCNTSs/Ti electrodesénan acceptable stability in
the electro-oxidation of methanol. On the otherdidahe oxidation current on the
Pt-MWCNTSs/Ti electrodes is larger than that on Péf€ctrodes at the end of the
experiment. This indicates that the Pt-MWCNTs/Teotlode is a good
poisoning-resistance electro-catalyst for metharalation.

The continuous cycling in CV method can indicatattkhe present electro-
catalyst has low stability in long-term using. Téféect of continuous cycling and
long-term stability of Pt-MWCNTSs/Ti electrode wasaenined in 0.1 M ESOy
solution containing 0.1 M methanol (Fig. 7B). Iinclae observed that the anodic
current remains constant with an increase in tla@ swmber at the initial stage
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and then starts to decrease after 35 scans. Thecpe@nt of the 250 scan is
about 94% of that of the first scan. In generag, lttss of catalytic activity after
successive number of scans may result from theuoopison of methanol during
the CV scan. That may also be due to poisoningtlaadtructural change of the
Pt nanoparticles as a result of the perturbatiopatséntials during the scanning
in aqueous solutions, especially in the presendtkeobrganic compound.

After long-term stability experiments, the Pt-MWCSHITi electrode was stored
in water for a week; then methanol oxidation wasied out again by CV, and
excellent catalytic activity towards methanol oxida was still observed. This
indicates that Pt-MWCNTSs/Ti electrodes have goodglderm stability and
storage properties.
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Figure 7. (A) Chronoamperometric curves of methanol oxidat{6.1 M) on the Pt-
MWCNTSs/Ti (at +0.85 V) and Pt/Ti electrode (at H0.Y) in 0.1 M HSOQ: solution.
(B) Plot of the main anodic peak currents in thexib-oxidation of Pt-MWCNTS/Ti as
a function of the scan number in the cyclic voltamme method at a scan rate of 100
mV st

Conclusions

Pt-MWCNTSs/Ti electrodes were prepared by co-demsitof a platinum
nanoparticle-MWCNTs composite film on titanium swbtes. The morphology
and electro-catalytic performance of the electrads investigated by scanning
electron microscopy and cyclic voltammetry, respety. The results indicated
that platinum nanoparticle-multi walled carbon nabes were deposited on the
surface of titanium. Electrochemical charactermatiof the Pt-MWCNTS/Ti
electrode towards methanol oxidation shows thdtag good electro-catalytic
activity. The prepared electro-catalyst exhibitgséactory stability in methanol
oxidation. Compared to modified carbon electrodesquiring tedious
preparations and pretreatment procedures, Pt-MWCNEectrodes can easily
be prepared without any further need for modifmati
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