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a b s t r a c t

Multi-walled carbon nanotube supported PteIr nanoparticles (PteIr/MWCNT) with different elemental
ratios were synthesized by one-pot co-reduction approach under ambient conditions. The PteIr catalysts
exhibit improved bi-functional activity towards oxygen reduction reaction (ORR) and oxygen evolution
reaction (OER) and its electrocatalytic performance was clearly established using different physi-
ochemical characterization techniques. The PteIr composition of 2:1 has a higher electrochemical surface
area (ECSA) of about 85.3 m2/g compared to other compositions (3:1 and 1:1) and Pt/MWCNT due to the
effect of particle size distribution. The improved ORR/OER activity was found to be 139.4 and 740 mA/mg,
respectively, for PteIr(2:1)/MWCNT with the potential difference of 760 mV for oxygen bi-functional
activity. Furthermore, PteIr(2:1)/MWCNT showed much better stability for ORR compared to other
compositions and Pt/MWNCT catalysts, i.e., around 76% of its initial ECSA retained with <20 mV shift in
half-wave potential was obtained even after 10,000 potential cycles in acidic medium. It is believed that
the Pt enriched surface, amount of Ir content, induced electronic and geometric effects play a vital role on
the electrocatalytic activity enhancement of PteIr(2:1)/MWNCT as effective bi-functional oxygen
electrode.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

The depletion and over-exploitation of natural resources chal-
lenging the sustainable development with massive environmental
impact led to the extensive research on alternative energy systems.
The electrochemical energy conversion and storage systems such as
fuel cells, water electrolyzers and batteries are the most pivotal
technology to resolve the present energy crisis across the world
[1e5]. Although, hydrogen is the most promising alternative green
energy source, the oxygen electrode reactions are playing a key role
in limiting the overall performance of energy conversion and
storage systems. The fundamental problem of both oxygen reduc-
tion reaction (ORR) and oxygen evolution reaction (OER) are slug-
gish reaction kinetics in an acidic environment [6e8]. To overcome
this, it is important to develop an active electrocatalyst with long-
lasting efficiency under corrosive operating conditions [9e11].
aneng@ujs.edu.cn (H. Su).
Among the noble metal catalysts, the carbon supported Pt and
IrO2 shows the remarkable electrocatalytic performance towards
ORR and OER respectively. This could be the valid point to consider
them as inevitable catalyst materials for bi-functional oxygen re-
actions [12e14]. The rapid advancement in electrocatalytic per-
formance achieved by higher use of active Pt catalysts with
improved performance [15]. In addition to this, several factors
allowed to develop the Pt based catalysts, i.e., increasing the active
surface area, shape, size, composition and the electronic properties,
which considered as the prime driving force for improved ORR/OER
activity [16e22]. From the literature survey on Pt based oxygen bi-
functional catalysts, Pt black, PteIr, Pt-IrOx, PteRu, Pt-RuOx and
PteRueIr catalysts show the notable performance for ORR/OER. But
the order of activity clearly reveals that the PteIr catalyst could be
the promising oxygen bi-functional electrode among the other
catalysts [23e26].

In this context, the PteIr bimetallic catalysts prepared by
different synthesis method and used to catalyze the ORR and OER
[23e25,27,28]. As a bi-functional oxygen catalyst, support-free
PteIr nanostructures were exhibits significant improvement on
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catalytic performance based on its nanostructure and elemental
compositions. The PteIr alloy nano-short-chain morphology ex-
hibits around 47% of bi-functional catalytic efficiency as reported by
Zhang et al. [29]. The elemental composition between Pt and IrO2 of
1:9 shows balanced bi-functional performance for ORR/OER. But,
the catalyst stability found massively decreased after 1000 poten-
tial cycles (PCs), which could be due to the oxygen bubbles accu-
mulation when cycling in ORR-OER regions as demonstrated by
Gabriel et al. [30].

Gutsche et al. [31] studied Ir nanodots on RuO2 for OER and Ir
nanodots on Pt nanorods for ORR. After 2000 cycles, the catalysts
stability were found decreased for OER, but the ORR stability was
increased compared to monometallic (Ir and Pt) catalysts. As re-
ported by Ioroi et al. [32], the IrO2 played crucial role as effective
catalytic promotor with Pt nanoparticles and thus the lesser
amount (10e30%) of Ir content is sufficient for the improved oxy-
gen electrode activity in acidic medium. This phenomenon was
clearly explained by Yao et al. [33], that the IrO2 supported Pt shows
lower ORR activity, but higher OER activity due to the down shift of
the d-band center led to weak O2 adsorption. Kong et al. [34,35]
studied the bi-functional oxygen activity of PteIrO2 and Pt/IreIrO2

nanostructures prepared through two different methods of com-
mercial template assisted and microwave assisted polyol reduction
approach respectively. They found that the improved electronic
properties, high surface area and structural features were attrib-
utable to the enhanced performance as support-free bi-functional
catalyst.

Besides alloy nanoparticles, catalyst supports also to play an
important role in determining catalyst performances. The sup-
porting materials should have some important characteristics are
of, large surface area, high electrical conductivity, good cohesion to
catalyst particles, porous structure, good dispersion and also the
better corrosion resistance under operating conditions [36,37].
Among the various kind supports, carbon back was widely
employed for electrocatalyst preparation. However, these common
carbon supports normally suffer from the rapid the surface oxida-
tion, which result the dissolution of metal nanoparticles and par-
ticle size growth due to Ostwald ripening/agglomeration, then
affecting the catalyst performance [38]. Moreover, common carbon
powder is more likely oxidized to carbon dioxide (CO2) and carbon
monoxide (CO) under the fuel cell operating conditions which
could lead to severe CO positioning effect on catalyst active sites
[38e40]. Whereas, the multi-walled carbon nanotube (MWCNT) is
the well-known catalyst support having high conductivity, specific
surface area, porosity, good dispersion andmore importantly better
corrosion resistance, which is then considered as an ideal sup-
porting material for advanced catalyst development [41].

Although, the Pt alloy with Ir and IrO2 nanostructures was re-
ported in limited aspects as a bi-functional oxygen electrocatalyst
but, maintaining both good durability and activity is critical to the
development and application of this bi-functional catalyst. In order
tomaximize the Pt utilization, the development of surface enriched
Pt electrocatalysts could be the promising and logical approach
where the electrocatalysis occurs at the surface of the active cata-
lyst sites [24,42]. In addition, the preparation of Pt enriched surface
with Ir nanoparticles found to be more complicated as observed
from the literatures [25,29e31,35,42e44]. Based on the above
consequences, we inspired to develop the Pt enriched PteIr catalyst
on MWCNT with optimized composition by simple preparation
method for improved performance. Hence, the prime focus of the
present study can be highlighted as follows, (i) the surface enriched
Pt on preformed Ir nanoparticles through simple chemical reduc-
tion approach; (ii) the formation of intra-atomic PteIr alloy nano-
particles with less than 3 nm size, and (iii) the improved oxygen bi-
functional activity and durability with induced synergistic effect.
2. Experimental methods

2.1. Preparation of PteIr/MWCNT catalysts

In this synthesis method, MWCNT supported PteIr alloy nano-
particles have been prepared by following steps. Initially, 0.005 M
Iridium (III) chloride (IrCl3, 62%) and 0.05 M sodium citrate dihy-
drate (C6H5Na3O7$2H2O, 99.0%) was dissolved in high pure water
with continuous stirring for 15 min. Then, 0.1 M freshly prepared
NaBH4 was added drop by drop and followed by the addition of 30%
H2O2 at 90 �C under refluxing condition in an Ar atmosphere for 2 h.
In this reaction mixture, 0.02 M of Chloroplatinic acid hexahydrate
(H2PtCl6$6H2O, ~37.5%) and formic acid (HCOOH, 88%) was added
immediately at 160 �C under similar condition for 1 h. Then, the
carbon support of acid treated (3:1 HNO3 and H2SO4) MWCNT (98%
& 20e30 nm) was added under continuous stirring for 2 h. Here,
the atomic ratio of Pt and Ir was varied as 3:1, 2:1 and 1:1 with
respect to the amount of MWCNT. Under identical conditions, 20%
Pt/MWCNT was prepared for reference by formic acid reduction.

2.2. Physical characterization techniques

High resolution transmission electron microscopy (HRTEM,
JEM-2100, JEOL, Japan) operated at 200 kV and scanning
transmission-electron microscope (STEM) coupled high-angular
annular dark field (HAADF) (Tecnai F20 G2 FEI, 200 kV) with
EDAX was used to examine the surface morphology and distribu-
tion of catalyst. Powder X-ray diffraction (XRD) (XRD-6100, Shi-
madzu, Japan)with a Cu Ka X-ray source (l¼ 1.530598 Å) and X-ray
photoelectron spectroscopy (XPS, ESCALAB 250Xi) was employed
to determine the crystallographic nature and electronic state of
metal nanoparticles.

2.3. Electrochemical characterization techniques

The cyclic voltammetry (CV), linear scan voltammetry (LSV) and
chronoamperometry (CA) techniques were employed to determine
the electrochemical performance of these catalysts. All electro-
chemical characterizations were performed in a three-electrode
electrochemical cell connected with electrochemical workstation
(CHI 760 E). A glassy carbon-rotating disc electrode (GC-RDE,
0.196 cm2) and rotating ring-disc electrode (GC-Pt-RRDE,
0.2457 cm2 vs. 0.1866 cm2) was employed as working electrodes
and a thin Pt-wire as the counter and Ag/AgCl (Sat. KCl) as a
reference electrode. A homogeneous catalyst ink was prepared by
dispersing 2 mg of catalyst in 1 ml of absolute ethanol and 10 ml of
Nafion were sonicated for 30 min. Then, 8 ml of catalyst ink was
coated on the mirror finished GC surface of the working electrode
and the metal catalyst loading was about 16 mg cm�2. For ORR
measurements, CVs were recorded in N2 saturated 0.1 M HClO4
electrolyte at 0.1 V/s and LSVs at 0.01 V/s in O2 atmosphere under
hydrodynamic conditions (400e2400 rpm). The accelerated dura-
bility test was performed by continuous potential cycling (PC)
approach at 0.1 V/s in O2 atmosphere. The OER-LSV was recorded in
N2 saturated 0.1 M HClO4 electrolyte at 0.01 V/s at a rotation speed
of 1600 rpm and the CA profiles obtained at 1.6 V for 6500 s. To
compare with reported literatures, all the potential values had been
converted to a reversible hydrogen electrode (RHE).

3. Results & discussion

Transmission electron microscope images of PteIr alloy (3:1, 2:1
and 1:1) and Pt nanoparticles on MWCNT was presented in
Fig. 1aed. For all the catalysts including monometallic Pt/MWCNT,
the spherical shaped metal nanoparticles distributed over MWCNT



Fig. 1. TEM images of MWCNT supported (a) 3:1, (b) 2:1, (c) 1:1 ratio of PteIr and (d) monometallic Pt catalysts; (e) HAADF-STEMmapping images and (f) EDAX-line scan profile for
PteIr (2:1)/MWCNT.
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was apparent. The mean particle size was determined from the
corresponding histograms of each catalyst and found to be 3.06,
2.29 and 2.81 nm for 3:1, 2:1 and 1:1 ratio of PteIr/MWCNT
respectively, and 2.81 nm for Pt/MWCNT. The average particle size
was approximately 2.5 nm for PteIr catalysts, which was consid-
erably small and might cause the heterogeneity and clusters.
Although, the PteIr nanoparticles were randomly distributed over
the MWCNT support and average particle size was precisely esti-
mated from the histogram data and found similar with the
crystallite size of XRD. The HAADF-STEM and mapping images
(Fig. 1e) for PteIr (2:1)/MWCNT clearly showed the distribution of
PteIr nanoparticles on MWCNT, and the respective EDX-line scan
profile confirm the surface enriched Pt over Ir as observed from
Fig. 1f. The HRTEM images for 3:1, 2:1 and 1:1 ratio of PteIr/
MWCNT (Fig. 2aec) and Pt/MWCNT (Fig. 2d) catalysts shows the
distinct lattice fringes with the d-spacing of 2.25 Å and 2.22 Å
corresponds to Pt (111) and Ir (111) crystalline planes respectively.

The XRD profiles of MWCNT supported PteIr/MWCNT (3:1, 2:1



Fig. 2. HRTEM images of MWCNT supported (a) 3:1, (b) 2:1, (c) 1:1 ratio of PteIr and (d) monometallic Pt catalysts.
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and 1:1) and monometallic Pt catalysts shown in Fig. 3a. The
characteristic diffraction peaks confirm the face-centered-cubic
(fcc) Pt crystalline structures attributed to (111), (200), (222) and
(311) hkl planes. We observed that, there is no distinct phase sep-
aration of the metallic Pt and Ir diffraction peaks indicating the
intra-atomic alloy formation. This could be due to (i) same atomic
radius of Pt and Ir (135 p.m.) [45] and (ii) the alloy formation
occurred at a metastable solid solution phase [23,44]. In addition to
this, the higher angle shift of Pt reflections with respect to the
percentage of Ir content (a magnified part of Pt (111) given as
Fig. 3b) attributes the interaction between Pt and Ir leads to the
lattice contraction of the Pt crystalline structure.

Whereas, the less intense peak observed between 53.5 and 54.0�

corresponds to (211) crystalline plane, which confirms IrO2 co-
existence in all the three PteIr/MWCNT catalysts. The diffraction
peak at 25.9� is attributed to graphite (002) structure of MCWNT
[46]. The average crystallite size calculated using Debye-Scherer
equation, about 3.74 nm, 2.82 nm and 3.01 nm for 3:1, 2:1 and
1:1 PteIr/MWCNT catalysts and 3.30 nm for Pt/MWCNT. The
diffraction peak shift towards higher angle with increasing Ir con-
tent might be due to the compressive strain in the Pt lattice
structure induced by the incorporation of Ir during the alloy for-
mation. It has been widely studied and discussed in many
literatures about the impact of crystal lattice parameter and the
alloy formation with the concentration of the metal constituents
[47,48]. The lattice parameter is a key indicator to evaluate the
structural influence on catalytic activity because it is directly
correlated with the interplanar distance (d-spacing) and its
diffraction plane. By using Bragg’s law, the d-spacing (interplanar
distance) values can be determined from the following equation
(1), which can be further used to calculate the lattice parameter
values by equation (2) as given below [26,48].

d¼ nl
sinq

(1)

a¼d �
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h2 þ k2 þ l2
q �

(2)

where, l is the wavelength of incident X-rays (l¼ 1.5418 Å), q is the
diffraction angle and (h k l) is the Miller indices of the respective
crystalline plane. The calculated lattice parameter decreases grad-
ually from 3.9187 to 3.9088 Å by increasing the Ir content in PteIr/
MWCNT catalysts, which was found smaller than Pt/MWCNT
(3.9234 Å), implying the compressive lattice strain in Pt crystalline
planes of PteIr catalysts.



Fig. 3. XRD patterns (a), magnified portion of Pt (111) diffraction peak (b) and XPS peaks of Pt 4f (c), Ir 4f (d) and survey spectra (e) for 3:1, 2:1, 1:1 ratio of PteIr/MWCNT catalysts.
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The XPS results demonstrated the surface elemental composi-
tion and oxidation state of Pt and Ir in PteIr/MWCNT catalysts. In
Fig. 3c, the Pt4f spectra displays the doublets at 71.6 eV and 74.9 eV,
which corresponds to 4f7/2 (Pt0) and 4f5/2 (Pt2þ) states for PteIr/
MWCNT catalysts. We observed that the positive shift of Pt 4f7/2 for
all the three PteIr/MWCNTcatalysts was relative to bulk Pt (Pt 4f7/2:
71.07 eV) [42] and monometallic Pt/MWCNT (Pt 4f7/2: 71.4 eV and
Pt 4f5/2: 74.6 eV), which confirms the intra-atomic-charge transfer
from Pt to Ir resulting in the lattice contraction of Pt.

Whereas, the doublets of 4f7/2 and 4f5/2, with a binding energy
value of 61.4 eV and 64.5 eV corresponds to Ir0 and Ir4þ, showed a
negative shift compared with standard Ir black [34,49] as observed
in Fig. 3d. Hence, the positive shift of the Pt4f and negative shift of
Ir4f in PteIr/MWCNT catalysts might be due to the change in the
electronic structure of the catalysts, which caused the downshift of
Pt d-band center. Many researchers have found the similar phe-
nomenon of binding energy shift for Pt-M bimetallic (M: Fe, Co, Ni
and Ir) alloy catalysts, which clearly demonstrate that the down-
shift of Pt d-band center is favorable to increased p-electron
donation from O2 to active Pt sites, then resulting in the strong
adsorption of O2 followed by the weakening of the OeO bond
[50,51]. These results clearly reveal that the d-band shift of Pt atoms
through intra-atomic alloy formation leaded to a facile charge
transfer for the enhanced electrocatalytic activity of PteIr/MWCNT
catalysts [44]. The surface elemental composition of PteIr/MWCNT
catalysts were found to be 67:33, 78:22 and 88:12 for 3:1, 2:1 and
1:1 ratio respectively (Fig. 3e).

The CV studies of PteIr/MWCNT and Pt/MWCNT catalysts per-
formed in N2 saturated 0.1 M HClO4 to assess the redox behavior
and its electrochemical active surface area (ECSA) from respective
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H-desorption/adsorption (Hupd) region (Fig. 4). Notably, the CVs
obtained for PteIr/MWCNT (3:1), (2:1) and (1:1) catalysts feature
the PteO(H) oxidation/reduction peaks between 0.5 and 1.0 V
which is a resemblance to the polycrystalline Pt structure [52,53]
and monometallic Pt/MWCNT. This observation reveals that, no
specific peaks observed for Ir indicates the enriched Pt at the sur-
face layer of the catalyst [23,54].

The ECSA calculated from the columbic charge associated with
the hydrogen desorption region of 0.0e0.4 V from respective CV
profiles. The PteIr(2:1)/MWCNT possesses a higher ECSA value of
about 85.3 m2/g compared to PteIr/MWCNT (53.6 m2/g for 3:1 and
79.7m2/g for 1:1) and Pt/MWCNT (60.4m2/g) catalysts could be the
particle size and distribution effect [43,55,56]. In order to deter-
mine the catalyst efficiency, the chemical surface area (CSA) asso-
ciated with particle size distribution estimated and used to
calculate the percentage of Pt utilization by normalizing with ECSA
[57]. The detailed procedure to calculate the ECSA, CSA and Pt
utilization % was provided in the supplementary material [57].
Hence, tPtutilization(%) ¼ ECSACSAhe order of Pt utilization was
found as PteIr(2:1)/MWCNT (87.5%) > PteIr(1:1)/MWCNT
(85.7%) > PteIr(3:1)/MWCNT (71.5%) > Pt/MWCNT (71.1%). In
addition, the value of lattice parameter found decreasing when
increasing the % of Ir content in PteIr catalysts, which was directly
reflected in Pt utilization %. Hence, the influence of PteIr alloy
composition (Ir content variation) over the lattice parameter was
evidently exemplified from the obtained characterization studies.
This phenomenon was well supported from the XRD peak shift
towards high diffraction angle. This could be due to the Pt lattice
contraction through the compressive strain induced by the incor-
poration of Ir during the PteIr alloy formation. This strong
Fig. 4. Cyclic voltammograms of PteIr/MWCNT and Pt/MWCNT catalysts recorded in
N2 purged 0.1 M HClO4 electrolyte at 0.1 V/s.
correlation of composition-strain-activity relationship was signifi-
cantly improved the electrocatalytic performance due to the
increased accessibility of active sites of the PteIr catalysts for ORR
[23,44,54].

The ORR linear polarization curves recorded for PteIr/MWCNT
(3:1), (2:1) and (1:1) catalysts in oxygen saturated electrolyte so-
lution under hydrodynamic conditions and compared with Pt/
MWCNT (Supporting Information Fig. S1). Fig. 5a & b displays the
ring and disc (RRDE) - LSV profiles at 1600 rpm with a potential
scan rate of 10 mV/s. The PteIr(2:1)/MWCNT was found more ORR
active with earlier onset potential (E0) of 0.94 V and higher half-
wave potential (E1/2) of 0.77 V, which are comparatively higher
than other two compositions PteIr/MWCNT (E1/2 ¼ 0.67 V for both
(3:1) and (1:1)) and monometallic Pt/MWCNT (E1/2 ¼ 0.73 V) cat-
alysts (Fig. 5b). The anodic sweep LSV profile of PteIr/MWCNT and
Pt/MWCNT catalysts represent the three distinct regions of ORR
likely, kinetic controlled (>0.8 V), kinetic-mass transfer (diffusion)
controlled (0.9e0.6 V) and mass-transfer controlled (<0.6 V) of the
well-defined diffusion-limiting plateau region [52,58]. The limiting
current density (jd) was found to be 5.76 mA/cm2 for PteIr(2:1)/
MWCNT and relatively higher than other catalysts, indicating the
improved ORR activity.

As we known that, Ir is an oxophilic metal which can readily
form the oxides and could be act as a catalytic promoter by pre-
dominantly restricting the surface coverage of OHads at the earliest
stage, thus facilitating more active Pt sites for ORR. This phenom-
enon was clearly stated that the percentage of H2O2 formation
could be lower for PteIr (2:1)/MWCNT (~1.2e4%) compared to
other PteIr compositions (~4e8%) and Pt/MWCNT (~2e5%). In
addition, the number of electrons transferred during the ORR was
calculated from the RRDE test and the obtained results were well
consistent with the trend of H2O2% formation. From the ring and
disc current density values of PteIr and Pt on MWCNTcatalysts, the
percentage of hydrogen peroxide (H2O2%) was found lower for
PteIr(2:1)/MWCNT (~1.2e4%) compared to other PteIr composi-
tions (~4e8%) and Pt/MWCNT (~2e5%) between 0.1 and 0.7 V
(Fig. 5c). This might be due to the percentage of Ir content which
affected the onset potential of OHads on active Pt sites of PteIr alloy
by restricting the surface coverage of OHads, then further enhancing
the kinetics of ORR [42]. Moreover, the % of Pt utilization was
considered as an important parameter to estimate the catalytic
efficiency, and it was found that the PteIr (2:1)/MWCNT possesses
higher Pt utilization than the other compositions. This clearly in-
dicates that, the (2:1) ratio has more accessible active sites than
other compositions, which could be favorable for a facile electron
transfer, i.e. a direct 4-electron transfer pathway as observed from
Fig. 5d. The kinetics of four-electron transfer during ORR was
further confirmed from the Koutecky-Levich (K-L) plots con-
structed between 1/j and 1/u1/2 as a function of applied potential.
Fig. S2a-d (Supporting Information) show the K-L plots at 0.1, 0.3,
0.5 and 0.7 V obtained for PteIr/MWCNT (3:1), (2:1) and (1:1) and
Pt/MWCNT catalysts. Based on the ‘n’ values, the PteIr(2:1)/
MWCNT found as follows the direct four-electron transfer, which
was well consistent with lesser values of H2O2% obtained from
RRDE.

The K-L plots of PteIr(2:1)/MWCNT shows the straight-line with
good parallel trend under mass-transfer region (0.5e0.1 V) clearly
implying that the first-order kinetics of ORR was more favorable for
direct reduction of oxygen to water [23,58]. In 4-electron pathway,
the first electron transfer occurs at the elementary step (the
adsorption of oxygen species on active Pt sites) which determines
the rate of the reaction and follows the first-order kinetics [59].
According to the reported literatures on PteIr catalysts for ORR, the
mass activity (MA) calculated from the kinetic current density at
0.85 V was found between 35 and 107 mA/mgPt [28,30,42]. Here,



Fig. 5. (a) RRDE-polarization curves for PteIr/MWCNT and Pt/MWCNT catalysts recorded in N2 purged 0.1 M HClO4 electrolyte at 0.1 V/s; trend graph of (b) percentage of H2O2 and
(c) number of electrons transferred during ORR as a function of applied potential.
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the higher MA value of 139.4 mA/mgPt was obtained for PteIr(2:1)/
MWCNT which is nearly 10 times higher than (3:1) and (1:1) ratio
of PteIr. This value was relatively greater than that of Pt/MWCNT
(33.0 mA/mgPt) and competing with reported PteIr bimetallic
catalysts for ORR, probably due to the enriched Pt surface and the
intra-atomic charge transfer between Pt and Ir in alloy formation.

The mechanistic pathway of ORR on PteIr/MWCNT and Pt/
MWCNT further elucidated from the Tafel plot analysis as given in
the supporting information Fig. S3. The mass-transfer corrected
Tafel plots at higher current density region with the slope values
about 133, 112 and 127 mV/dec for (3:1), (2:1) and (1:1) for PteIr/
MWCNTcatalysts. Accordingly, the obtained Tafel slope values were
close to the smooth polycrystalline Pt (120 mV/dec) [60,61] and
comparable to the monometallic Pt/MWCNT (122 mV/dec) and
reported commercial Pt/C catalysts [36,62]. These values are clearly
suggesting that the Ir has significant influence on surface adsorp-
tion of reactive species over the catalyst active sites which playing a
substantial role in ORR catalytic performance.

The accelerated durability test (ADT) performed to assess the
lifetime of the PteIr/MWCNT catalysts, and the result was also
compared with Pt/MWCNT. The ADT-CV and LSV profiles recorded
under N2 and O2 atmosphere respectively, up to 10,000 PCs be-
tween 0.6 and 1.0 V at a scan rate of 0.1 V/s. Fig. 6aed shows the
ADT-CV profiles for (3:1), (2:1), (1:1) of PteIr/MWCNT with
monometallic Pt/MWNCTcatalysts before and after 10,000 PCs. The
structural and crystallographic changes of the PteIr/MWCNT and
Pt/MWCNTcatalysts against the continuous PCs was clearly showed
from the respective CV profiles. Notably, PteIr(2:1)/MWCNT
retained nearly 76% of its initial ECSAwhich is comparatively higher
than the PteIr(3:1)/MWCNT (59%), PteIr(1:1)/MWCNT (70%), and
Pt/MWCNT (62%) after 10,000 PCs, indicating that the PteIr(2:1)
possesses improved stability.

The ORR-LSV profiles before and after 10,000 PCs for PteIr/
MWCNT and Pt/MWCNT catalysts showed in Fig. 6eeh. Among the
PteIr/MWCNT catalysts, (3:1) and (2:1) show nearly 10e20 mV
negative shift of E1/2, which is smaller than those for PteIr(1:1)/
MWCNT (96 mV) and Pt/MWCNT (117 mV) catalysts. Moreover, the
limiting current density and the mass activity retained around 90%



Fig. 6. ADT-CV (aed) and ADT-LSV (eeh) for PteIr(3:1)/MWCNT, PteIr(2:1)/MWCNT, PteIr(1:1)/MWCNT and Pt/MWCNT catalysts before and after 10,000 PCs.
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of its initial value for PteIr(2:1)/MWCNT, clearly suggesting the
superior stability compared to Pt/MWCNT. The impact of ADT
studies was further analyzed from the point of catalyst morphology
using the TEM and HRTEM results. Hence, we were focused to
describe the morphological changes of the catalyst in terms of
particle size, shape, and its distribution over the MWCNT support
followed by the catalytic performance. The respective TEM images
(Supporting Information Fig. S4a) show slight variation in particle
size from 2.29 to 3.47 nmwith clustered morphology, which might
be due to the overlapping of the adjacent nanoparticles through
agglomeration. While, the Pt/MWCNT (Supporting Information
Fig. S4b) had substantial growth from 2.81 to 4.15 nm probably due
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to the Ostwald ripening/agglomeration and dissolution of nano-
particles, consequently leading to a poor performance on ADT
[30,37,63]. In addition to that, the changes in d-spacing values were
obtained from the respective HRTEM images (Supporting Infor-
mation Fig. S4c and S4d) due to the structural deformation reflected
in the lattice spacing of the catalyst. In order to provide a clear cut
manifestation on the morphological changes, the HRTEM images
were presented with measured d-spacing values for PteIr (2:1)/
MWCNT and Pt/MWCNT catalysts after 10,000 PCs.

The PteIr/MWCNT shows appreciable performance towards
OER and the respective polarization curves displayed in Fig. 7a. The
LSV profiles clearly show the effect of Ir content on OER activity,
while the enhanced performance observed for PteIr(2:1)/MWCNT
with low overpotential (300 mV) and higher MA (740.0 mA/mgPt-Ir)
at 1.55 V. The comparison of MA and overpotential for the entire
catalysts presented as a bar chart in Fig. 7c, which clearly depicts
the improved OER activity for (2:1) PteIr among the other catalysts.
This could be due to the optimized composition PteIr (2:1) and its
electronic effect. In addition to this, the IrO2 active sites in PteIr
catalysts were also accounted for the improved OER performance
[29,64].

The kinetics of OER on PteIr/MWCNT and Pt/MWCNT catalysts
assessed by the slope values obtained from the respective Tafel
plots (Fig. 7b). At high current density region, the Tafel slope value
was found to be low as 121 mV/dec for (2:1) PteIr/MWCNT, while
the 135 mV/dec for (3:1) and 128 mV/dec for (1:1) PteIr/MWCNT
and 148 mV/dec for Pt/MWCNT. The CA profiles (Fig. 7d) recorded
under inert atmosphere at 1.6 V and shows significant current
decay for higher Pt content catalysts (PteIr(3:1) and monometallic
Fig. 7. (a) OER-LSV in N2 saturated 0.1 M HClO4 at 1600 rpm, (b) Tafel plots, (c) bar chart o
profiles for PteIr(3:1)/MWCNT, PteIr(2:1)/MWCNT, PteIr(1:1)/MWCNT and Pt/MWCNT cata
Pt/MWCNT), while the PteIr (2:1) and (1:1) displays better dura-
bility. These results clearly indicate that the 2:1 composition of
PteIr exhibits high OER catalytic activity.

The potential gap or difference (DE) is considered as a unique
parameter to probe the bifunctional catalytic efficiency of the
electrode materials for ORR and OER. The DE value was calculated
using the potential values between OER at 10 mA cm�2 and ORR at
3 mA cm�2 to assess the bifunctional activity. The lower DE value of
760 mV for PteIr(2:1)/MWCNT significantly concedes the better
electrocatalytic performance for ORR/OER compared to 950 mV for
(3:1), 900 mV for (1:1) ratio of PteIr and 980 mV for Pt/MWCNT,
and also competing with reported PteIr catalysts [29,30,34]. The
superior bifunctional activity of PteIr (2:1)/MWCNT catalyst might
be due to the availability of more active Pt sites and optimal Ir
content that played a significant role during the oxygen electro-
chemical reactions. Moreover, the onset potential of the OHads
surface adsorption region on Ir was comparatively more negative
than Pt, implying the predominant cover of OHads, which concedes
more active Pt sites leading to the improved electrocatalytic activity
and stability of PteIr (2:1)/MWCNT catalyst.

The kinetic parameters of ORR and OER were summarized for
PteIr/MWCNT and Pt/MWCNT catalysts and presented in Table 1.
Therefore, the higher ECSA, percentage of Pt utilization, binding
energy shifts at the d-band center, the existence of Ir and IrO2,
smaller nanoparticle size and Pt enriched catalyst surfaces are the
vital factors for the improved oxygen bifunctional activity
compared to other catalysts. Therefore, it is believed that the above
key factors play a crucial role in providing more available active
sites toward the oxygen electrochemical reactions. In a nut-shell,
f mass activity at 1.55 V vs. overpotential at 10 mA/cm2, and (d) chronoamperometry
lysts.



Table 1
Summary of ORR and OER kinetic parameters for PteIr/MWCNT and Pt/MWCNT catalysts.

Catalyst ECSA
(m2/g)

ORR OER DE (mV)
(EjOER @ 10 mA/cm2

- EjORR @ 3 mA/cm2)
E0

(V)
EjORR @

3 mA/cm2 (V)
jd (mA/cm2) MA @ 0.85 V

(mA/mgPt)
EjOER @ 10
mA/cm2 (V)

h (mV) j @ 1.55 V
(mA/cm2)

MA @ 1.55 V
(mA/mgPt-Ir)

Pt/MWCNT 60.4 0.91 0.76 5.61 33.0 1.74 510 1.84 115.3 980
PteIr(1:1)/MWCNT 79.8 0.86 0.65 5.14 16.5 1.55 320 10.06 628.6 900
PteIr(2:1)/MWCNT 85.3 0.94 0.77 5.76 139.4 1.53 300 11.84 740.0 760
PteIr(3:1)/MWCNT 45.6 0.84 0.64 5.19 11.2 1.59 360 6.54 408.5 950

EO e onset potential (V vs. RHE); EjORR e ORR current density @ 3mA/cm2 (V vs. RHE); jd e diffusion-limiting current density (mA/cm2);MA emass activity (mA/mg); h e over
potential @ 10 mA/cm2 (mV vs. RHE); j e OER current density @ 1.55 V vs. RHE (mA/cm2); DE e (EjOER @ 10 mA/cm2) e (EjORR @ 3 mA/cm2).
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the optimal composition of PteIr (2:1)/MWCNT catalysts featuring
good physiochemical properties and enhanced electrocatalytic
perform as an efficient oxygen bifunctional electrode.

4. Conclusions

In concise, the activity enhancement of PteIr alloy nanoparticles
decorated on MWCNT could be attributed to the mixed electronic
and ensemble effects. The PteIr alloy composition was optimized
based on the overall performance of bi-functional oxygen catalyst
with well-balanced activity and durability. The structural
morphology and its electronic properties obtained from the phys-
iochemical characterizations confirmed the induced lattice strain
on Pt by d-band shift and the ensemble effect with IrO2, which led
to the improved electrocatalytic performance. The high surface area
of PteIr(2:1)/MWNCT deliberately exhibits the superior ORR and
OER activity than other compositions, and the DE value (760 mV)
was smaller than that of monometallic Pt/MWNCT (980 mV). The
ORR durability of PteIr catalysts show better results than Pt/
MWNCT even after 10,000 PCs, indicating the extended structural
stability of alloy nanoparticles. Furthermore, this study unveils the
importance of Ir content (not more than 30%), the role of co-
existing IrO2 and the electronic and ensemble effects on PteIr
alloy nanoparticles for superior and well-balanced electrocatalytic
activity towards ORR and OER in acid medium. Finally, the
PteIr(2:1)/MWCNT could be the optimized composition as an
efficient bi-functional oxygen electrode for energy conversion
applications.
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