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Enhanced and durable electrocatalytic
performance of thin layer PtRu bimetallic alloys
on Pd-nanocubes for methanol oxidation
reactionst

Ammar Bin Yousaf, @*2° M. Imran,® Peter Kasak,? Fathima Sifani Zavahir,?
Syed Javaid Zaidi® and Carlos Fernandez®

As a renewable and promising energy devices, direct methanol fuel cells (DMFCs) have attracted a wide range
of interest in recent years. The design of electrocatalysts highly influences the performance of DMFCs sys-
tems. Herein, PtRu bimetallic alloy nanoparticles have been fabricated onto a Pd nanocube (NC) core mate-
rial by a facile wet chemical co-precipitation method. Structural and morphological characterization of the
catalyst was performed using X-ray photoelectron spectroscopy (XPS) analysis, energy-dispersive X-ray
(EDX) spectroscopy, transmission electron microscopy (TEM), high resolution transmission electron micros-
copy (HRTEM), high-angle annular dark-field scanning TEM (HAADF-STEM) elemental mapping and temper-
ature programmed reduction (TPR). The presence of a single TPR peak strongly supported bimetallic Pt-Ru
interactions and alloying. The electrocatalytic performance of the as-synthesized PtRu@Pd-NC catalyst for
the methanol oxidation reaction (MOR) is studied in HClO,4 aqueous solution by cyclic voltammetry (CV),
chronoamperometry (CA) and electrochemical impedance spectroscopy (EIS), and it is compared with that
of a PtRu/C (E-TEK) catalyst. The catalyst has shown the highest specific activity (ca. 11.44 mA cm™ at 0.70
V), a lower onset potential and enhanced durability for MOR, which is significantly higher than the commer-
cial PtRu/C (E-TEK) catalyst and other reported Pt/Pd-based catalysts. The results attribute to mutual inter-

rsc.li/catalysis

Introduction

Direct methanol fuel cells (DMFCs) have been considered as
some of the most promising power sources for portable
electronics due to the high energy density of methanol." How-
ever, the slow kinetics of the methanol oxidation reaction
(MOR) at anode electrocatalysts remains one of the serious
challenges which hinders the large scale commercialization of
the DMFC technology. Pt materials exhibit facile adsorption
and decomposition of methanol on their surfaces.” The strong
binding of CO molecules on the Pt surfaces, which block ac-
tive sites necessary for the electro-oxidation of CH;OH, is the

“Center for Advanced Materials, Qatar University, Doha 2713, Qatar.

E-mail: muhammad.ammar@qu.edu.qa, ammar.chemist18@gmail.com

b Hefei National Laboratory for Physical Sciences at Microscale, School of
Chemistry and Materials Sciences, University of Science and Technology of China,
Hefei 230026, P.R. China. E-mail: ammar@mail.ustc.edu.cn

¢ School of Pharmacy and Life Sciences, Sir Ian Wood Building, Robert Gordon
University, AB107GJ Aberdeen, UK

 Electronic supplementary information (ESI) available: Additional physical char-
acterization and electrochemical experimental data. See DOIL 10.1039/
¢7¢cy00923b

This journal is © The Royal Society of Chemistry 2017

actions of the core-shell material that enhance the chemisorption of methanol.

major origin of the sluggish kinetics of MOR.? Addition of Ru
onto Pt electrocatalysts is found to facilitate CO oxidation
through both bi-functional and ligand effects.* However, the
scarcity and high cost of both Pt and Ru call for further efforts
to develop new catalysts with ultralow precious metal loadings
and improved MOR activity. Developing core-shell nano-
catalysts with a second or third cheap metal as the core is also
a convenient way to achieve the aims stated above.”®

Over the past few decades, bimetallic alloys with Pt have
attracted much attention as compared to monometallic Pt an-
odes and several studies have been devoted to this field due
to the fact that electronic effects and metal interactions en-
hance electrocatalytic activity and CO tolerance in MOR stud-
ies.” Cost effective, tunable bi or tri-metallic composites with
enhanced electrocatalytic performance are the major research
highlight for present day fuel cells.’®*" It is evident from the
literature that composites of Pt with other transition ele-
ments have shown remarkably high performance and this
strategy significantly overcomes the existing problems in
DMFCs.">'® Poh et al."” developed a series of Pt-based bime-
tallic and trimetallic catalysts in combination with transition
metals; in their approach, they claimed the enhancement of
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MOR performance facilitated via ligand interactions with Pt
particles. Later on, Farias et al."® worked on a CO poisoning
issue suffered by DMFCs; they precisely investigated that in-
corporation of Ru or Sn entities favorably reduced the poison-
ing issue by CO,qs species during methanol electro-oxidation.
As the electrocatalytic performance of metal alloys depends
largely on size and composition, an accurate intrinsic correla-
tion of alloy metal composition is required with preferably
facile synthesis routes to overcome the challenges of complex
synthesis processes.’® > All reported physical or wet chemi-
cal methods have failed to precisely control the composition
and size of alloys; therefore programmatic trials are still re-
quired to achieve a desirable state.>*

Palladium-based materials have been widely examined as
electrocatalysts for the oxidation of small organic fuels due to
similar properties of Pd to those of platinum.** Notable
enhancement in MOR activity has been reported for various
binary nanomaterials such as PdPt, PdRu, PdSn, PdAu and
PdMo.>**® Among these, Liu et al.*” reported the bimetallic
combination of Pd with a single nickel transition metal, and
Zhao et al.®® demonstrated methanol electro-oxidation on a
Pd-based trimetallic combination with Pt and Cu. In addi-
tion, Yan's® group reported multimetallic Pd-based electro-
catalysts comprising a choice of Pd and Pt with different ter-
nary metals. All these groups concluded that introducing a
binary candidate with Pd enhances the performance of a ma-
terial via the so called bi-functional mechanism. Whereas, by
combining a ternary metal with Pd, the Pd bimetallic system
may remarkably improve the MOR process by several factors.
Recently, materials with a preferential (100) orientation have
been confirmed to have significantly higher activities toward
the oxidation of small organic fuels. Due to the preferential
presence of the (100) crystallographic plane and their benefi-
cial electronic structure, it is expected that Pd nanocube
(NC)-supported PtRu nano-materials may exhibit enhanced
MOR activity at a significantly lower PtRu loading as com-
pared to better MOR electrocatalysts. However, such a strat-
egy has not been well investigated.”** In this work, we will
demonstrate that PtRu co-deposited onto Pd NCs with a well-
defined shape (fcc 100) displays very good MOR activity.

Experimental

Reagents

K,PdCl; (99.9% metal basis, from Alfa Aesar), K,PtClg
(40% from Fluka), RuCl; (40% from Fluka), hexadecyl-
trimethylammonium bromide (C;,TAB), ascorbic acid, HClO,
(from Sigma Aldrich) and CH;O0H (99.9% from J. T. Baker). All
reagents were used as received without further purification.

Characterization

The crystallographic structure, morphology and atomic com-
position of the synthesized catalyst were studied by transmis-
sion electron microscopy (TEM), high resolution transmis-
sion electron microscopy (HRTEM), energy-dispersive X-ray
spectroscopy (EDX), and X-ray photoelectron spectroscopy
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(XPS). The measurements were carried out using a SPeCS sys-
tem (PHOIBOS 150, Germany) with AIK, radiation (hv =
1486.6 eV) and temperature-programmed reduction (TPR)
studies were performed using an instrument named McNicol.

Synthesis of the PtRu@Pd-NC composite

The procedure for the synthesis of Pd nanocubes is reported
in detail.**® In brief, 500 uL of 5 mM K,PdCl, aqueous solu-
tion was added to 10 mL of 1.25 x 10" M C,¢TAB aqueous so-
lution at a fixed temperature of 95 °C. After 15 minutes, 80
pL of 0.1 M ascorbic acid was gradually added to the mixed
solution with C;,TAB and K,PdCl, under continuous stirring
for 30 minutes. Pd NCs with a size of ca. 25 nm were
obtained after centrifuging the solutions. The as-synthesized
Pd-NCs were further used for PtRu shell deposition. 1 mg
mL™" Pd-NCs were dispersed in Milli-Q water, a specific
amount of C;,TAB was further added and the mixture was
stirred for some time. Then specific composition of Pt:Ru
precursors were added simultaneously with ratios of 3:1 to
the reaction mixture. 40 pL of 0.1 M ascorbic acid were
dropped into the reaction flask and stirred for 3 hours at 80
°C temperature. The PtRu@Pd-NC core-shell material was
obtained after centrifugation of the solution.

Electrochemical measurements

Before each electrochemical experiment, a glassy carbon (GC)
electrode (0.196 cm’ geometric surface area) was first
polished with alumina slurry (Al,O3, 0.05 mm) on a polishing
cloth to obtain a mirror finish. 15 pL of 1 mg mL™
PtRu@Pd-NC, Pd-NC and PtRu/C (E-TEK) suspensions in eth-
anol were drop-coated onto the polished electrode surface
separately using a microliter syringe followed by drying in a
vacuum at room temperature. Afterward, the catalyst was
covered with a thin layer of Nafion (0.1 wt% in water, 5 mL)
to ensure that the catalyst was tightly attached to the
electrode surface during the electrochemical measurements.
Voltammetry measurements were carried out with a CHI750D
electrochemical workstation. The electrode prepared above
was used as the working electrode. Ag/AgCl (in 3 M NaCl, aq.)
and a Pt coil were used as the reference and counter
electrodes, respectively. All the measurements were performed
in electrochemical experiments with respect to the standard
values of a reversible hydrogen electrode (RHE).

Results and discussion

The desired aim of the present study is focused on the role of
Pd-NCs in enhancing the electrocatalytic activity of the PtRu
bimetallic alloy in the PtRu@Pd-NC core-shell catalyst. The
uniform coating of the PtRu shell on the Pd NCs was the key
requirement for these studies. The transmission electron
microscopy (TEM) image provided in Fig. 1-a shows clear evi-
dence of a PtRu@Pd-NC core-shell material with a well-
defined cubic shape, edges and corners. The representative
TEM image of the as-synthesized PtRu@Pd-NC

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (a) TEM image of the as-synthesized core-shell PtRu@Pd-NC
catalyst, (b) HRTEM image of the PtRu@Pd-NC composite, and (c) cor-
responding EDX spectrum of PtRu@Pd-NCs (inset c’ shows the line
scan spectra of the PtRu@Pd-NC core-shell catalyst obtained by
HRTEM analysis).

nanocomposite exhibits an average size of 30 nm. The dark
cubic region of the Pd NCs is surrounded by a light PtRu
shell layer. The formation of a PtRu@Pd-NC composite has
been further confirmed by HRTEM; Fig. 1-b shows the inter-
mixed Pd lattice with Pt on the surface of the NCs exhibiting
successive alloying of Pt with Pd in the composite formation.
The HRTEM micrograph shows a periodicity of the lattice
fringes calculated to be d = 0.227 nm, corresponding to the
(111) planes of fec Pt. From the EDX measurements (Fig. 1-c),
it can be seen that the ratio of Ru, Pt and Pd in the
PtRu@Pd-NC composite is 1:3:7, respectively (the small
amount of carbon and copper elements came from the amor-
phous carbon-coated copper grids). Moreover, the line-scan
spectra have also been provided to confirm the core-shell
material synthesis (inset in Fig. 1-c). Furthermore, HAADF-
STEM elemental mapping was performed to examine the dis-
tribution of a Pt and Ru alloy on Pd NCs. It can be clearly
seen from Fig. 2 that Pt and Ru have a good dispersion, indi-
cating the formation of a PtRu alloy uniformly coated on the
surfaces of Pd-NCs. The element mapping images of a se-
lected area, along with an overlay image, provide strong evi-
dence for the formation of a PtRu shell over the Pd-NCs.

XPS was employed to determine the surface composition
of the PtRu@Pd-NC composite (Fig. 3a-d). The full scan sur-
vey exhibited signatures of all the metals present in the com-
posite material with intense characteristic peaks. The Ru
3ps» and Ru 3p,), peaks are centered at 464.4 eV and 487 eV,
respectively, corresponding to the metallic Ru’ states. The
band assigned to Pt 4f;, and Pt 4f;, at 71.4 eV is found to
be positively shifted at ca. 71.1 eV in comparison with that of
the metallic Pt° state.®” The Pt 4f peak can be further
deconvoluted by using a Doniach-Sunjic line shape into two
Gaussian components with a more intense doublet at bind-
ing energies of 71.4 eV and 74.6 eV, corresponding to the me-

This journal is © The Royal Society of Chemistry 2017
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PtRu@Pd-NCs (overlay)

Fig. 2 HAADF-STEM elemental mapping of PtRu@Pd-NCs, PdPtRu
overlay, Pd-NCs, Pt and Ru, respectively.

tallic Pt° state. Fig. 3(b) also shows the high resolution XPS
spectra of Pd 3ds,, and 3d3, with binding energies at 334.4
eV and 340 eV, respectively, corresponding to metallic Pd,
which is in good agreement with the TEM results. As in the
case of Pt-based alloys, the electronic structure of metals
slightly changes, and the same situation is observed in our
PtRu@Pd-NC composite in which the Pt 4f band shifts to
higher energy and the Pd 3d shifts to lower energy and there
is electron transfer from Pt to Pd which enhances the electro-
chemical performances. In contrast, the band of Pd 3ds,, and
Pd3d;,, at 334.4 eV is found to be negatively shifted from the
corresponding band of the metallic Pd° state (335 eV).>* The
spectral shift indicates that there is partial transfer of
electrons from Pt to Pd atoms. The oxidation states of the ele-
ments and the alloying between them were further confirmed
by TPR studies (see Fig. 4). The TPR experiments were
performed with a H,:Ar mixture (10:90 molar) flowing at
about 30 mL (NTP) min™" at 1 atm. After 0.12 g of the catalyst
sample was charged into a quartz TPR cell, gas stream was
passed through the catalyst sample. When the thermal
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Fig. 3 (a) XPS survey scan of PtRu@Pd-NCs, (b) high resolution XPS

Pdz4 scan, (c) high resolution XPS Pt4; scan and (d) high resolution XPS
Rugz scan.
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Fig. 4 Temperature-programmed reduction (TPR) spectra of Pd-NC,
PtRu@Pd-NC and PtRu/C catalysts.

conductivity detector (TCD) signal became stable, the sample
was heated at 10 °C min™" to 900 °C using a temperature-
programmed furnace. The reduction temperature was moni-
tored with a K-type thermocouple and the water produced by
reduction was trapped in a column of silica gel. The output
polarity was set so that positive TCD signals indicate hydro-
gen consumption. The TPR spectra of PtRu@Pd-NCs exhibit
a single peak, suggesting the formation of Pt-Ru bimetallic
interactions and also confirming the alloying with Pd-NCs,
possibly due to the close proximity of Pt and Ru in the co-
reduction method.

The crystal structures of Pd NCs and PtRu@Pd-NCs were
analyzed by means of X-ray diffraction (XRD) patterns. The
prominent diffraction peaks are observed in Fig. 5 at 260 =
39.90° (111), 45.50° (220) and 67.80° (220) in the case of the
Pd NC XRD pattern, which are consistent with the face-
centered-cubic (fcc) crystalline structure of Pd (JCPDS, card
no. 46-1043). In the XRD pattern of the PtRu@Pd-NC com-
posite, the diffraction peaks at 26 = 39.40° (111), 46.20° (220)
and 68.30° (220) correspond to Pd and Pt, respectively, while
the additional peak at 20 = 77.30° (301) clearly indicates the
existence of Ru. Additional peaks of RuO, were not detected
in the XRD spectra. In the XRD pattern of the PtRu@Pd-NC

— Pd-NCs
—— PtRu@Pd-NCs

Intensity (a.u.)

30 40 50 60 70
2 [Theta] Degree

Fig. 5 X-ray diffraction spectra of Pd-NCs and PtRu@Pd-NCs.
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composite, the peak at (220) shifted slightly to higher angles
compared to the pure Pd NCs, which indicates lattice con-
traction due to alloy formation, while the peak at (111)
showed a shift towards lower angles corresponding to nucle-
ation of Pt atoms on the Pd surface.

The electrochemical performance of the as-developed
PtRu@Pd-NC nanocomposite was compared with the com-
mercial PtRu/C bimetallic alloy catalyst. In order to calculate
the electrochemical active surface area (ECSA), the cyclic
voltammogram (CV) curves of the catalysts were recorded
from 0.05 V to 0.70 V vs. RHE at room temperature in N,
purged 0.1 M HCIO, aqueous solution at a scan rate of 50
mV s~*. The higher anodic potential was restricted up to 0.70
V, in order to avoid the formation of ruthenium oxides and
deactivation of the PtRu bimetallic alloy layer at higher
potential limits. The inset in Fig. 6 and Fig. S1f show the
base cyclic voltammogram (CV) for PtRu@Pd-NC and PtRu/C
catalysts. The CV displays a broad current region for
underpotential deposition of H (Hypp) and its oxidation in
the region from 0.05 to 0.35 V, similar to polycrystalline Pt. It
is followed with a double layer region from 0.4 V to 0.7 V,
wherein the current is slightly higher than that of pure Pt of
the same surface area.

This confirms the presence of a small amount of Pt. The
electrochemical surface area of the electrode composed of
the PtRu@Pd-NC catalyst was determined by integrating the
current for Hypp and assuming the charge of Hypp on
smooth Pt (210 uC em™>).*>*! In all the CVs, a characteristic
current response associated with PtRu compared with the
pure Pd-NC catalyst has been shown. PtRu@Pd-NCs exhibit a
typical adsorption/desorption region in the CVs, which shows
the hybrid alloyed structure of secondary metals with Pd, and
a prominent Hypp region with two peaks is also well ob-
served. The peaks in the Hypp region provide strong evidence
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Fig. 6 The activity of methanol oxidation reaction (MOR) and the
accelerated durability test in 0.1 M HClO4 + 1 M CH3OH solution at a
scan rate of 50 mV s up to 1000 cycles; the inset shows the base
cyclic voltammograms before and after running MOR for 1000 cycles

in the potential region from 0.05 V to 0.7 V.
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of hydrogen adsorption at the (110) and (100) facets of Pt
intermixed with Pd. The XPS results are also in good agree-
ment with this electro-chemical behavior and also these Hypp
characteristics of our PtRu@Pd-NC catalyst are also well at-
tributed to previously reported Pt and Pd hybrid alloys with
other metals.”>** The electrocatalytic behaviors towards
methanol electro-oxidation were measured by two electro-
chemical methods using CV and chronoamperometry (CA)
in 01 M HCIO, + 1 M CH;0OH solution. The cyclic
voltammogram for methanol oxidation is given in Fig. 6 and
Fig. S1f Both the real current and the current densities (j)
which were obtained by normalizing the current with the
electrochemical active surface area (ECSA) are provided. The
current densities obtained by normalizing with the geometric
surface area were also measured and compared for all the
catalysts (see Table S1t). The chronoamperometric current
transients for MOR at constant potentials of 0.3 V, 0.4 V and
0.5 V are given in Fig. 7. The onset of the methanol oxidation
reaction takes place near 0.30 V; the MOR current increases
slowly with a positive shift in electrode potential up to 0.5 V,
which is followed by a sharp increase at a potential from 0.5
to 0.7 V. From Fig. 7, it is demonstrated that the initial MOR
current is very high. However, it drops quickly within the first
25 s. Afterwards, it drops slowly and reaches a steady state
value at ca. 5 min after the potential step. The peak current
density is 11.44 mA cm™> (at 0.70 V). The obtained current
density was higher than those of the commercial PtRu/C cata-
lyst and recently reported modified catalysts with Pd-NCs.
Our catalyst has shown significantly higher activity around 3
times higher than that of the commercial PtRu/C catalyst.
Furthermore, the onset potential for chemisorption of metha-
nol is at a lower potential vs. RHE than that of the above
compared reported catalysts.

15
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—O— Commercial PtRu/C
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Fig. 7 Current transients of MOR for PtRu@Pd-NCs compared with

commercial PtRu/C in 0.1 M HClO4 + 1 M CH3OH solution at constant
potentials of 0.30 V, 0.40 V and 0.50 up to 300 s.
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The enhanced MOR performance on the Pt/Pd surface
may be attributed to the favorable chemisorption of metha-
nol and subsequent breakage of the C-H bond. The removal
of poisoning intermediates such as Pt-CO,qs/Pd-CO,qs by
the oxidation with Pt-OH,qs/Pd-OH,qs supplied by Pt-OH/
Pd-OH sites also promotes electrocatalytic activity.”> The
reported data suggest that our PtRu@Pd-NCs demonstrated
much higher performance due to the promoting effect of
C-H breakage and removal of CO,qs in the methanol
electro-oxidation compared to the commercial PtRu/C. The
enhanced MOR activity of PtRu@Pd-NCs can be well under-
stood by the mechanistic explanation of chemisorption of
methanol which depends on two factors; in the first factor,
the Pt sites easily remove the poisoning intermediates such
as CO,qs by the presence of OH,qs; on nearby Ru sites and
enhance methanol electro-oxidation. Secondly, the alloying
of the Pt shell with the Pd core also weakens the Pt—-CO,qs
bond that may lead to the easy breakage of the Pt-CO,q
bond, which tends to remove poisoning intermediates and
provide more Pt sites available for further electro-oxidation
of methanol.

The enhanced electrocatalytic performance is also attrib-
uted to the synergistic effect provided by Pd-NCs. Our
PtRu@Pd-NCs showed much higher performance than the
reported materials;**™>° this enhancement is due to the inter-
mixing of PtRu layers with Pd-NCs, which inhibit the block-
age of Pt active sites by poisoning intermediates such as
CO,g45s species. Moreover, there is a mutual electron transfer
path which provides a short axial transmission distance for
electrolyte ions and electrons in the electrode and thus dis-
play higher specific capacitance and transference of electrons
in anodic application. There are two key parameters for a cat-
alyst to be excellent in electro-oxidation; firstly, it should
have a higher current density and secondly, it must show a
lower onset oxidation potential. Our PtRu@Pd-NC -catalyst
exhibited the highest oxidation current/mass activity and also
showed a lower onset oxidation potential.

The MOR performance of PtRu@Pd-NCs has also proved
to be much better than those of other already reported Pd/Pt-
based catalysts,”® as can be seen in the critical comparison
among those provided in Table 1. As the durability of electro-
catalysts is one of the important issues for their applications

Table 1 Comparison of electrocatalytic MOR activity of reported Pd/Pt/
Ru-based catalysts with that of our catalyst

Catalyst j (mA cm™) Ref. no.
Pd-NCs 0.73¢ 55
Pt-NCs 1.04 56
PdPt-NCs 6.0¢ 57
PtRu composite 1.90¢ 58
Pt/C commercial 0.70% 56
This work 11.44¢ 44.29° —
Pd/TiO, nanotubes 20° 59
Ru/MnO, 7.2° 60

“ Current density normalized by ECSA. ? Current density normalized
by geometric surface area at 0.70 V.
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in fuel cells, an accelerated durability test (ADT) was also
performed in 0.1 M HCIO, + 1 M CH;OH solution by apply-
ing a cyclic potential sweep between 0.05 V to 0.70 V vs. RHE
at a scan rate of 100 mV s™' up to 1000 cycles. The durability
was tested by comparing the ECSAs from base CVs and peak
currents from MOR activity before and after accelerated
methanol oxidation reaction. As shown and compared with
the 1st cycle of CVs in Fig. 6, the PtRu@Pd-NCs experienced
a loss of only 1.3% and 1.4%, respectively, of the initial
ECSA and peak current after 1000 cycles of methanol oxida-
tion. Such results indicate that the as-synthesized PtRu@ZPd-
NCs exhibit enhanced durability towards methanol oxida-
tion. This was a very significant improvement for using and
tuning Pd-NCs with (100) facets by alloying with two other
metals for methanol oxidation and developing a tri-metallic
nanocomposite electrocatalyst as an anode material in
DMFCs.

Moreover, electrochemical CO oxidation experiments were
performed to strengthen the mechanistic claims in the present
study (see Fig. S21). CO is a well-known poisoning intermedi-
ate that stops further oxidation of methanol once adsorbed on
the active sites of catalysts. The present study's results, it has
been seen that the much higher improvement in MOR cataly-
sis after fabricating a PtRu shell on Pd-NCs is attributed to-
wards shifting the CO oxidation to lower potential values. As
the adsorbed CO is oxidized at a lower potential, more active
sites are released for oxidation of methanol molecules.

The enhanced activity and durability for MOR of
PtRu@Pd-NCs compared with PtRu/C (E-TEK) bimetallic alloy
NPs are suggested to be caused by the synergistic effect pro-
moted by the Pd-NC support. This synergistic effect eventu-
ally enhanced the overall catalytic performance of the
PtRu@Pd-NCs. In addition, electrochemical impedance
spectroscopy (EIS) experiments were further performed to
support the claim regarding the synergistic effect in the pres-
ent study. The study of the electro-oxidation of methanol on
PtRu@Pd-NC, Pd-NC and PtRu/C (E-TEK) electrodes was car-
ried out with EIS measurements. The Nyquist curves of the
above catalysts in the same aqueous solution for MOR stud-
ies are shown in Fig. 8. The EIS results reveal a slow reaction
rate of the methanol dehydrogenation oxidation on PtRu/C
(E-TEK) compared with PtRu@Pd-NCs. This suggests that the
slow kinetics is caused by the CO,q4¢ intermediate from meth-
anol dehydrogenation intermediate species which are
strongly adsorbed on Pt sites and block the continuous ad-
sorption and dehydrogenation of methanol molecules.’>>
The EIS patterns on Pd-NCs are also similar to those on the
PtRu/C (E-TEK) catalyst. On the other hand, in the case of
PtRu@Pd-NCs, the Nyquist curve indicates that the rate of
methanol dehydrogenation is faster on this catalyst. Thus,
the performance of CO-tolerance on the PtRu@Pd-NC catalyst
is higher than that on the PtRu/C (E-TEK) catalyst. The EIS re-
sults suggest that the rates of electro-oxidation and removal
of CO,qs by OH,q4s are rapid on the PtRu@Pd-NC catalyst,
thereby enhancing its catalytic activity for MOR compared to
that of the PtRu/C (E-TEK) catalyst.
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Fig. 8 Electrochemical impedance spectroscopy (EIS) Nyquist plots
for PtRu@Pd-NC, PtRu/C and Pd-NC catalysts in 0.1 M HCIO, + 1 M

CHzOH solution at 0.40 V vs. RHE, inset: the hemisphere's arc area
extracted from EIS curves.

The EIS curves were also analyzed in depth to determine
the impedance of each component within the system sepa-
rately. The Nyquist impedance curves in the inset in Fig. 8
show two different arced areas for all the catalysts. The first
arc hemisphere area possibly intercepting at the x-axis is as-
cribed to the equivalent series resistance (ESR), which is
mainly associated with the resistance of electrolyte, and the
effect of the catalyst is excluded here. It is clearly seen from
the results that the ESR value of PtRu@Pd-NCs is compara-
tively lower than those of the other two catalysts provided in
the present study. After the small arced hemisphere area, the
data points correspond to the resistance related to the cata-
lyst performance for chemisorption of alcohol molecules. The
position of data points towards the left side indicates the suc-
cessive oxidation of methanol molecules with low CO poison-
ing or the catalyst oxidizing CO,qs more effectively to allow
the reaction to proceed forward.>*

The EIS studies were further extended to analyze the resis-
tance during MOR at different potentials (see Fig. S3t). These
results also provided information about the superiority of
PtRu@Pd-NC catalysts over PtRu/C (E-TEK) and the starting
Pd-NC catalyst. The smooth start of methanol chemisorption
seen at lower potentials showed a steady decrease with an in-
creasing potential range up to 0.40 V in the first quadrant,
the reaction proceeding with maximum oxidation of metha-
nol. Then at 0.70 V, the adsorbed CO intermediate was re-
moved from the active sites of the catalyst, as shown by the
reverse direction of the EIS arc. This enhancement factor for
the PtRu alloy in MOR is attributed to the synergistic effect
of Pd-NCs. There is a possible electron transfer from the
Pd-NC substrate to Pt in the PtRu shell due to the difference
of electronegativity values between Pd and Pt, ie. 2.20 and
2.28, respectively. The higher electronegativity of Pt com-
pared with that of Pd suggests the electronic interactions
between the Pd support and Pt atomic orbitals, leading to

This journal is © The Royal Society of Chemistry 2017
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transference of electrons from Pd to Pt. This electron transfer
phenomenon may contribute to the decay of the Pt-CO bind-
ing energy and improve the electro-oxidation of CO,gslike
intermediate species from methanol dehydrogenation, and
highly enhance the adsorption and oxidation of methanol
molecules on the PtRu@Pd-NC catalyst.®"**

Our catalyst has fulfilled all the required parameters for a
good anode material for DMFCs, such as having the highest
activity at lower potentials, a lower onset potential and en-
hanced durability. The catalyst, with a lower atomic compo-
sition of PtRu along with Pd (fcc 100), has shown higher ac-
tivity. This facile approach can open successive pathways to
tune the present metallic support materials further, for more
highly active catalysts for MOR.

Conclusions

In conclusion, we have demonstrated a novel, highly efficient
and durable PtRu@Pd-NC catalyst for MOR. In our work, Pd-
NCs have been used as metallic support materials to cover
the PtRu bimetallic alloy shell. Material characterization has
completely described the crystallographic structure and mor-
phology of the as-developed nanocomposite. The electro-
chemical experimental results revealed the excellent perfor-
mance of PtRu@Pd-NCs compared to the commercial PtRu/C
(E-TEK) catalyst. The EIS patterns provided significant evi-
dence of the synergistic effect of Pd-NCs on enhancing the
electrocatalytic activity of PtRu bimetallic alloy NP layers on
their surface.

We have been successful in achieving our goal and provid-
ing multiple contributions to the field of electrocatalysis with
the present work. The most important among them is the re-
duced cost of catalysts with a lower composition of precious
metals Pt and Ru on a Pd-based material. Hence, tuning of
Pd-NCs as metallic supports for excellent MOR activity and
chemical co-reduction of PtRu on Pd-NCs in order to synthe-
size a composite core-shell catalyst provide a better MOR cat-
alyst with lower onset potential, higher current density at
lower potentials compared to the commercial PtRu/C (E-TEK)
catalyst and enhanced durability. This successful and new
achievement informs us that the Pd (100) facets improve the
activity in combination with low amounts of Pt and Ru
metals. This study could be further adopted to produce more
active and low-cost MOR catalysts with different bimetallic al-
loy compositions on active Pd-based materials.
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