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Mono and dual hetero-structured M@poly-1,2
diaminoanthraquinone (M = Pt, Pd and Pt—Pd)
catalysts for the electrooxidation of small organic
fuels in alkaline medium+
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Oxidation of some small organic fuels such as methanol (MeOH), ethanol (EtOH) and ethylene glycol (EG) was
(Pd)—platinum  (Pt)
diaminoanthraquinone/glassy carbon (p1,2-DAAQ/GC) catalyst electrodes. Pd and Pt were incorporated into
the pl.2-DAAQ/GC electrode using the cyclic voltammetry (CV) technique. The obtained Pd/pl,2-DAAQ/GC,
Pt/pl,2-DAAQ/GC, Pt/Pd/pl2-DAAQ/GC and Pd/Pt/pl2-DAAQ/GC nanocatalyst electrodes
characterized by scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDX) and CV

carried out in an alkaline medium wusing palladium nanoparticles/polyl,2-

were

methods. Real active surface area (Aea) achieved by carbon monoxide (CO) adsorption using differential
electrochemical mass spectroscopy (DEMS) technique. The electrochemical activity was evaluated and
normalized to Aey per metal loading mass. The electrocatalytic oxidation of the small organic fuels at the
prepared nanocatalyst electrodes was studied in 1.0 M NaOH solutions by CV and chronoamperometric (CA)
techniques. Pt/Pd/pl,2-DAAQ/GC nanocatalyst electrode exhibited enhanced catalytic activity, better
durability and higher tolerance to carbon monoxide generated in the oxidation reaction when compared with

Received 12th November 2018
Accepted 18th December 2018

DOI: 10.1039/c8ra09342c the other three studied nanocatalysts. The present investigation suggests that the studied nanocatalysts can
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1. Introduction

The ever-increasing energy demand to satisfy the development
of modern society and the growing concerns about environ-
mental pollution as well as climate change have rendered it
imperative to seek for alternatives of fossil fuels.* Fuel cells,
which change chemical energy into electrical energy, are
considered a great innovation because of their environmental
friendliness and exceptional productivity. Direct fuel cells
(DFCs) oxidize small organic fuels such as methanol (MeOH),
ethanol (EtOH) and ethylene glycol (EG) for versatile applica-
tions.>® DFCs possess important research features, namely,
high vitality change proficiency, no contamination release and
simple operation.** Although platinum (Pt) catalysts have been
widely used in fuel cells, palladium (Pd)-based catalysts have
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be successfully applied in direct oxidation of small organic fuels, especially MeOH.

become important in the recent years because they are inex-
pensive and have excellent catalytic activities toward different
fuel molecules.®” Moreover, it has been discovered that Pd has
better toxic substance protection during the operation of fuel
cells. Alloying Pt with another metal can improve alcohol
oxidation kinetics significantly.*® As indicated by the dual-
function mechanism, blending Pt with Pd can give oxygen
containing species at a lower potential and debilitate the bond
quality of Pt-CO,qs. The negatively charged Pd is more effective
in catalytic oxidation of organic fuels because it facilitates the
removal of intermediate products such as (CH3;COO-),qs and
(CO)a.qs and simultaneously prohibits the buildup of (CO),q4s On
the catalyst surface. The removal of intermediate species and
simultaneous mitigation of the buildup may lead to a desirable
complete oxidation of ethanol (i.e., breakage of the C-C bond)*®
and advance the oxidation/expulsion of CO in the form of CO,.
Electrodeposition of Pd on various supports to improve catalytic
activity has been utilized to prepare different catalysts.*

The activity of core-shell structured Au-PtPd/C and Au-Pt/C
nanoparticles (NPs) was tested for the electrooxidation of
methanol. Au-PtPd NPs showed higher activity than Au-Pt NPs
due to their enhanced tolerance for methanol oxidation.'?
Three-dimensional (3D) cubic superstructures of PtPd nano-
sheets displayed improved catalytic activity and long-term
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stability towards methanol oxidation compared with Pt/C, as
reported by Zhou et al.*®

Conducting polymers (CPs) as supporting materials not only
offer high specific surface areas, but also enhance deposition
possibility and impact the absorption of small organic fuels.**
The choice of an appropriate CP is an essential factor that
influences the efficacy of catalysis. Current studies demonstrate
that CPs have excellent potential to improve the application of
modified electrodes.” CPs have great manufacturing adapt-
ability, stability, and ecofriendliness and can effectively act as
a redox mediator.'>'® Moreover, CPs have good stability and
efficient surface areas for incorporation of metal nanoparticles
(NPs) and for preventing their agglomeration during metal
deposition.” The synergistic impact of metal NPs and polymer
films enhances the efficacy for oxidation of fuel molecules,
decreases catalyst poisoning and improves the stability of metal
NPs.">" The electrodeposition of metal NPs in the polymer
films improves their tolerance towards CO,qs Species produced
during the oxidation process and is an economical and appro-
priate method.™®

In a previous study, we prepared a number of modified
catalyst electrodes.' The aim of the present study is to prepare
mono and binary catalysts composed of Pt and Pd NPs with
controlled deposition order on a polymer film. Herein, we
report the synthesis of polyl,2-diaminoanthraqginone (p1,2-
DAAQ) as a support for the deposition of Pt and/or Pd by the
cyclic voltammetry (CV) technique on glassy carbon (GC) to
prepare Pt/p1,2-DAAQ/GC, Pd/p1,2-DAAQ/GC, Pd/Pt/p1,2-
DAAQ/GC and Pt/Pd/p1,2-DAAQ/GC nanocatalyst electrodes.
The presence of two carbonyl groups in 1,2-DAAQ monomer can
provide chelating centers, helping metal incorporation on the
electrode surface compared with other polyaniline derivatives.*®
The resultant nanocatalyst electrodes were characterized by
scanning electron microscopy (SEM), energy dispersive X-ray
spectroscopy (EDX) and CV techniques. Electrochemically
active surface area (ECSA) measurements were performed by the
differential electrochemical mass spectroscopy (DEMS) tech-
nique. Furthermore, the stability of the prepared catalysts for
alcohol oxidation in an alkaline medium was examined by
chronoamperometry (CA).

2. Experimental

2.1. Materials

1,2-Diaminoanthraginone (1,2-DAAQ) of analytical grade was
obtained from Aldrich. Sulfuric acid (H,SO, 98%) (Merck),
acetonitrile (99.9%) HPLC (LAB-SCAN), MeOH, EtOH, EG
(ADWIC) (98%) and lithium perchlorate (LiClO,) were used
without additional purification. Sodium hydroxide (NaOH),
palladium chloride (PdCl,) and chloroplatinic acid hexahydrate
(H,PtCls-6H,0) were analytical grade chemicals. Diamond
paste (presi) (2.0 um) and distilled water were utilized.

2.2. Instruments

Electrochemical experiments were performed using a potentiostat
Model BASi EPSILON. All electrochemical experiments were
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performed using an electrochemical cell with a conventional three-
electrode system. A GC electrode (3 mm in diameter) was used as
the working electrode and a platinum wire as an auxiliary elec-
trode. All recorded potentials were with respect to the Ag/AgCl
reference electrode except for ESA measurements, which were
related to reversible hydrogen electrode (RHE), whereas film
formation was related to the Ag/Ag" reference electrode. SEM
images and EDX measurements were performed utilizing QUANTA
FEG 250 equipped with an energy dispersive X-ray spectrometer.
DEMS measurements were performed using a quadrupole mass
spectrometer (Balzer QMG-422) and dual thin layer flow through
cell, in which a hydrophobic Teflon membrane formed an inter-
face between the electrolyte and vacuum.*

2.3. Experimental procedure

2.3.1. Electrochemical preparation of p1,2-DAAQ/GC
modified electrode. p1,2-DAAQ film formation was carried out
using 1.0 mM 1,2-DAAQ monomer in acetonitrile containing
0.1 M LiCLO, at GC electrode and by utilizing the CV method.
The electrode potential was swept at a rate of 0.5 V s~ between
0.2 and 1.4V for 15 cycles, as reported previously by our group.>

2.3.2. Metal nanoparticle electrodeposition. Monometallic
Pd or Pd catalysts were prepared by immersing p1,2-DAAQ/GC
modified electrodes in aqueous solution of 0.1 M H,SO, con-
taining 2.5 mM PdCl, or 2.5 mM H,PtCl, in 0.1 M HCIO,. The CV
technique was used to deposit the metal NPs by sweeping the
potential in the range between —0.35 and +0.65 V at a sweep rate
of 0.05 V s~ for 25 cycles.?® Finally, Pd/p1,2-DAAQ/GC and Pt/
p1,2-DAAQ/GC catalyst electrodes were prepared. Bimetallic Pd/
Pt or Pt/Pd was prepared similarly using the monometallic elec-
trode (formed by 12 sweeps), followed by deposition of other
MNPs (using 12 sweeps) to finally obtain Pd/Pt/p1,2-DAAQ/GC or
Pt/Pd/p1,2-DAAQ/GC nanocatalyst electrodes. The results
revealed that no electrochemical responses were identified at
P1,2-DAAQ/GC modified electrode in 1.0 M NaOH in the potential
between —0.9 V and +0.3 V, confirming the electroinactive
behavior of polyaniline derivatives in a basic medium.” For each
catalyst, the current was normalized to the active surface area.

2.3.3. Differential electrochemical mass spectroscopy
(DEMS) technique. DEMS experiments were conducted by flow-
ing CO in saturated 0.1 mM H,SO, supporting electrolyte. CO was
adsorbed at a constant electrode potential of 0.06 V. After the
formation of a CO monolayer, the solution was exchanged with
a pure supporting electrolyte 0.5 M H,SO, under constant
potential (E = 0.06 V) to maintain a solution free of CO. Then, the
Faradaic and ionic currents were recorded during the positive
potential sweep. Coverages of adsorbed CO formed either from
the CO-saturated electrolyte or from ethanol were calculated
using the amount of CO, formed during oxidation in the sup-
porting electrolyte to elucidate electrode surface coverage.*

3. Results and discussion
3.1. Characterization of the prepared catalyst electrodes

3.1.1. Electrocatalytic activity. Polymer (p1,2-DAAQ/GC) in
an alkaline medium showed no activity. The electroactivities of

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Faradic and corresponding ion currents of CO, (m/z = 44) recoded at the same time throughout the electrooxidation of CO,q4s at (A) Pd/
pl,2-DAAQ/GC, (B) Pt/pl,2-DAAQ/GC, (C) Pd/Pt/pl,2-DAAQ/GC and (D) Pt/Pd/pl,2-DAAQ/GC catalyst electrodes in 0.5 M H,SO4,.

Pd/p1,2-DAAQ/GC, Pt/p1,2-DAAQ/GC, Pt/Pd/p1,2-DAAQ/GC and
Pd/Pt/p1,2-DAAQ/GC were examined in an alkaline medium in
the absence of small organic fuels (Fig. S1t). The electro-
chemical redox responses of the nanocatalyst electrodes were
different. Hydrogen adsorption/desorption was observed in the
first region (around —0.85 V)** together with oxide formation/
reduction in the second region in the potential range between
—0.7 V and +0.4 V, in which metal oxide was formed in the
forward scan. The single cathodic peak (initiating at —0.5 V for
each electrode) largely belongs to the reduction of the formed
metal oxide in the positive scan, with some minor contribution
of reduction of dissolved oxygen.>” Peaks in anodic and cathodic
scans observed for all nanocatalyst electrodes revealed the
signatures of the loaded Pd and Pt nanocatalysts on p1,2-DAAQ
layer,?® as illustrated by the real surface area (Area)-

Area1 measurements of Pd/p1,2-DAAQ/GC, Pt/p1,2-DAAQ/GC,
Pd/Pt/p1,2-DAAQ/GC and Pt/Pd/p1,2-DAAQ/GC nanocatalyst
electrodes were achieved by the DEMS technique (¢f. Experi-
mental), as demonstrated in Fig. 1(A-D) (lower parts). Anodic
oxidation peaks appeared at 0.88 V for Pt/p1,2-DAAQ/GC
(Fig. 1B (upper part)) and at 0.66, 0.75 and 0.6 V for the other
three nanocatalyst electrodes (Fig. 1A, C and D (upper parts),
respectively), which were ascribed to the combined influence of
oxidation of CO,q4s and partial surface oxidation of Pt or Pd to
metal oxides (PtO and PdO). Cathodic reduction peaks
appeared at the reverse scan at 0.74, 0.60, 0.70 and 0.66 V for Pd/
p1,2-DAAQ/GC, Pt/p1,2-DAAQ/GC, Pd/Pt/p1,2-DAAQ/GC and Pt/
Pd/p1,2-DAAQ/GC catalyst electrodes, respectively, in 0.5 M
H,SO, at a sweep rate of 0.01 V s~ ' (Fig. 1A-D (upper patrts)),
which were ascribed to metal oxide reduction. Charges associ-
ated with metal oxide reduction were deducted from the anodic
charges and the charge was equivalent to CO,qs Oxidation.””**
The ionic signal for m/z = 44 in 0.5 M H,SO, at a sweep rate of
0.01 V s~* and flow rate of 5.0 uL s~ was used for A, calcu-
lations, according to the following eqn (1):

Areal = Aio = Oms/K X FT'y, (1)

This journal is © The Royal Society of Chemistry 2019

Here, Qs is the charge of mass spectrum (ionic signal), F is the
Faraday constant, Iy is the surface concentration of CO,qs
monolayer (assuming I'y; of 1.45 nmol cm ™2 corresponding to
280 uC cm™?) and K is the calibration constant measured by CO
stripping on Pt polycrystalline at a scan rate of 10.0 mV s~ .

The obtained A, values of the nanocatalyst electrodes were
0.87, 0.74, 0.73 and 1.0 cm?® for Pd/p1,2-DAAQ/GC, Pt/p1,2-
DAAQ/GC, Pd/Pt/p1,2-DAAQ/GC and Pt/Pd/p1,2-DAAQ/GC
modified electrodes, respectively (Table 1). The results
revealed that Pt/Pd/p1,2-DAAQ/GC modified electrode exhibited
the largest A, value, whereas both Pt/p1,2-DAAQ/GC and Pt/
Pd/p1,2-DAAQ/GC exhibited the lowest values. These results
indicated the important role of the order of metal NP
electrodeposition.

Current is generally normalized by the mass of the loaded
metal to study the catalyst efficiency. Therefore, electrochemi-
cally active surface area (ECSA) is an essential parameter and it
explains the number of electrochemically active sites related to
the mass of deposited metal**° according to eqn (2):

ECSA = Q/sl )

Here, Q is the coulombic charge of the metal oxide reduction
peak, s is the proportionality constant that correlates charge
with area (0.405 mC cm™?) and [ is the electrocatalyst loading (g
m ™ ?). Metal loading and ECSA for Pd/p1,2-DAAQ/GC, Pt/p1,2-
DAAQ/GC, Pd/Pt/p1,2-DAAQ/GC and Pt/Pd/p1,2-DAAQ/GC

Tablel Aea. metalloading and electrochemically active surface areas
of the studied nanocatalyst electrodes

Metal loading

Catalysts Aeal (em?)  (gm™?) ECSA (m* g™")
Pd/p1,2-DAAQ/GC 0.87 0.63 4.03
Pt/p1,2-DAAQ/GC 0.74 1.01 3.95
Pd/Pt/p1,2-DAAQ/GC 0.73 1.66 4.23
Pt/Pd/p1,2-DAAQ/GC  1.00 1.56 5.28
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electrodes were calculated and the results are listed in Table 1.
These results indicate that the mass of the metal loaded onto
the bimetallic nanocatalysts has the largest value, whereas the
mass of the metal loaded onto the mono metallic one has the
lowest value. On the other hand, ECSA of Pt/Pd/p1,2-DAAQ/GC
nanocatalyst electrode has the largest value.

3.1.2. Scanning electron microscopy (SEM) and energy
dispersive X-ray spectroscopy (EDX). SEM was applied to
analyze the morphology of p1,2-DAAQ/GC modified electrode as
well as those of Pd/p1,2-DAAQ/GC, Pt/p1,2-DAAQ/GC, Pt/Pd/
p1,2-DAAQ/GC and Pd/Pt/p1,2-DAAQ/GC nanocatalyst elec-
trodes (Fig. 2(A-E)). The surface morphology of the p1,2-DAAQ/
GC modified electrode (Fig. 2A) revealed nanorods with
a smooth surface. Fig. 2B shows the image of Pd NPs deposited
on p1,2-DAAQ/GC electrode, in which Pt particles appear as
white spherical spots with an average diameter of approximately
243.2 nm dispersed on the electrode surface. Fig. 2C shows the
image of Pt NPs deposited on p1,2-DAAQ/GC electrode, which
differ greatly from those shown in Fig. 2B, which indicates that
Pt NPs were deposited on the polymer surface. The surface
morphology of the film changed from nanorods to nano-
particles due to Pd or Pt nanoparticle deposition onto p1,2-
DAAQ matrix, affecting the electrical properties of the result-
ing film and its morphology.**

Fig. 2(D and E) show images of both Pt/Pd/p1,2-DAAQ/GC
and Pd/Pt/p1,2-DAAQ/GC electrodes, respectively, where the
particle sizes have average diameters of 88.0 nm and 68.0 nm,
respectively. These data show that p1,2-DAAQ/GC is essentially
affected by the incorporation of Pt and Pd NPs into the p1,2-
DAAQ structure. This structure gives a high number of acces-
sible active sites, acting as a valuable support for the deposition
of Pt-Pd NPs. The conducting polymer surprisingly improves
the active surface area and increases the catalyst activity.
Moreover, the presence of Pt-Pd NPs in the polymeric film was
affirmed by EDX (Fig. S21). EDX results demonstrated that both
Pd and Pt NPs were dispersed in the p1,2-DAAQ film with
percentages of 13.44% and 32.54% for Pd/p1,2-DAAQ/GC and
Pt/p1,2-DAAQ/GC electrodes, respectively. Furthermore, in the
binary mixture of Pd and Pt NPs, EDX results revealed the
presence of both dispersed metal NPs with percentages of 7.32
and 3.55% (Pd and Pt) as well as 3.54 and 1.62% (Pt and Pd) for
Pd/Pt/p1,2-DAAQ/GC and Pt/Pd/p1,2-DAAQ/GC electrodes,
respectively. The NP size distribution histograms of the four
catalysts were manually obtained from the SEM images with
more than 250 particles. The average NP sizes of Pd/p1,2-DAN/
GC, Pt/p1,2-DAN/GC, Pt/Pd/p1,2-DAAQ/GC and Pd/Pt/p1,2-DAN/
GC were 92.47, 143.88, 278.0 and 113.51 nm, respectively, as
presented in Fig. 2(B(b), C(c), D(d) and E(e)). The difference
between Fig. 2B and C originates from the broad range of NP
size distributions of Pd NPs and their tendency to aggregate or
to form clumps, as reported in literature.*

3.2. Catalytic activity towards electro-oxidation of alcohols

In a preliminary experiment, bare electrodes (Pt, Au and GC)
were tested in 0.1 M NaOH solution containing 0.3 M MeOH,
1.0 M EtOH or 0.5 M EG. In general, no voltammetric response

1852 | RSC Adv., 2019, 9, 1849-1858

View Article Online

Paper

was observed at bare GC electrode, which is desirable to avoid
any overlapping. For this reason, GC electrode was applied as
the bare electrode in this study. Direct oxidation reactions of
0.3 M MeOH investigated in 1.0 M NaOH solutions at Pt/p1,2-
DAAQ/GC, Pd/p1,2-DAAQ/GC, Pd/Pt/p1,2-DAAQ/GC and Pt/Pd/
p1,2DAAQ/GC nanocatalyst electrodes were studied to inspect
the impact of the presence of metal NPs and the deposition

(A)
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Fig. 2 SEM images of (A) p1,2-DAAQ/GC, (B) Pd/pl,2-DAAQ/GC, (C)
Pt/p1,2-DAAQ/GC, (D) Pt/Pd/pl.2-DAAQ/GC and (E) Pd/Pt/pl2-
DAAQ/GC electrodes and the corresponding diameter distribution
histograms of (B, b) Pd/p1,2-DAAQ/GC, (C, c) Pt/p1,2-DAAQ/GC, (D, d)
Pt/Pd/pl,2-DAAQ/GC and (E, e) Pd/Pt/pl,2-DAAQ/GC electrodes.

This journal is © The Royal Society of Chemistry 2019
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Fig.3 Electrooxidation of 0.3 M MeOH in 1.0 M NaOH at a scan rate of
0.05 V s~ for (A) single metal layer (I) Pt/p1,2-DAAQ/GC and (II) Pd/
pl,2-DAAQ/GC and (B) bimetallic layer (I) Pt/Pd/pl,2-DAAQ/GC and
(1) Pd/Pt/pl,2-DAAQ/GC nanocatalyst electrodes.

0.3

order of Pt and Pd on the catalytic activity of the prepared single
and bimetallic nanocatalyst electrodes. As shown in Fig. 3(A and
B), two oxidation peaks, i.e., a forward oxidation peak (E,¢) and
a backward peak (Ej;,) were observed. These two peaks may be
ascribed to the oxidation of EtOH and the intermediate species
to CO,.** The electrochemical data are presented in Table 2.
As seen in Table 2, the J,¢/Jpp ratio increased from 7.50 at Pd/
P1,2-DAAQ/GC electrode to 10.35 at Pt/Pd/p1,2-DAAQ/GC elec-
trode, indicating significant tolerance of this electrode against
poisoning. This increase indicates improvement in catalytic
activity. Alloying Pt with another metal improved alcohol
oxidation kinetics significantly.** Thus, in the binary system,
the study of Pt in an outer core and in an inner core was per-
formed. The presence of Pt in the outer core improved the
performance of the Pt/Pd/p1,2-DAAQ/GC electrode since incor-
poration of a second metal in Pd has been shown to improve
liquid fuel oxidation kinetics significantly.*® With respect to the

View Article Online

RSC Advances

dual-function and essential mechanism, a second metal can
deliver oxygen-containing species at lesser potentials, reduce
the bond strength of Pd-CO,4s, and facilitate oxidation of CO to
CO, and its subsequent removal.** Moreover, the adsorption of
intermediates produced from methanol oxidation, such as
(COH),gs, requires three neighboring platinum sites to be
adsorbed; however, in the case of Pt/Pd/p1,2-DAAQ/GC, the
presence of Pd NPs has a diluting effect and limits the presence
of three adjacent Pt sites necessary for adsorption of the
poisoning species.*® Therefore, CO tolerance is significant at
this electrode. On the other hand, in the case of Pd/Pt/p1,2-
DAAQ/GC, Pd NPs are less active*® towards methanol oxida-
tion and therefore, their CO tolerance is small, leading to
decreased CO poisoning and enhanced catalytic activity and
durability toward MOR.*”

Also, it was noticed that the forward peak current density at
Pt/Pd/p1,2-DAAQ/GC electrode has a higher value compared
with those of the other three catalysts. In general, the presence
of p1,2-DAAQ film loaded with Pt, Pd or Pt/Pd (layer by layer)
NPs provides catalytic enhancement for direct MeOH oxidation
in terms of increasing oxidation current and favorable shift in
the onset potential compared with commercial Pd/C (—0.38 V)
and Pt/C (—0.52 V), as reported previously.*

On the other hand, electrooxidation of EtOH was examined
in 1.0 M NaOH solutions at Pt/p1,2-DAAQ/GC, Pd/p1,2-DAAQ/
GC, Pd/Pt/p1,2-DAAQ/GC and Pt/Pd/p1,2DAAQ/GC nano-
catalyst electrodes, as illustrated in Fig. 4(A and B). One oxida-
tion peak (Epg) in the forward sweep generally ascribed to the
oxidation of EtOH was observed. On the other hand, a reverse
oxidation peak (Epp,) was noticed due to oxidation of the inter-
mediate species.**** The main challenge with ethanol is that
the complete electrochemical oxidation per molecule involves
complicated processes of 12 electrons and cleavage of a carbon-
carbon (C-C) bond.* Pt-containing metallic catalysts can facil-
itate C-C bond cleavage.** It was found that electrochemical
oxidation of EtOH greatly depends on the Pt content in the film
matrix exposed to reaction conditions, where the percentage of
Pt in case of Pt/Pd/p1,2-DAAQ/GC is higher than other catalysts;
thus, the Pd/Pt/p1,2-DAAQ/GC electrode showed better toler-
ance. Table 3 shows the onset potential (E,,set) values, forward
and backward peak potentials (Eps, Epp), anodic peak current
densities for the forward and backward scans (Jps Jpb) and
catalytic tolerances (J,¢//pp) for the electrooxidation of ethanol at
the studied catalyst electrodes.

It is noticed that the J¢//pp ratio increased from 0.27 at Pd/
p1,2-DAAQ/GC to 3.3 at Pt/p1,2-DAAQ/GC, indicating signifi-
cant tolerance of this electrode against poisoning. At the same
time, Pt/Pd/p1,2-DAAQ/GC electrode showed the highest

Table 2 CV characteristics of the electrooxidation of 0.3 M MeOH at the studied nanocatalyst electrodes according to the first cycle

Catalyst E, (V) Epe(V) E(V) Joe X107 Acem™? Jpb x 107> Acem™? JptlTob
Pd/p1,2-DAAQ/GC —0.62 —0.29 —0.53 0.75 0.10 7.50
Pt/p1,2-DAAQ/GC —0.67 —0.28 —0.51 2.83 0.30 9.43
Pd/Pt/p1,2-DAAQ/GC —0.65 —0.30 —0.51 2.40 0.36 6.66
Pt/Pd/p1,2-DAAQ/GC ~0.70 —0.28 —0.51 4.66 0.45 10.35
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Fig. 4 Electrooxidation of 1.0 M EtOH in 1.0 M NaOH at a scan rate of
0.05 V s for (A) single metal layer (I) Pt/p1,2-DAAQ/GC and (Il) Pd/
pl,2-DAAQ/GC and (B) bimetallic layer (I) Pt/Pd/p1,2-DAAQ/GC and
(1) Pd/Pt/p1,2-DAAQ/GC nanocatalyst electrodes.

forward peak current density value and favorable onset poten-
tial shift, indicating catalytic enhancement towards ethanol
oxidation. The values of ethanol E, .. were found to be —0.52 V
and —0.51 V for Pd/C and Pt/C, respectively, as reported previ-
ously,*® giving advantage to the studied catalysts.

Furthermore, cyclic voltammograms of the oxidation of EG
at Pt/p1,2-DAAQ/GC, Pd/p1,2-DAAQ/GC, Pt/Pd/p1,2-DAAQ/GC
and Pd/Pt/p1,2-DAAQ/GC electrodes studied in an alkaline
medium showed two well-defined current peaks (Fig. 5(A and
B)). The forward and the backward peaks correspond to the
electrooxidation of EG and the intermediate species.”” The
onset potential, potential peak, current densities and Jp/Jp,p are
listed in Table 4. Table 4 illustrates the onset potential (Eonset),
forward and backward peak potentials (Epq Epp), anodic peak
currents for forward and backward scans (J,¢ and J,,) and
catalytic tolerance (Jp¢/Jp,p) for the electrooxidation of EG at the
studied catalyst electrodes.
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Fig. 5 Electrooxidation of 0.5 M EG in 1.0 M NaOH at a scan rate of
0.05 V s7* for (A) single metal layer (1) Pt/p1,2-DAAQ/GC and (Il) Pd/
p1,2-DAAQ/GC and (B) bimetallic layer (I) Pt/Pd/pl,2-DAAQ/GC and
(1) Pd/Pt/p1,2-DAAQ/GC nanocatalyst electrodes.

Analysis of the previous data illustrated the importance of Pt
and Pd NP deposition order. When we deposited Pd first, followed
by the deposition of Pt, the formed Pt/Pd/p1,2-DAAAQ/GC nano-
catalyst electrode showed satisfactory performance in alcohol
oxidation with the highest peak current, I¢, and a negative shift of
the onset potential (around —0.7 V) (Tables 2-4) as a significant
factor.* It was concluded that the catalytic tolerance of Pt/Pd/p1,2-
DAAQ/GC nanocatalyst electrode in the electrooxidation of MeOH
is the best. This might be related to the fact that MeOH is C1
compound, which can easily break in the presence of a high
amount of Pt, as observed in the case of Pt/Pd/p1,2-DAAQ. On the
other hand, the presence of Pd in Pd/Pt/p1,2-DAAQ/GC electrode
(which is less active towards EtOH oxidation and EG oxidation
reactions) decreased the electroactivity of the catalyst.

Mass electrochemical activities of each nanocatalyst were
calculated from the amount of metal loading and the related

Table 3 CV characteristics of the electrooxidation of 1.0 M EtOH at the studied catalyst electrodes according to the first cycle

Catalyst E, (V) E;f(V) E;b(V) Joe X107 Acem™? Jpb x 107> Acem™? JptlTob
Pd/p1,2-DAAQ/GC —0.68 —0.32 —0.54 0.21 0.78 0.27
Pt/p1,2-DAAQ/GC —0.76 —0.32 —0.61 0.30 0.09 3.30
Pd/Pt/p1,2-DAAQ/GC —-0.70 —0.34 —0.54 0.23 0.29 0.75
Pt/Pd/p1,2-DAAQ/GC ~0.79 —0.42 ~0.60 0.39 0.14 2.80
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Table 4 CV characteristics of the electrooxidation of 0.5 M EG at the studied catalyst electrodes according to first cycle

Catalyst Eonset (V) Epe (V) Epp (V) Joe x 1072 Acm™? Job X 107 Acem™ TotlTpb
Pd/p1,2-DAAQ/GC —0.46 —0.27 —0.49 0.31 0.33 0.94
Pt/p1,2-DAAQ/GC —0.60 —0.31 —0.47 0.45 0.05 9.00
Pd/Pt/p1,2-DAAQ/GC —0.53 —0.25 —0.44 1.10 0.53 2.07
Pt/Pd/p1,2-DAAQ/GC —0.70 —0.34 —0.53 1.84 0.49 3.67

forward peak current densities are presented in Table 5.
Therefore, Pt/Pd/p1,2-DAAAQ/GC nanocatalyst electrode was
selected for the following electrochemical studies.

Based on the above results, the electroactivity of Pt/Pd/p1,2-
DAAAQ/GC nanocatalyst electrode was examined for direct
electrooxidation of MeOH, EtOH and EG by changing several
parameters such as continuous cycling, scan rate, and alcohol
and electrolyte concentrations.

3.3. Parameters affecting electrooxidation of the analyzed
alcohols

To attain better electrocatalytic oxidation of the analyzed alco-
hols at Pt/Pd/p1,2-DAAAQ/GC nanocatalyst electrode, various
parameters such as the effects of continuous cycling, scan rate,
and alcohol and electrolyte concentrations were investigated.

3.3.1. Influence of permanent cycling. The applications of
a catalyst depend significantly on its long-term cyclic stability.
Therefore, it is imperative to study the impact of permanent
cycling on the Pt/Pd/p1,2-DAAAQ/GC nanocatalyst electrodes in
the presence of 0.3, 1.0 and 0.5 M MeOH, EtOH and EG,
respectively. The relation between the anodic peak current
density in the forward sweep and the number of cycles was
recorded. It was noticed that at the beginning, increasing the
number of cycles caused an increase in the current densities of
the three alcohols, after which a steady state was observed.
Currents densities began to decrease following 500, 250, and
400 sweeps for MeOH, EtOH and EG, respectively. The increase
in the current density at the beginning could be due to the
increase in diffusion within the catalyst layer. The accessible
active sites of metal NPs increased with the diffusion of the
alcohols. With increase in the cycle numbers, poisoning
occurred and the structure of the nanocatalyst surface
changed.”**

3.3.2. Effect of scan rate. Kinetic characterizations of
MeOH, EtOH and EG electrooxidation were performed at Pt/Pd/

p1,2-DAAAQ/GC nanocatalyst electrodes by considering the
influence of the sweep rates (Fig. S31). The anodic peak current
density in the forward scan is a function of the square root scan
rate. The non-zero intercept can suggest the involvement of
some types of surface interactions, suggesting that alcohol
oxidation on the investigated catalysts is not a purely diffusion
controlled process.**

It was concluded that diffusion controlled the catalytic
reactions of the examined alcohols.>®*** Also, cyclic voltammo-
grams at various sweep rates demonstrated that the oxidation
potential peaks in the forward sweep shifted to positive poten-
tials with increase in scan rate. A linear correlation between E,
and log(V) indicated that the electrooxidation of the three
alcohols is an irreversible electrochemical process.*® The plots
of JpelJpp Tatio versus scan rate indicate that the Jp¢/J,, ratio
increases with increasing sweep rates. A higher ¢/, ratio
indicates less nanocatalyst surface contamination with inter-
mediates and an improvement in analyte oxidation.***” Diffu-
sion coefficient (D) was calculated for the studied alcohols
according to the Randles-Sevcike equation,*®** yielding values
of 7.4 x 1078, 3.34 x 10 % and 1.7 x 10~ ® for MeOH, EtOH and
EG, respectively. These values are much lower than those re-
ported earlier, indicating that the rate of the diffusion of alco-
hols to the electrode surface decreases at higher scan rates. The
diffusion of penetrant through the polymer is greatly affected by
the presence of impenetrable micro- and/or nano-particles
located in the structure.>»

3.3.3. Influence of alcohol and electrolyte concentrations.
Pt/Pd/p1,2-DAAQ/GC electrode limitation for electrooxidation of
various concentrations of the studied alcohols and its influence
on the current density in the forward scan were assessed. The
obtained data revealed that increasing the alcohol concentra-
tion increased the current densities in the forward sweep and
achieved an almost steady state for concentrations greater than
1.6 M, 1.8 M and 1.4 M for MeOH, EtOH and EG, respectively.
This may be because the reaction changes from a diffusion-

Table 5 Mass electrochemical activities of the studied nanocatalyst electrodes

Methanol Ethanol Ethylene glycol
Metal loading [yt Mass electrochemical Mass electrochemical Jp¢ Mass electrochemical
Catalysts (gm™) (mA ecm™?) activity (A g™ ") Jot (MA cm™?) activity (A g™") (mA cm™?) activity (A g™ ")
Pd/p1,2-DAAQ/GC 0.63 0.75 11.90 0.21 3.30 0.31 4.92
Pt/p1,2-DAAQ/GC 1.01 2.83 28.01 0.30 2.90 0.45 4.40
Pd/Pt/p1,2-DAAQ/GC 1.66 2.40 14.40 0.23 1.38 1.10 6.60
Pt/Pd/p1,2-DAAQ/GC 1.56 4.66 29.87 0.39 2.50 1.84 11.79

This journal is © The Royal Society of Chemistry 2019
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controlled process at low concentrations to a reaction hindered
by adsorbed intermediates at higher concentrations and lack of
OH™ accessibility.*> At higher alcohol concentrations, the
surface of the nanocatalyst is covered by extra intermediate
species. The dependence of alcohol oxidation peak potentials
(Ep) on their concentrations was detected. The results show that
upon increasing the alcohol concentrations, the Ej values
shifted to positive potentials. This may be ascribed to the IR
descent because of elevated oxidation current at high
concentrations.

The impact of different NaOH concentrations on the elec-
trooxidation peak current densities of the studied alcohols at Pt/
Pd/p-1,2DAAQ/GC nanocatalyst was examined by the CV tech-
nique. Increase in NaOH concentrations up to 1.0 M showed
increase in the peak current densities, followed by a steady state
in the range from 1.2 M to 1.4 M NaOH (figure not shown).
Alcohol electrooxidation occurred due to higher accessibility
and superior nanocatalyst surface coverage of OH™.>* Additional
increment in the NaOH concentration resulted in decrease in
the current density. At high NaOH concentrations, blocking of
the Pt/Pd/p1,2-DAAQ/GC nanocatalyst electrode surface with
OH™ ions occurred, hindering the adsorption of alcohol.
Therefore, this OH™ blocking is extreme on metal NPs, whereas
the intermediate coverage is poor, leading to decrease in
current density.***

3.4. Possible elimination of nanocatalyst poisoning
intermediates

The formation of catalyst-poisoning intermediate compounds,
such as Pd or Pt-CO,g4s, is the significant contributor to the
decrease in the electrocatalytic activity during the alcohol
oxidation reaction.’* The development and dissolution of
oxides formed on the nanocatalyst surface* were examined by
expanding the final potentials to different values (from +0.4 to
+0.9 V) (Fig. S41). Expanding the final potential limits causes
increase in the peak current densities in the forward scan.** In
the reverse scan, the anodic peak current decreases.® The
anodic peak potentials and peak current densities in the
backward sweep changed with increasing the final potential
limits. At low potential limits, sufficient metal NP oxides were
not formed to oxidize the alcohols in the backward sweep.
Increase in the final potential limits produced additional
metal oxides, and the backward current density increased.
Thus, it is clear that the final potential limits control the peak

View Article Online
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current densities of the forward J,r and the reverse J,;, sweeps,
increasing the tolerance of the nanocatalyst to intermediate
species.*® The influence of the nanocatalyst in eliminating
poisonous intermediates was examined using the J,¢/Jpp, ratio
(Tables 1-3). It was found that the ratio increased from 10.0 to
122.0 (MeOH), 2.1 to 5.9 (EtOH) and 0.5 to 13.7 (EG) as the
upper limit potential increased. It was noticed that E,¢ showed
similarity to Epj,, moving to low potential values with decrease
in current densities. This demonstrates the continuing elimi-
nation of poisoning intermediates produced during the
forward scan. Raising the potential limits in the forward scans
increases metal oxide formation and decreases the peak
potential Epe. ">

Finally, a comparison of the electrocatalytic activities of
commercial Pt/C and Pt/Pd/p1,2-DAAQ/GC catalysts towards the
oxidation of methanol, ethanol and ethylene glycol is displayed
in Table 6. It was found that although Pt/Pd/p1,2-DAAQ/GC
catalyst has lower current density compared with commercial
Pt/C, it demonstrates higher tolerance and a negative onset
potential shift. This can be ascribed to the role played by p1,2-
DAAQ polymer film. The presence of the polymer not only offers
a high specific surface area, but also enhances the deposition
possibility and impacts the absorption of small organic fuels.
The synergistic impact of metal NPs and polymer films
enhances the efficacy of the oxidation of fuel molecules,
decreases the catalyst poisoning and improves the stability of
metal NPs, thus improving the tolerance against species
produced during the oxidation process.

3.5. Chronoamperometry

Chronoamperometric study was carried out to better under-
stand the electro-catalytic performance of the nanocatalyst
electrode Pt/Pd/p1,2-DAAQ/GC. Fig. 6 shows the current-time
transients, where the potentials are maintained at —0.28 V,
—0.42 V, and —0.34 V for MeOH, EtOH and EG, respectively. By
applying potential to the electrode, a steady decrease in currents
was observed during the first few seconds, followed by the
establishment of nearly fixed currents at longer times. The
intermediate poisoning species formed during alcohol oxida-
tion could be considered as the main factor for decreasing the
current. Chronoamperometry study shows that the stability
decreases in the order MeOH > EG > EtOH, which agrees with
the above results.

Table 6 Comparison of electrocatalytic activities reported for Pt/C commercial catalyst and Pt/Pd/p1,2-DAAQ/GC electrode towards MeOH,

EtOH and EG

Catalyst Fuel Concentration (M) Ej o (V/Ag/AZCl)  Eyr (V/Ag/AZCL)  Jor x 1072 Aem > Tolerance  Reference
Pt/C MeOH 1.0 MeOH + 1.0 KOH —0.55 —0.18 39 4.1 Ref. 38
Pt/Pd/p1,2-DAAQ/GC 1.0 MeOH + 1.0 NaOH ~ —0.70 —0.28 10.98 10.35 This work
Pt/C EtOH 1.0 EtOH + 1.0 KOH —0.55 —0.23 7 1.75 Ref. 38
Pt/Pd//p1,2-DAAQ/GC 1.0 EtOH + 1.0 NaOH —0.79 —0.28 0.39 2.8 This work
Pt/C EG 0.5 EG + 0.1 KOH 0.1 0.90 100 2 Ref. 58
Pt/Pd//p1,2-DAAQ/GC 0.5 EG + 0.1 NaOH ~0.70 —0.34 1.84 3.67 This work
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Fig. 6 Chronoamperograms for the electrooxidation of (a) 0.3 M
MeOH, (b) 1.0 M EtOH and (c) 0.5 M EG in 1.0 M NaOH at Pt/Pd/p1,2-
DAAQ/GC nanocatalyst electrode.

4. Conclusion

In the current study, we assessed the impact of p1,2-DAAQ/GC as
a supporting material on the catalytic activity of Pd-Pt NP
nanocatalyst for oxidation of MeOH, EtOH and EG. NPs were
successfully deposited on p1,2-DAAQ/GC supports including Pt/
p1,2-DAAQ/GC, Pd/p1,2-DAAQ/GC, Pd/Pt/p1,2-DAAQ/GC and Pt/
Pd/p1,2-DAAQ/GC nanocatalyst electrodes by means of a simple
and rapid process. Physicochemical characterization of the
prepared nanocatalysts was performed by DEMS, SEM, EDX and
electrochemical methods. Electrochemical examination demon-
strated that the Pt/Pd/p1,2-DAAQ/GC nanocatalyst showed
excellent catalytic activity for the oxidation of MeOH, EtOH and
EG compared with other nanocatalysts. Therefore, Pt/Pd/p1,2-
DAAQ/GC was chosen as the desired nanocatalyst electrode for
our study. The influence of various factors on the oxidation of
three alcohols was examined and improved. It was found that Pt/
Pd/p1,2-DAAQ/GC electrocatalyst introduced high electroactivity
and suitable and long-term cyclic stability, suggesting potential
opportunities for its application as a suitable nanoelectrocatalyst.
Furthermore, the catalytic tolerance of Pt/Pd/p1,2-DAAQ/GC
nanocatalyst electrode in the electrooxidation of the studied
alcohols decreased in the order MeOH > EG > EtOH, indicating
that the Pt/Pd/p1,2-DAAQ/GC nanocatalyst electrode showed
high catalytic activity in the electrooxidation of MeOH.
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