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Abstract Electrooxidation of alcohols including metha-
nol, ethanol, and isopropanol is studied on the modified
solid glassy carbon electrodes with various amounts of
platinum nanoparticles (PtNPs) immobilized on a com-
posite of functionalized multi-walled carbon nanotubes
(MWCNTs) and chitosan in an acidic solution. Here the
chitosan is available as a binder to tightly anchor Pt
nanoparticles onto the MWCNTs surfaces. MWCNTs/chi-
tosan composite support can significantly improve the
activity of the catalyst for alcohol oxidation and reduce
the Pt catalyst loading. The calculated electrochemical
active surface area is 379.2 m?/g Pt for PtNP—
MWCNT/chitosan. Cyclic voltammetry and chronoamper-
ometry techniques are employed for catalytic activity
evaluation. The effects of operational parameters includ-
ing platinum loading, concentration of the corresponding
alcohol, concentration of the acid solution, scanning rate,
and the final limit of anodic potential on the performance
of the electrodes are also investigated.

Keywords Platinum - MWCNTs - Nanoparticles -
Electrooxidation - Alchohol - Chitosan

Introduction

Direct methanol fuel cells (DMFCs) have been recently
addressed as one of the most promising energy sources
by ever increasing energy demand in the future. Easy
handling of methanol as an inexpensive and wildly
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available liquid fuel along with the system’s simplicity,
high-energy density, and low pollutant emission are the
most important reasons for scientist’s attention to DMFCs
[1]. However, there are several major barriers for the
practical applications and commercialization of DMFCs.
These include limited abundance, high cost, and low
activity of noble metal catalysts. Poisoning of the cata-
lysts surface by CO-like species produced during the
methanol oxidation process as well as “methanol cross-
over” to the cathode electrode through the conventionally
nafion membrane also need to be considered. Decreasing
methanol concentration and employing the modified pro-
ton exchange membrane have been addressed as possible
ways to overcome the methanol crossover drawback.
Recently, aliphatic alcohols such as ethanol, ethylene
glycol, and propanol have been examined as renewable
liquid energy sources with high energy density and low
toxicity [2, 3]. Therefore, direct alcohol fuel cells
(DAFCs) operating at low temperature (<100 °C) have
been considered as a potential alternative to DMFCs [3].

The electrocatalytic activities of platinum (Pt)-based
catalysts depend on many factors, the main factor being
the catalyst support. Supporting materials with high sur-
face area are assigned to reduce metal loading while
keeping the high activity of the catalyst. In recent years,
various carbon-based materials such as carbon black
[4-6], activated carbon fibers [7], mesoporous carbon
[8], carbon paper [9], and carbon nanotubes [10, 11]
have been investigated as catalyst supports. The tubular
structure of carbon nanotubes (CNTs) makes them unique
among various allotropes of carbon in catalyst support
applications. Some of the interesting properties of CNTs
include nanometer size, mechanical stability, high elec-
tronic and thermal conductivity, and large surface to
volume ratio [12]. Since pristine CNTs are chemically
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inert, activation of their graphitic surface is often crucial
in order to anchor and deposit catalytic nanoparticles
[12]. Functionalization of CNTs by an oxidation process
using HQSO4/HN03, HzSO4/H202, HNO3, 03, etc. gen-
erates defect sites at the end and/or at the sidewalls of
nanotubes. This phenomenon further results in the pro-
duction of carboxylic groups at the defect sites. This is
due to the difference in reactivity between perfect struc-
ture and defects [12]. Functionalization process of CNTs
will often lead to damage of the tubes. To prevent the
harsh conditions of the oxidative treatment of CNTs, an
important challenge is the development of methods for
increasing adhesion through the CNTs’ surface function-
alization before deposition of metal nanoparticles. Since
CNT functional groups such as -OH and —COOH are not
homogeneous, Pt crystal seeds may be easily adsorbed
on the structural defects, grow on them, and agglomerate
which result in the poor utilization of Pt crystals [1].
Numerous studies have focused on the improvement of
functionalized CNTs. In situ polymerization of monomers
in the presence of CNTs [13] and modifying the CNTs
with different polymers [1, 14, 15] are the developing
methods used for this purpose. Selvaraj et al. [13] have
employed the polypyrrole (ppy)-modified multi-walled
carbon nanotube composites as Pt and Pt—Ru nanoparticle
catalyst support. Their results denote that activity im-
provement of the catalyst was due to better metal nano-
particle dispersion in the presence of ppy. Similar results
have also been reported for Pt—Co/ppy—CNTs [1].
Chitosan (CH) was selected as a support for heteroge-
neous catalysts because of its biocompatibility, biodegrad-
ability, nontoxicity, as well as conformation and
flexibility of the polymer [16, 17]. CH, a product of
alkaline deacetylation of the natural polymer chitin, con-
tains both glucosamine and acetyl glucosamine units
[17]. These amine groups are responsible for the cationic
behavior of chitosan in acidic solutions and its affinity
for metal ions. Recently, we reported that modified
glassy carbon (GC) with Pt nanoparticles (PtNPs) and
CH was active for the oxidation of methanol [18]. The
results showed that the dispersion of PtNPs into chitosan
membrane (CH) significantly improved the activity of the
catalyst for methanol oxidation. In this study, we used
functionalized multi-walled carbon nanotubes (MWCNTs)
other than chitosan in order to improve the electrode
performance. The electro-oxidation of methanol (C,), eth-
anol (C,), and isopropanol (C;) was studied on the
modified glassy carbon electrodes with PtNPs dispersed
on the composite of functionalized MWCNTs and chito-
san. Cyclic voltammetry (CV) and chronoamperometry
(CA) techniques were used to evaluate the activity of
the catalysts. The effects of operational parameters on
the performance of the electrodes were also investigated.
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Experimental
Materials

MWCNTSs with nanotube diameters, OD=20-30 nm, wall
thickness=1-2 nm, length=0.5-2 pm and purity >95 % were
purchased from Aldrich. H,PtCls.6H,0 and NaBH, salts were
purchased from Merck and used without further purification.
Acetic acid was diluted to a 1 % aqueous solution before use.
Chitosan, ([2-amino-2-deoxy-(1-4)-3-D-glucopyranose]),
with medium molecular weight of 400,000 Da was purchased
from Fluka and was used as received. All solutions were
prepared using double distilled water.

Instrumentation

Electrochemical measurements were carried out with a
SAMAS500 Electroanalyzer system made in SAMA Re-
search Center, Iran. All electrochemical experiments were
carried out in a conventional three-electrode cell at room
temperature. A platinum electrode and a saturated calomel
electrode (SCE) were used as the counter and reference
electrodes, respectively. All potentials were measured with
respect to this reference electrode at a scan rate of 100 mV
s~!. The electrolyte was a mixture of sulfuric acid and the
corresponding alcohol with a known concentration. All
experiments were performed at room temperature. Trans-
mission electron microscopy (TEM) images were taken
using a Philips CM120 transmission electron microscope
with 2.5 A resolutions.

Preparation of PPINP-MWCNTs/CH composites

MWCNTs were first subjected to the oxidative pretreatment
by vigorously stirring in a mixture of concentrated sulfuric
acid and nitric acid with the volumetric ratio of 3:1 at room
temperature for 24 h. This pretreatment removes impurities
and generates sufficient functional groups on the surface of
MWCNTs [19]. The treated MWCNTs were filtered by
centrifugation (2,000 rpm) and washed with double distilled
water until the pH of the filtrate reached 7. A solution of
chitosan (1 %) in acetic acid (1 %) was prepared based on
the literature [20]. In order to produce platinum nanopar-
ticles, metal salts were chemically reduced to their zero
valences using NaBH,4. To reach complete reduction level,
the concentration of NaBH, used was several times the
concentration of the metal salt. The procedure was as fol-
lows: 1.5 mg of functionalized MWCNTs was dispersed into
the appropriate amount of 1 % chitosan solution using an
ultrasonic bath to obtain a uniform carbon ink. A 25 pL of
H,PtClg aqueous solution (0.5 M) was mixed with a known
amount of 1 % chitosan solution using a rotary aperture
(100 rpm) for 30 min. The prepared carbon ink was added
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to the Pt—chitosan mixture and stirred for another 30 min.
Then, 50 uL of freshly prepared aqueous solution of 2.5 M
NaBH, was added to the mixture. The mixture was kept
stirring for 90 min to achieve the entire reduction of Pt
nanoparticles. The resulting suspension was kept at room
temperature for consecutive investigations. In this manner,
the PtNPs concentration in the mixture was 4 mM. The same
procedure was performed for preparation of the PtNPs—
MWCNTs—chitosan composites of 2 and 8§ mM PtNPs
concentration.

Preparation of the electrodes

The glassy carbon (GC) working electrodes with a 2.5-mm
diameter (0.0314 cm?) were polished with 0.05 wm alumina
slurry to a mirror finish surface. After rinsing with double
distilled water, they were sonicated in water and 0.5 M
H,SO, solution, respectively. The GC electrodes were then
transferred to an electrochemical cell for further cleaning
and activation by using cyclic voltammetry in the potential
range of —1.5 to +1.5 V vs. SCE at a scan rate of 100 mV's '
in freshly prepared 0.5 M H,SO, solution until a stable
cyclic voltammetric profile (=15 times) was obtained. In
each case, 10 pL of the prepared corresponding suspension
catalyst containing a known amount of 1 % chitosan solu-
tion was spread by a pipette onto the prepared glassy carbon
substrate. The prepared electrodes were kept at room tem-
perature overnight. During this time, evaporation of the
solvent led to the formation of deposited catalyst layer on
each GC electrode surface.

Results and discussion
TEM image of PtNPs—-MWCNTs—CH composite

TEM image of the composite is shown in Fig. 1. Pt nano-
particles have average diameter of about 2 to 7 nm based on
the TEM measurement [18]. From Fig. 1, it can be seen that
the Pt nanoparticles have been attached to the most of
MWCNTs.

Electrochemical active surface area
of the GC/PINPs—MWCNTs—CH electrodes

The electrochemical active surface area (EASA) of Pt par-
ticles is one of the most promising factors for the determi-
nation of catalytic activity of the corresponding catalysts,
mainly for the oxidation reactions which are surface reac-
tions [10]. EASA of the catalysts could be estimated from
the columbic charge for the hydrogen adsorption and de-
sorption (Qy) in the background cyclic voltammograms in
an acidic solution. In fact, the amount of Qp is calculated as

100 nm

40 nm

Fig. 1 TEM images of the MWCNTs—PtNPs—CH composites

the mean value of the amounts of charge transfer during the
electro-adsorption and desorption of H, on Pt sites. The
value of EASA is calculated by Eq. 1 [6]:

On

EASA = —=1
0.21 x [P{]

(1)
where [Pt] represents the platinum loading (milligram per
square centimeter) in the catalyst, Oy which represents the
charge density for hydrogen desorption (membrane current
per square centimeter), and a correlation value of 0.21 which
represents the normalized charge density required to oxidize
a monolayer of H, on polycrystalline Pt catalysts [7, 12, 21].

Figure 2 represents typical cyclic voltammograms for the
GC/PtNPs—-MWCNTs—CH electrodes containing various
amounts of PtNPs (2, 4, and 8 mM) in 0.5 M H,SO, solution
at a scan rate of 100 mVs ' and in the potential range of —0.50
to 1.6 V. The features of the CV curves are characteristic of
those reported for Pt-based catalysts in an acid solution [22,
23]. For the GC/PtNPs(4 mM)-MWCNTs—CH electrode, fine
structures of the hydrogen adsorption/desorption peaks have
clearly appeared between —0.07 and —0.34 V, indicating high
and ordered dispersion of Pt particles on the catalyst support
[6, 7]. A broad peak which appeared in the +0.70 to +1.20 V
potential region is attributed to the Pt oxide formation. A
reduction peak around +0.20 V, observed during the negative
potential scan, is assigned to the reduction of platinum oxide.
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Fig. 2 CV curves of the GC/MWCNTs—PtNPs—CH electrode contain-
ing different PtNPs amounts in 0.5 M H,SOy: (a) 2, (b) 4, and (¢)
8 mM at 100 mVs™'

Based on the background CV shown in Fig. 2b, the amount of
EASA of the PINPs(4 mM)-MWCNTs/CH composite catalyst
was calculated ca. 379.17 m?/g Pt. In fact, Oy was estimated
from the area of hydrogen adsorption and desorption region in
the background CV (between —0.07 and —0.34 V) and Pt
loading in milligram per square centimeter was calculated.
Having the amounts of Oy and [Pt], by Eq. 1, the EASA value
of the PINPs(4 mM)-MWCNTs/CH catalyst was obtained.
Similarly, the EASA values of the PtNPs(2 mM)-MWCNTs/
CH and PtNPs(8 mM)-MWCNTs/CH catalysts were estimat-
ed to be 151.23 and 162.60 m*/g Pt, respectively. Therefore,
the EASA of the PINPs-MWCNTs—CH catalyst containing
4 mM PtNPs is much higher than the other PINP amounts.
This is confirmed from Fig. 2b indicating that the area of
hydrogen adsorption and desorption for the PtNPs(4 mM)—
MWCNTs/CH is larger than the other two catalysts. The
high electrochemical surface area of the catalyst of 4 mM
PtNPs loading most likely is attributed to much better
dispersion of the Pt particles on the support compared to
the catalyst of 8 mM PtNPs loading and superior amount
of Pt particles compared to the catalyst of 2 mM PtNPs
loading. This result also proposes that Pt particles in the
PtNPs(4 mM)-MWCNTs/CH catalyst are in better electron-
ic contact with the MWCNits surface. In other words,
PtNPs loading could affect the electrochemical active sur-
face area of the catalyst. Here, the most appropriate con-
centration of Pt particles is 4 mM.

Electrooxidation of methanol
on the GC/PtNPs—MWCNTs—CH modified electrodes

The electrochemical performance of the GC/PtNPs—
MWCNTs—CH electrodes with different amounts of PtNPs
toward methanol oxidation was investigated by CV and CA
techniques in a 1.0-M methanol and 0.5-M H,SO, solution.

@ Springer

The mechanism for methanol oxidation has been
explained by Selvaraj and Alagar [24] (Egs. 2 to 5).

Pt + CH;0H — Pt — (CO), 4, + 4H" + 4e~ (2)
Pt + HyO — Pt — OHpys + H™ + ¢ (3)
Pt — (CO),4 + Pt — OHpgs — 2Pt + CO, + H +e=  (4)
CH3;OH + H,0 — CO, + 6H" + 6¢~ (5)

Methanol is first adsorbed on the metal nanoparticles
surface followed by dehydrogenation of the adsorbed spe-
cies. This results in the formation of strongly adsorbed CO
species (Pt— (CO),qs). In order to oxidize such intermediates
to CO,, the adsorbate reacts with the oxygen-containing
species in the aqueous solution such as OH,4s and H,O
(Egs. 3 and 4). The slow increase in the current densities
at lower potentials during the forward scan could be due to
the adsorption of the poisonous intermediates (CO,qs),
formed in step 1 (Eq. 2), on the platinum surface. The quick
increase in the current densities at higher potentials on the
forward scan is caused by the partial oxidation of surface
platinum to form Pt(OH),4s which helps the conversion of
intermediates to carbon dioxide (Eqgs. 3 and 4) [24].

The CVs related to methanol oxidation on the GC/PtNPs—
MWCNTs—CH electrodes containing different amounts of
PtNPs (0, 2, 4, and 8 mM) are shown in Fig. 3a. As seen in
Fig. 3a (curve a), no current peaks of methanol oxidation can
be observed on the GC/MWCNTSs/CH electrode indicating
that this electrode has no obvious electrocatalytic activity
toward methanol oxidation. This is because no Pt particles
have been deposited on the MWCNTSs. Similar results were
obtained for the GC and GC/CH electrodes whose
corresponding CVs have not been represented. As seen in
Fig. 3a (curves b—d), two peaks with considerable current
density can be observed in the range of 0.0 to 1.6 V for
methanol on the GC/PtNPs-MWCNTs—CH electrodes. The
peak observed on the forward scan (Ey) at 0.83, 0.70, and
0.86 'V, respectively for 2, 4, and 8 mM PtNPs is assigned to
the oxidation of methanol. The peak observed on the back-
ward scan (£},) at 0.38, 0.37, and 0.39 V, respectively for 2, 4,
and 8 mM PtNPs concentrations is ascribed to the oxidation of
the corresponding intermediates produced during the metha-
nol oxidation process. The characteristics of the CVs and the
corresponding potentials are in good agreement with those
reported by other researchers [25-27]. The amount of j; is
higher than j, in all three cases which means that the first step
of methanol oxidation reaction is the key step. It is evident
from Fig. 3a (curve c) that the peak current density of



J Solid State Electrochem (2013) 17:643-654 647
Fig. 3 CV curves (a) and CA 350 450
curves (b) for methanol B
oxidation on the GC/ o «
MWCNTs—PtNPs—CH 'S 250 g 3307
electrode in 1.0 M methanol < E
and 0.5 M H,SO, with different E <250 A
PtNPs concentrations: (a) 0, (b) E‘ 150 - *E’
& 2
2, (¢) 4, and (d) 8 mM 5 o L .
g 5
£ 50 =
3 S 501 b
a
-50 I T T T T T -50 l T T T T
0 0.3 0.6 0.9 1.2 1.5 0 10 20 30 40 50
Potential / V Time /s

methanol oxidation, i.e., 222.74 mAcm ~ at the electrode
containing 4 mM PtNPs concentration is much higher than
those of the other PtNPs concentrations (2 and 8 mM). More-
over, the amount of anodic peak potential, 0.71 V, in the
electrode containing 4 mM PtNP concentration is more neg-
ative compared to the other Pt amounts. Based on the higher
anodic current density and the lower peak potential, the cata-
lyst with 4 mM PtNPs concentration was chosen as the best
catalyst among them for the electrooxidation of methanol.

The effect of PtNPs on the anodic peak current den-
sity of methanol electrooxidation was also studied by
chronoamperometry technique. Typical chronoampero-
grams for the GC/PtNPs—MWCNTs—CH electrodes con-
taining different amounts of PtNPs, recorded at a
potential value of 1.0 V in a 1.0-M methanol and 0.5-
M sulfuric acid solution, are shown in Fig. 3b. As it is
evident in Fig. 3b (curve a), in the absence of PtNPs, the
current—time curve crosses at 0.0 mAcm > amount of
current density. This further demonstrates that the GC/
MWCNTs/CH electrode has no electrocatalytic activity
for methanol oxidation. For the other three cases shown
in Fig. 3b (curves b—d), an initial decay of current
density can be observed in less than 3 s. However, based
on the CA curves, the highest anodic current density was
obtained for the GC/PtNPs(4 mM)-MWCNTSs/CH electrode.
This result is in accordance with that obtained by cyclic
voltammetry.

In addition to the amount of PtNPs, other experimental
parameters such as methanol and sulfuric acid concentra-
tions, potential scan rate, and potential range can affect the
methanol oxidation reaction. Figure 4a shows the effect of
methanol concentration on the anodic current density of
methanol oxidation on the GC/PtNPs(4 mM)-MWCNTs/
CH electrode. It is observed that the anodic peak current
density increases with increasing the methanol concentra-
tion up to 1.5 M, and there is no significant increase in the
peak current density for the methanol concentrations greater
than 1.5 M. This could be due to the saturation of the active
sites on the surface of the electrode [18, 20].

Also, this indicates that the oxidation of methanol on the
modified electrode is controlled by diffusion process [28].
However, the forward peak potential shifts to a more positive
direction by increasing the methanol concentration. This phe-
nomenon may be explained by the increase in the poisoning
rate of the Pt catalyst by increasing the methanol concentration.
This leads to a shift to more positive potentials related to the
oxidative removal of the strongly adsorbed intermediates [28].

The effect of sulfuric acid concentration on the anodic
peak current density (jy) and peak potential (Ey) of methanol
oxidation was also studied, and the results are represented in
Fig. 4b. Regarding the less anodic peak potential and high
amount of anodic peak current density, 0.5 M concentration
of sulfuric acid was found to be the optimum value in the
presence of 1.0 M methanol.

The CV curves were recorded for methanol on the GC/
PtNPs(4 mM)-MWCNTs/CH in a mixture of 1.5 M MeOH
and 0.5 M H,S0, at various scanning rates of potential in the
range of 25-125 mV's~' (Fig. 4c). Based on these CV curves,
the plot of peak current density of methanol oxidation versus
the square root of the scan rate was depicted (Fig. 4d). As itis
shown in Fig. 4d, by increasing the applied sweeping rate, the
anodic peak current density of methanol oxidation slightly
moves toward the more positive potential direction. The
leaner relationship between the square root of the scan rate
and the peak current density evaluates further the control of
the overall methanol oxidation reaction by the mass transfer of
methanol from the balk solution to the electrode surface.

Electrooxidation of ethanol and isopropanol
on the GC/PtNPs—MWCNTs—CH modified electrodes

Electrochemical properties of the GC/PINPs—MWCNTs—
CH electrodes with various amounts of PtNPs (0, 2, 4, and
8 mM) were also investigated for ethanol oxidation by
cyclic voltammetry in the presence of a known concentra-
tion of the alcohol and 0.125 M H,S0, (Fig. 5a).
Methanol oxidation reaction (MOR) involves only six
electrons and no C—C bond cleavage. This reaction can
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almost completely result in CO, production. In contrast to
MOR, the mechanism of a complete ethanol oxidation re-
action (EOR) on a similar anode catalyst involves 12 elec-
trons and the cleavage of a C—C bond [29]. This bond is
between two atoms with little electron affinity which makes
the C—C bond cleavage complex at low temperatures [30,
31]. Due to the existence of the C—C bond in ethanol, the
entire electrooxidation of ethanol, i.e., ethanol to CO,, does
not easily occur [30]. The EOR undergoes both parallel and
consecutive oxidation reactions, resulting in more compli-
cated adsorbed intermediates and byproducts [31]. Ethanol
oxidation in acid media occurs through the adsorption of
acetyl species and the formation of stable intermediate prod-
ucts such as acetaldehyde and acetic acid [29, 32-35]. On
the other hand, the key products are frequently CH;CHO
and CH3COOH with a little quantity of CO, (a few percent-
age) [30]. Based on the literature [29—34], the overall mech-
anism of ethanol oxidation in acid media may be
summarized in the two parallel reactions (Egs. 6 and 7):
Total oxidation:

CH;CH,0H — (CH;CH,0H),,. — Clyq, C24

ads

— CO, (6)

Partial oxidation:
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CH3CH20H — (CH}CHon) — CH3CHO

ads

— CH;COOH, (7)

where Cl,4s and C2,4 represent the adsorbed intermediates
with one and two carbon atoms, respectively.

As shown in Fig. 5a (curve a), no current peaks of
ethanol oxidation can be observed on the GC/MWCNTs/
CH electrode with any existence of PtNPs. Similar results
were obtained for the GC and GC/CH electrodes whose
corresponding CVs have not been shown. The CVs related
to ethanol oxidation on the GC/PtINPs—MWCNTs—CH elec-
trodes containing various Pt amounts (2, 4, and 8§ mM) in
0.87 M ethanol and 0.125 M sulfuric acid are shown in
Fig. 5a (curves b—d), respectively. The features of the CV
curves and peak potentials are characteristic of those
reported for ethanol oxidation on Pt-based catalysts
[35-37]. As seen in Fig. 5a (curves b—d), three peaks with
considerable current density are observed in the range of 0.0
to 1.8 V for the three mentioned cases. The two peaks at the
forward scan (£ and Ep), i.e., at 0.83 and 1.3 V for 2 mM
PtNPs, 0.74 and 1.19 V for 4 mM PtNPs, as well as 0.96 and
1.50 V for 8 mM PtNPs are assigned to the oxidation of
ethanol in two steps (the formation of CO, at the first step
and the formation of CH;CHO at the second step [2, 36]).
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The peak(s) observed at the backward scan (£) at 0.30 V
for 2 mM Ptand 0.28 V for 4 mM Pt, as well as two peaks at
0.38 and 0.40 V, respectively for 8 mM PtNPs are ascribed
to the removal of the adsorbed intermediates produced dur-
ing the oxidation process of ethanol [36]. As evident from
Fig. 5a (curve d), the peak current densities of ethanol
oxidation in two steps at 107.03 and 153.10 mAcm > for
the electrode containing 8 mM PtNPs loading is higher than
the other PtNPs (2 and 4 mM) in 0.125 M H,SO,4. However,
the amount of anodic peak potentials, 0.96 and 1.50 V, in the
case of the electrode of 8 mM PtNPs is more positive
compared to the lower PtNPs. Regarding the less anodic
peak potentials with considerable anodic peak current den-
sities, i.e., 81.90 and 123.40 mAcm 2, the modified elec-
trode with 4 mM PtNPs loading was referred to the most
suitable catalyst for the electrooxidation of ethanol in the
present study. Therefore, the rest of the experiments were
performed at this Pt loading. The effect of PtNPs on the
anodic peak current density of methanol electrooxidation
was also studied by chronoamperometry technique. Typical
chronoamperograms for the GC/PtNPs—MWCNTs—-CH
electrodes containing different amounts of PtNPs, recorded
at a potential value of 1.0 V in a 0.87-M ethanol and 0.125-
M sulfuric acid solution, are shown in Fig. 5b. As it is
evident from Fig. 5b (curve a), in the absence of PtNPs,
the current—time curve crosses at 0.0 mAcm 2 amount of

current density with scanning the time from 0 to 50 s. This
further demonstrates that the GC/MWCNTs/CH electrode
has no electrocatalytic activity for ethanol oxidation. For the
other three cases shown in Fig. 5b (curves b—d), an initial
decay of current density can be observed in less than 10 s.
Based on the CA curves, the amount of anodic current
density for the GC/PtNPs—-MWCNTs—CH electrodes con-
taining different amounts of PtNPs was increased in the
order of 8>2>4 mM PtNPs. This result is in accordance
with that obtained by cyclic voltammetry.

The electrocatalytic performance of the GC/PtNPs—
MWCNTs—CH electrodes with different PtNPs (0, 2, 4,
and 8 mM) was also investigated for the oxidation of iso-
propanol. The electrooxidation mechanism of isopropanol
over Pt-based materials in acid solution has been studied
using electrochemistry and spectroscopic techniques. Nev-
ertheless, the differences between some of the obtained
results by these techniques, the following aspects of the
mechanism are in accordance with each other [38]. The only
products detected in solution from isopropanol electrooxi-
dation are acetone and carbon dioxide [38]. Isopropanol
electrooxidation to form acetone does not involve strongly
adsorbed intermediates such as CO, and this reaction begins
at lower potentials than the electrooxidation to form COs,.
The formation of acetone is a surface structure sensitive
reaction, and it is significantly faster than the formation of
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CO, at all potentials [38, 39]. The mechanism of electro-
oxidation to form acetone is suggested to occur C—H acti-
vation at the alkoxy carbon, and the kinetic of the reaction is
fast [39]. Typical CVs obtained in a mixture of 0.60 M
isopropanol and 0.125 M H,SO, solution are shown in
Fig. 5b. As shown in Fig. 5c¢ (a), no current peaks of
isopropanol oxidation can be observed on the GC/
MWCNTs/CH electrode. This is because of nonexistence
of PtNPs in the catalyst. Similar results were obtained for
the GC and GC/CH electrodes whose corresponding CVs
have not been shown. The CVs related to isopropanol oxi-
dation on the GC/PINPs—MWCNTs—CH electrodes contain-
ing different loadings of PtNPs (2, 4, and 8 mM) are shown
in Fig. 5c¢ (b—d), respectively. As seen in Fig. 5c (b—d), three
peaks with considerable current density can be observed in
the range of 0.0 to 1.6 V for isopropanol in the three
mentioned cases. The two or three peaks at the forward scan
are assigned to the oxidation of 2-propanol to acetone and
CO,. The peak(s) observed at the backward scan (E}) are
ascribed to the removal of the adsorbed intermediates pro-
duced during the oxidation process of isopropanol [3]. As
evident from Fig. 5c (curve d), the peak current densities of
isopropanol oxidation in two steps, i.e., 87.43 and
103.50 mAcm 2 at the GC/PINPs-MWCNTs—CH electrode
containing 8 mM PtNP concentration, are higher than the
lower concentrations (2 and 4 mM) in 0.125 M H,SOy,.
However, the amounts of anodic peak potentials, 0.54 and
1.26 V, in the case of the GC/PtNPs(8 mM)-MWCNTs/CH
electrodes are more positive compared to the other electro-
des. Regardless, the higher anodic current densities of iso-
propanol oxidation on the GC/PtNP(8 mM)-MWCNTs/CH
electrode, for a superior comparison of the results with those
of C; and C, alcohols, the rest of the experiments were
performed on the GC/PtNPs(4 mM)-MWCNTs/CH elec-
trode. CA curves for the GC/PtNPs—-MWCNT-CH electro-
des containing different amounts of PtNPs were also
recorded at a potential value of 1.0 V in a 0.60-M isopro-
panol and 0.125-M sulfuric acid solution which are shown
in Fig. 5d. As it is evident in Fig. 5d (curve a), in the
absence of PtNPs, the current-time curve crosses at
0.0 mAcm > amount of current density. This exhibits that
the GC/MWCNTs/CH electrode has no electrocatalytic ac-
tivity for isopropanol oxidation. For the other three cases
shown in Fig. 5d (curves b—d), an initial decay of current
density can be observed in less than 10 s. Based on the CA
curves, the amount of anodic current density for the GC/
PtINPs—-MWCNTs-CH electrodes containing different
amounts of PtNPs was increased in the order of 8>4>
2 mM PtNPS. This result is in agreement with that obtained
by cyclic voltammetry.

As aforementioned for methanol oxidation experiments,
the effects of some parameters such as concentrations of the
corresponding alcohol, scan rate, and potential range on the

@ Springer

ethanol and isopropanol oxidation reaction were studied.
Figure 6 shows the effect of ethanol and isopropanol con-
centration on the anodic current density of the corresponding
alcohol oxidation on the GC/PtNPs(4 mM)-MWCNTs/CH
electrode in a 0.125-M sulfuric acid solution. It is observed
that the anodic peak current densities increase with increasing
concentration up to 0.87 and 0.58 M for ethanol and isopro-
panol, respectively. Moreover, no significant increase in the
peak current densities is observed at concentrations greater
than these concentrations of ethanol and isopropanol. This is
because of the saturation of the active sites on the electrode
surface. Also, this indicates that the oxidation of ethanol and
isopropanol on the electrode surface is controlled by diffusion
process [28]. However, the forward peak potentials shifted to a
more positive direction as the ethanol and isopropanol con-
centration increased. As mentioned for the case of methanol,
the reason for this is the increase in the poisoning rate of the Pt
catalyst by increasing the alcohol concentration [28].

The effect of sweeping rate of potential on the perfor-
mance of the GC/PtNPs(4 mM)-MWCNTs/CH electrode
for ethanol and isopropanol oxidation was investigated us-
ing cyclic voltammetry in the mixtures of 0.87 M EtOH
+0.125 M H,SO, (Fig. 7a) and 0.58 M PrOH +0.125 M
H,SO, (Fig. 7¢) in the range of 25-150 mVs '. Based on
these CV curves, the plot of peak current densities (jpa; and
Jpaz) for ethanol oxidation versus the square root of the scan
rate were depicted (Fig. 7b, c)). It is obvious from Fig. 7b, ¢
that by increasing the scan rate, the anodic peak current
densities of ethanol and isopropanol oxidation shift to a
more positive direction. The linear relationship between
the square root of the scan rate and the forward peak current
densities evaluates further that the oxidation reactions of
ethanol and isopropanol in both steps are controlled by the
diffusion process [10, 28].

The effect of the upper limit of potential in the pos-
itive direction on the ethanol and isopropanol electroox-
idation at the GC/PtNPs(4 mM)-MWCNTs/CH was also
investigated. As it is shown in Fig. 8a, by increasing the
final anodic limit of potential from 1.5 to 2.0 V, the
amounts of anodic peak current densities slightly in-
crease. On the contrary, the amounts of backward peak
potentials (£,) decrease from 0.33 to 0.21 V by increas-
ing the final potential from 1.5 to 2.0 V. In fact, by
increasing the final potential limit, the conversion rate of
Pt to PtO is accelerated, which leads to a decrease in j,.
This denotes that ethanol can only be oxidized on the
clean surface of a Pt catalyst. Figure 8b represents the
effect of the anodic limit of potential on the electroox-
idation of isopropanol on the GC/PtNPs(4 mM)—
MWCNTs/CH electrode in the potential range of 0.0-
1.5 to 0.0-2.0 V in the mixture of 0.58 M isopropanol
and 0.125 M H,SO, at the scan rate of 100 mVs '. As
shown in this figure, by increasing the final anodic limit
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Fig. 6 a CV curves for ethanol oxidation on the GC/MWCNTs—PtNPs
(4 mM)—CH in 0.125 M H,S0, and different concentrations of EtOH: (@)
0.00, (b) 0.06, (c) 0.11, (d) 0.17, (e) 0.23, (f) 0.28, (g) 0.34, (h) 0.40, (i)
0.45, (j) 0.55, (k) 0.60, (1) 0.66, (m) 0.71, (n) 0.76, (0) 0.82, (») 0.87 M. b)

of potential from 1.5 to 2.0 V, the anodic peak current
densities do not change considerably, whereas the back-
ward peak current densities decrease. The backward peak
potentials (£},) also shift toward the less positive direction
by increasing the final potential. The reason for this
phenomenon is similar to that mentioned for the case
of ethanol.
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CV curves for isopropanol oxidation on the GC/MWCNTs—PtNPs
(4 mM)-CH in 0.125 M H,SO, and different concentrations of isopro-
panol: (@) 0.00, (b) 0.04, (c) 0.09, (d) 0.13, () 0.17, (/) 0.21, (g) 0.25, (h)
0.29, (i) 0.34, (j) 0.38, (k) 0.42, (/) 0.46, (m) 0.50, (n) 0.54, (0) 0.58 M

Comparison of the modified electrodes’ performance
for the electrooxidation of methanol, ethanol, and isopropanol

In the final section of the present study, we investigated the
performance of the modified electrodes containing different
PtNP amounts (2, 4, and 8 mM) for the C1 to C3 alcohol
oxidation in acidic solution using cyclic voltammetry

Fig. 7 a CV curves for ethanol 180
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MWCNTs-PtNPs—CH in o 140 100 160
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at different scan rates: (a) 25, <«
(b) 50, (c) 75, (d) 100, (e) 125 E0 Lo
and (f) 150 mVs . b The plots £ = g
of the anodic peak current 2 o ;:; :c;
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technique. The data extracted from the related CV curves
including the amounts of onset potentials, anodic peak
potentials, and anodic peak current densities of methanol,
ethanol, and isopropanol in a solution of 0.6 M of the
corresponding alcohol and 0.125 M sulfuric acid are sum-
marized in Table 1. The onset potential is the potential at
which the alcohol oxidation process begins [40, 41]. In
principle, with respect to the alcohol oxidation mechanism,
the onset potential is attributed to the cleavage of the C—H
bonds and the subsequent removal of the CO,q4s-like inter-
mediates by oxidation with OH,q4s supplied by Pt—OH sites
[26, 42]. Hence, any shift in the onset potential value to the
more negative potential direction reduces the overpotential
in the alcohols’ oxidation [43]. This caused the alcohol
oxidation process to be easier [44] and subsequently the
catalytic activity of the corresponding catalyst to increase
[6]. As reported in Table 1, the onset potential values are
low for electrooxidation of methanol, ethanol, and 2-
propanol in three different Pt loading. Moreover, except in
the case of the PtNPs(8 mM)-MWCNTs/CH catalyst, the
lower the onset potential value, the higher the anodic current
density amount which results in the improvement of the
catalytic activity. From Table 1, it is evident that regardless
of the Pt amounts, the anodic peak current densities for
oxidations of all the three alcohols on the GC/PtNPs—
MWCNTs-CH electrodes are considerable. However, in

any loading of Pt, the amount of anodic peak current density
of methanol oxidation is greater than those of ethanol and 2-
propanol. In the case of methanol, the higher anodic peak
current density (204.90 mA cm 2) and the lower anodic peak
potential amounts (0.87 V vs. SCE) and low onset potential
(0.15 V) were obtained by the catalyst containing 4 mM
PtNP loading. Hence, this Pt loading is the most suitable one
for the electrooxidation of methanol in the present study. In
the cases of ethanol and 2-propanol, more increases in the
anodic peak current densities with a shift to a more positive
potential direction were obtained on the GC/PtNPs(8 mM)—
MWCNTs/CH electrode compared to the two other electro-
des. Overall, except the case of 2-mM PtNP loading, the
performance of the GC/PtNPs(4 mM)-MWCNTs/CH and
GC/PtNPs(8 mM)-MWCNTs/CH electrodes decreases in
the order of methanol >ethanol >2-propanol. It seems that
by increasing the number of carbon atoms in the alcohol
structure, the ability of the modified electrodes toward the
alcohols oxidation decreases.

In our previous study [18], the incorporation effects of
platinum nanoparticles onto the chitosan membrane were
discussed in detail. In a solution of 1.0 M methanol and
0.125 M sulfuric acid and at 8-mM PtNP loading, the peak
current density and peak potential amounts of methanol
oxidation were obtained 166.29 mAcm Z and 0.92 V on
the GC/PtNPs/CH electrode, respectively [18]. However,

Table 1 The quantitative analy-

sis of cyclic voltammograms for Alcohol PINP concentration/mM Egnserv Eparv Jpaima m Eparrv Jpazima em
the GC/PINPs-MWCNTs—CH
electrodes containing different Methanol 2 0.10 0.97 124.50 - -
amounts of PtNPs in a solution 4 0.15 0.87 204.90 _ _
of 0.6 M of corresponding alco-
2 1. 196. - -
hol and 0.125 M H,SO, at a scan 8 0.20 00 96.00
rate of 100 mVs ' Ethanol 2 0.20 0.76 66.94 1.22 98.66
4 0.21 0.73 64.50 1.16 98.00
8 0.18 0.85 102.5 1.33 1453
Isopropanol 2 0.05 0.44 36.80 1.09 56.90
4 0.01 0.44 40.64 1.07 74.06
8 0.01 0.55 86.70 1.24 103.50
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in the mentioned conditions, the corresponding peak current
density and peak potential amounts of methanol oxidation
were obtained 247.17 mAcm > and 0.70 V on the GC/
PINPs—MWCNTs—CH electrode, respectively. In fact, the
oxidation peak potential of methanol at the modified GC/
PINPs—MWCNTs—CH electrode shifted by 120 mV to the
negative direction compared to the GC/PtNPs/CH electrode.
Also, the anodic peak current density at the GC/PtNPs—
MWCNTs—CH increased. In comparison, in the presence
of functionalized multi-walled carbon nanotubes, the peak
current density of methanol oxidation is 1.5 times of current
density of methanol oxidation on the GC/PtNPs/CH elec-
trode. The results indicate that the electrocatalytic activity of
the GC/PtNPs—MWCNTs-CH is superior than GC/PtNP/CH
for methanol oxidation. The increase in the anodic peak
current density of methanol oxidation could be attributed
to the significant electronic conductivity of the MWCNTSs
and their greatly electrochemical accessible surface area, as
well as a decrease in the amounts of impurities in the carbon
support [45]. Also, we compared the activity of the PtNPs(8
mM)-CH (in methanol 1 M, sulfuric acid 0.125 M) with
the PtNPs(4 mM)- MWCNTs—CH (in methanol 1 M, sulfu-
ric acid 0.5 M) electrodes for electrooxidation of methanol.
For the later case, the corresponding peak current density
and peak potential amounts of methanol oxidation were
222.74 mAcm Z and 0.71 V, respectively. In fact, by opti-
mizing the experimental conditions with less Pt loading
(4 mM), the anodic peak current density of methanol oxi-
dation was enhanced as 56.45 mAcm > with a shift to a
more negative potential direction as 0.22 V on the PtNP—
MWCNTs/CH catalyst compared to the PtNPs—CH catalyst.
This result is consistent with the previous reports [46] which
characterize the important role of the MWCNTs to disperse
the catalyst particles and to reduce the Pt catalyst loading
while keeping a high catalytic activity. Moreover, it seems
that the composite of MWCNTs/chitosan as the catalyst
support can better improve the electrocatalytic properties
than the individual counterparts.

Conclusions

A novel MWCNTs-supported PtNPs/chitosan catalyst has
been successfully developed for electrooxidation of the C—
C; alcohols for use in DAFCs. Our results showed that the
dispersion of Pt nanoparticles on the functionalized
MWCNTs significantly improved the performance of the
PtNPs/chitosan composite for the oxidation of the C;—C;
alcohols, especially methanol, and also reduced Pt metal
loading in the catalyst. The increase in the catalytic activity
toward the alcohol oxidations was attributed to the high
surface area and electrical conductivity of the treated
MWCNTs which lead to better dispersion of the catalyst

particles and the anodic current density enchantment. De-
creasing impurities in the carbon support, the improve-
ment of electrocatalytic properties of the MWCNTs/
chitosan composite other than the individual counterparts,
as well as a decrease in the poisoning effect of the inter-
mediates produced during the oxidation process also could
be considered. This presents a simple and effective ap-
proach to produce highly stable Pt catalysts which have a
considerable potential for application in DAFCs and other
devices.
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