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Oxygen reduction on Ir nanoparticles and nanochains in acidic and alkaline media
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Abstract

Iridium nanostructures with different morphologies are synthesized by a simple,
environmentally friendly approach in aqueous media under mild conditions. The
morphology dependent electrocatalytic activity of Ir nanochains and nanoparticles
towards oxygen reduction reaction (ORR) has been demonstrated in both acidic and
alkaline media. Comparative electrochemical studies reveal that nanochains exhibit
significantly enhanced ORR activities in both acidic and alkaline media as compared
with nanoparticles, as a result of continuous structure of interconnected particles. The
mechanism of oxygen reduction on Ir nanostructures predominantly follows a four-
electron pathway in alkaline and acidic solutions. Excellent stability and good selectivity

towards methanol tolerance is reported.
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Introduction

Electrochemical reduction of oxygen (ORR) on new and novel electrode surfaces
is important especially towards applications in the areas of batteries, fuel cells, air
cathodes and also for many industrial electrochemical reactions such as chlor-alkali
process.”™* Most of the fuel cells are designed to utilize the electrochemical reduction of
oxygen as the cathode reaction to balance the anodic oxidation of fuels.®> The reduction
kinetics of oxygen on most of the electrodes is quite slow and it has been reported to be
6-order slower than the kinetics of anodic oxidation of alcohols.® This makes ORR a
limiting reaction for the performance of energy systems. It is necessary to find catalysts
to improve the kinetics of ORR.” ORR can proceed in two pathways depending on the
nature of the catalyst, pH of the solution etc. (i) direct 4-electron conversion to water
and (ii) indirect pathway leading to the formation of H,O, as an intermediate via 2
electron process.®® Platinum is known to be the most effective electrocatalyst for
polymer electrolyte fuel cells especially for ORR.'®'" Due to limited abundance and
prohibitive cost and also its ability to react with fuels that cross-over to the cathode
(termed as ‘cross-over effect’), there is constant search for alternates to Pt."” Fuel
cross-over is a major issue in direct alcohol fuel cells resulting in fuel permeation
through polymer electrolyte membrane into the cathode compartment generating a
mixed potential that affects the efficiency of fuel cells.”® This can be overcome by
choosing electrocatalysts that are tolerant to the presence of alcohols during ORR.
Iridium has been reported to help in the dissociation of oxygen, based on DFT

calculations' and hence Ir-based nanostructures can be good catalysts for ORR.
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Iridium is one of the stable elements that is highly resistive to corrosion.' Iridium
has been studied as electrocatalysts for various electrochemical reactions, including
small molecule oxidation.'®'® Bimetallic structures of Ir with different metals such as

vanadium, Pt supported on carbon has been studied for ORR in acidic media.?>%*

Further, iridium selenides of different compositions are also used to effect ORR.?4°
However, there is no previous report of using size and shape dependent activity of Ir
nanostructures for ORR activity. In the present studies, we explore the use of
interconnected Ir nanochains synthesized under mild conditions as electrocatalysts for

ORR in both acidic and alkaline conditions. Methanol tolerance studies have also been

carried out.
Experimental section

IrCl; was obtained from Alfa Aesar, Germany. Sodium borohydride and ascorbic
acid were obtained from Polysales, India. 40 wt% Pt/ C was received from Arora

Matthey, India.
Synthesis of Ir nanochains

Iridium nanochain-like structures were prepared using sodium borohydride as
reducing agent and ascorbic acid (AA, which is biocompatible) as capping agent under
aqueous medium.?® In a typical synthesis, an aqueous IrCls solution (1 mM) was stirred
in the presence of an 2 mM ascorbic acid followed by the addition of freshly prepared
sodium borohydride solution (20 mg in 10 mL water) and the mixture was heated at

80°C in air under magnetic stirring for 6 hours and cooled down to room temperature.
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During the reaction, the colour of the solution changed from light pale yellow to light
brown colour. The resulting colloid was precipitated with ethanol and acetone (1:1)

mixture and subsequently washed to remove excess capping agent.

Synthesis of Ir nanoparticles

Ir nanoparticles were prepared using polyvinylpyrrolidone (PVP) as the capping
agent. Briefly 1 mM IrCl; and 4 mM PVP was dissolved in water followed by the addition
of freshly prepared sodium borohydride solution (20 mg in 10 mL of water) and the
mixture was stirred at 80°C for 2 hours and cooled down to room temperature. As
explained in the results and discussion section, the formation of AA capped nanochains
pass through the particle stage at short time intervals. Hence, Ir nanoparticles were also
synthesized using AA as the capping agent by freezing the reaction mixture after 10

minutes of the reaction.

Physicochemical characterization

The as-prepared Ir nanostructures are characterized using various physico-
chemical techniques. Morphological information was obtained using transmission
electron microscopy (TEM, JEOL 2100F) operated at 200 kV equipped with EDAX and
selective area electron diffraction (SAED) accessories. The sample for TEM studies was
prepared by drop-casting ethanolic dispersions of the sample onto holey carbon grids.
Phase identification of the material was carried out using XRD (x-ray diffraction
technique, Panalytical, Netherlands) equipped with graphite-monochromatized Cu-Ka

radiation source.

Electrochemical characterization
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All the electrochemical measurements were carried out using CHI 660A
electrochemical analyzer (CH instruments, TX, USA) with a conventional three
electrode assembly. Working electrodes for ORR were fabricated as follows. Briefly, 3
mg of catalyst (Ir nanostructures) was dispersed in 1 mL water followed by the addition
of 10 pL of nafion solution. The mixture was sonicated to obtain a homogeneous
dispersion and 5 uL aliquot of the dispersion was uniformly spread onto polished glassy
carbon (GCE) electrode of 3 mm diameter. The exact loading of Ir present on the
working electrode based on the volume used is 210 pg/cm?. The electrode was dried
under ambient conditions and used for electrochemical studies. Ir modified GCE was
used as the working electrode and large area Pt foil as the auxiliary electrode.
Saturated calomel electrode (SCE) and mercury/mercuric oxide (Hg/HgO,1M KOH)
electrodes were used as reference electrodes in acidic and alkaline media, respectively.
The reference electrodes are calibrated with respect to RHE® and are given in
supporting information. ORR studies were performed in 0.5 M H,SO4 and 0.1 M KOH

solutions by saturating the electrolyte with high pure O, gas for 30 minutes.

The currents observed were normalized with respect to the electrochemical
active area. Electrochemical active surface area (ECSA) was determined using cyclic
voltammetry in N, saturated 0.5 M H,SOy4 solution by sweeping the potential from -0.3 V
to 0.8 V vs. SCE at a scan rate of 0.05 V/s. The hydrogen adsorption/desorption region
was used to obtain ECSA by assuming a charge of 0.22 mC/cm? for the monolayer
coverage.15‘18 Rotating disc electrode (RDE) measurements were carried out using RDE
system from Pine instruments, USA (AFMSRCE) coupled with a potentiostat. All

electrochemical experiments were carried out in a glass cell with provision for gas
6
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purging. Commercial GC electrodes (3 mm diameter) were used for RDE studies, the

surface of which was coated with the catalyst material.
Results and discussion

Figure 1 shows the TEM images of Ir nanostructures as-prepared using ascorbic
acid (AA) and polyvinylpyrrolidone (PVP) as capping agents. It is clearly observed that
the nanoparticles are connected together in the presence of AA to form extended
interconnected Ir nanochains with different branches. At low magnifications, the
structures are observed to be chain-shaped interconnected nanoparticles while at high
magnifications, the nanochains are observed to be consisting of individual nanoparticles
of size 3.0 £ 0.3 nm that are in close proximity to each other. The chain formation is
monitored quantitatively by recording TEM images at different time intervals of the
growth process. It is observed that nanoparticles are formed at initial stages as shown
in figure S1 (Supporting Information) and these particles reach their equilibrium size and
further self-assemble in the presence of polyfunctional capping agent, AA. Figure S2
(Supporting Information) shows the high resolution TEM image of nanochains, from
which lattice fringes are resolved with lattice spacing determined to be 2.25 A° that
corresponds to the (111) plane of fcc Ir. Based on the above observations, it is clear
that polyfunctional capping molecules play an important role in the formation of
assemblies of nanoparticles.?® Figure 1b shows the spherical Ir nanoparticles formed in
the presence of PVP as the capping agent. The particle size determined from TEM
images is (2.5 £ 0.4) nm. X-ray diffraction patterns are used to examine the crystallinity

and phase purity of nanostructures and are shown in figure 1c and 1d. As shown in
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figure 1c, nanochains show dominant diffractions observed at 20 values of 40.9, 47.2,
69.1 and 83.6 degrees corresponding to (111), (200), (220) and (311) facets of Ir fcc
structure while for nanoparticles, only broad peak at 40.9 degrees corresponding to
(111) reflection is observed. The crystallite size determined from Scherrer equation
using full width half maximum at the most intense (111) plane for nanochains and
nanoparticles is ~3.4 and ~2.9 nm respectively which are in good agreement with the
corresponding sizes observed in TEM analysis. The broad diffraction features are
observed due to small crystallite size. X-ray photoelectron spectroscopy is employed to
ascertain the chemical composition of as-prepared Ir nanostructures. Figure S3
(Supporting Information) shows the core-level deconvoluted Ir-4f spectra which show
two pairs of doublets with binding energy values observed at 61.1 eV and 64.1 eV
corresponding to Ir 4f7, and 4fs, levels with peak to peak separation of 3 eV. This
confirms that the Ir is present in zero oxidation state. The weak intense doublet
observed at high binding energies of 62.3 and 65.1 eV may be assigned to surface

oxidized Ir corresponding to iridium oxide (IrO5).
Oxygen reduction in acidic medium

Metal nanochains may act as good electrocatalysts where the network backbone
enhances the structural stability and electronic conductivity.?*' Hence, it is interesting
to explore the ORR activity on Ir nanostructures. The calibration of reference electrode
is performed in hydrogen saturated 0.5 M H,SO,4 and 0.1 M KOH solution using Pt foil
as the working and counter electrodes, as shown in figure S4 (supporting information).

Figure 2A shows the cyclic voltammograms of Ir nanochains and nanoparticles
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synthesized using AA as the capping agent, in nitrogen saturated 0.5 M H,SO, solution.
It is clearly observed that both nanostructures show typical characteristic features of
polycrystalline Ir for Ir oxide formation and reduction in the positive direction. Hydrogen
adsorption and desorption are observed in the range of - 0.05 V to 0.25 V vs. RHE
whereas Ir oxidation is observed in the range of 0.95 V and the corresponding reduction
of Ir oxide is observed around 0.6 V vs. RHE."™ As compared to nanoparticles,
nanochains exhibit well-defined adsorption peaks for hydrogen, possibly due to well-
defined crystal facets. It should be pointed out that the hydrogen adsorption / desorption
behaviour on Ir depends on the crystallographic plane exposed® and the (111) plane is
reported to show only increase in currents and not well-defined peak while other planes
show different behaviour. In order to understand the role of capping agent for hydrogen
adsorption behaviour, Ir nanoparticles prepared using AA and PVP as capping agents
(particle sizes are similar, ~ 3.0 nm as given in the TEM images) are compared and the
corresponding voltammograms are shown in figure S5 (supporting information). It is
clear that the shape of the voltammograms is very similar. There is a slight difference in
currents observed and this might be due to the base currents being different as well as
any small difference in the particle size distribution. The electrochemical active surface
area (ECSA) of the nanostructures is determined by integrating the charge passed
during the hydrogen adsorption / desorption process after correcting for double layer
charging currents and assuming the charge required to oxidize a monolayer of
hydrogen on Ir to be 0.22 mC/cm™ (Qre).">'® The obtained ECSA value for nanochains

is 7.35 m?/g which is 2.5 times higher than that of particles (2.67 m?/g).
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Electrochemical reduction of oxygen has been investigated in O, saturated 0.5 M
H.SO,4 solution and the typical polarization curves for nanochains and particles are
shown in figure 2B. A peak observed at 0.59 V vs. RHE is due to oxygen reduction
process.'®'® The peak currents vary linearly as a function of square root of scan rate
indicating that the process is diffusion controlled (Figure S6, Supporting Information). As
shown in figure 2B, the cathodic peak potential for ORR shifts to more positive values
(0.59 V vs. RHE) in the case of nanochains as compared to nanoparticles (0.53 V vs.
RHE) under identical experimental conditions. It should be noted that the Ir particles
synthesized using AA and PVP capping agents show similar characteristics for ORR
though the peak potential is slightly (15 mV) more positive for AA capped particles as
compared to PVP capped Ir particles (Figure S5, Supporting Information). These
observations reveal the higher electrocatalytic activity for nanochains as compared to
that of nanoparticles. Rotating disc electrode (RDE) measurements are carried out to
understand the activity and kinetics for ORR on Ir nanostructures and the
measurements are carried out in linear potential scan mode at a scan rate of 0.005 V/s.
Figure 3A shows the effect of rotation rate on the reduction currents for Ir nanochains.
The currents increase as a function of rotation rate due to availability of large reactant
flux near the electrode surface.*® As compared to nanoparticles (Figure S7, Supporting
Information), nanochains show positive onset potential shifts with concomitant increase
in current density. The kinetic parameters are calculated by analyzing the RDE data

based on Koutecky—Levich equation (equations 1 and 2).343°
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where j is the measured current density at different potentials, jx and jq are kinetic and
diffusion current densities, respectively; n is the number of electrons transferred per O,
molecule; k is the rate constant, F is Faraday constant (96,500 C mol™"); w is the
rotation rate (revolutions per second); Cy is the bulk concentration of O, (1.1 x 10° mol
per cc); Do is the diffusion coefficient (1.4 x 10° cm?/s) and v is the kinematic viscosity
(0.01 cm?%s).3*

The K-L plots are constructed and data shown in figure 3B indicate linear

12 at different applied potentials. The values of n and k determined

variation of | with w
from the plots are shown in table 1. The number of electrons is determined to be close
to four (~ 3.8) at potentials, from 0.5 V to 0.25 V (Figure 3B) suggesting that efficient
pathway for direct reduction of oxygen to water is followed. Rate constants calculated at
different applied potentials are also shown in table 1. It is clear that the nanochains
show higher rate constant values than that of nanoparticles and the values are quite
comparable with commercial Pt/C (Table 1). Figure 4A shows the comparison of
polarization curves for ORR on Ir nanoparticles, nanochains and commercial Pt/C at a
scan rate of 5 mV/sec at 1600 rpm. It is observed that the onset potential for ORR in
acidic medium shifts by about 75 mV more positively in the case of nanochains as
compared to particles. The comparative studies reveal that Ir nanochains show better

efficiency in terms of both onset potential and also rate constant for ORR in 0.5 M

H>SO,4 than that of Ir nanoparticles.

11
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The activity for ORR depends on the electrochemically active surface area,
efficient active sites for adsorption of molecular oxygen and possibly surface defects
present on the catalyst surface.®*>° It has been documented in the case of Pt
nanochains that enhanced electrocatalytic activity towards ORR is due to the presence
of (i) abundance of low index crystal factes, (ii) unique nanochain network structure that
facilitates electron transport and resultant O, diffusion and (iii) few surface defect
sites.?®>® Though speculative in this case, it is likely that the three are possible reasons
for enhanced activity. We have earlier proposed in the case of one dimensional titanium
carbide nanostructures that the adsorption characteristics are different as compared to

.38 It has been shown

that of nanoparticles resulting in the mechanism being differen
based on density functional theory (DFT) calculations that there is an elongation of O-O
bond length in the ORR intermediate species which results in the mechanism being
different on one dimensional nanostructures as opposed to nanoparticles.® Similarly,
the increased activity observed in the present studies on Ir nanochains is likely to be
due to the (i) enhanced mass transport of oxygen and different adsorption

characteristics enabled by unique morphology and (ii) abundance of low energy crystal

facets such as Ir (111) and possibly different adsorption behavior of oxygen.

The Tafel plots are constructed on the basis of RDE data at 1600 rpm by
polarizing the electrode at a very slow scan rate of 0.001 V s™. The Tafel slopes are
determined (Figure 4B) at two different regions (table 2). In the low current density
region, the values of Tafel slopes for Ir nanochains and particles are -67 mV and -76
mV per decade. At high current densities, the Tafel slopes are observed to be -142 mV

and -159 mV per decade for nanochains and particles respectively. The Tafel slopes of
12
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-60 mV and -120 mV are characteristics of ORR on bulk, polycrystalline Pt and Pd -
based nanostructures.*****' A change in slope has been attributed to a change from
Temkin to Langmuir adsorption conditions as a consequence of adsorption of reaction
intermediates. The Tafel slopes obtained in the case of Ir nanostructures suggests that

the reaction mechanism is similar to that observed on Pt and Pd.

Fuel cross over from the anode to cathode compartment is a common problem
encountered when liquid fuels like methanol and ethanol are used in the anodic
compartment of fuel cells. This decreases the cell efficiency drastically.** This problem
can be overcome by using catalysts with high methanol tolerance and good selectivity
towards oxygen reduction. The ORR activity of Ir nanochains in the presence of
methanol is studied using voltammetry and /-t transients. Figure 5 shows the
polarization curves for ORR activity on Ir nanostructures in the absence and presence
of methanol respectively. As shown in figure 5A, the peak potential for ORR does not
change after the addition of MeOH indicating high ORR activity for Ir nanochains in
presence of methanol. The inactivity of Ir nanochains towards methanol oxidation is
observed from cyclic voltammogram as well (Figure 5B). This is further demonstrated by
successive additions of methanol during the measurement of i-t transient for ORR
(Figure 5C). The ORR currents do not change even after the addition of 1.5 M of

methanol, suggesting that Ir is inactive for methanol oxidation.

The durability of electrocatalytic materials is an important issue for practical
applications and hence it is essential to explore the stability of Ir nanostructures.*® The
stability of Ir nanostructures is followed by applying potential sweeps between -0.05 V

and 1.0 V in O, saturated 0.5 M H,SO, at 25°C. After 200 cycles, the electrocatalytic
13
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activity of Ir nanochains shows a very small shift of ~10 mV for ORR while in the case of
nanoparticles, a shift of ~40 mV is observed (Figure 6). The Ir nanochains show long
term durability as compared to nanoparticles. The structural evolution of nanostructures
before and after potential cycling is investigated using TEM analysis. During potential
cycling, Ir nanoparticles undergo Ostwald ripening to form large aggregates resulting in
significant loss of electrocatalytic activity (Figure 7) as proposed earlier for Pt
nanostructures.** However, in the case of Ir nanochains, the change in morphology and
size of the particles after the durability test is not substantial while the nanoparticles
undergo extensive agglomeration (Figure 7). Thus, the Ir nanochains show excellent
electrocatalytic stability, superior activity and high methanol tolerance as compared to
nanoparticles. The improved activity is likely to be due to interconnected structure that
improves easy transport of electrons and possibly assists in the adsorption of

intermediates as well.
Oxygen reduction in alkaline medium

Electrocatalytic activity of Ir nanostructures towards ORR in alkaline medium is
not explored. Electrochemical behavior of Ir nanostructures in 0.1 M KOH solution
(Figure S8, Supporting Information) shows characteristic features for hydrogen
adsorption and desorption along with formation of Ir oxide and reduction. The H;
adsorption and desorption is observed in the range of 0.15 to 0.35 V while the formation
of Ir oxide is observed around 0.65 - 0.7 V. Reduction of Ir oxide is at 0.6 V vs. RHE. Ir
nanochains exhibit well-defined hydrogen adsorption and desorption peaks. Figure 8
shows the typical polarization ORR curves for nanochains and particles in oxygen

saturated 0.1 M KOH solution. It is clearly observed that the onset potential for ORR in
14
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the case of nanochains is observed at 0.96 V and is shifted towards more positive
values than that observed for nanoparticles (0.92 V). The peak currents vary linearly as
the function of square root of scan rate suggesting diffusion controlled process (Figure
S9, Supporting Information). Rotating disk electrode measurements are carried out in
O, saturated 0.1 M KOH solution in order to calculate the kinetic parameters (Figure 9
and Figure S10, Supporting Information). The kinetic parameters are calculated based
on the Koutecky-Levich equation as given before and the values used are, 1.1 x 10°®
mol per cc (for Co), 1.4 x 10° cm?/s for Do, and 0.01 cm?%s for v.** The K-L plots at
different potentials vary linearly as 1/i vs. w2 (Figure 9B). The kinetic parameters are
given in table S1 (Supporting Information). The n value is found to be ~ 3.85 in both the
cases suggesting 4 electron processes with water as the final product. The rate
constant values at different potential are shown in table S1 (Supporting Information) for
both nanoparticles and nanochains. It is observed that the rate constant is higher in the
case of Ir nanochains than that of nanoparticles. Figure 10 shows the comparison of i-E
polarization curves for ORR on Ir nanoparticles and Ir nanochains at a scan rate of
0.005 V/s and at a rotation rate of 1000 rpm. It is clear that the Ir nanochains show
positive onset potentials as compared to that of Ir nanoparticles. There exist two
different Tafel slopes at different potential regions as observed in acidic medium and

also for Pt and Pd (Table S2, Supporting Information).3*4%4°

Conclusions

The electrocatalytic properties of two different morphologies of Ir towards oxygen
reduction reactions in acidic and alkaline media are demonstrated. Enhanced

electrocatalytic activity of Ir nanochains in acidic and alkaline solutions may be ascribed
15
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to the unique continuous structure of interconnected nanoparticles and probably fast O,
diffusion. The methanol tolerance property coupled with the possibility of four electron
process may place Ir as a good candidate for fuel cell catalysts and also for metal-air

batteries.
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Figure 1: TEM images and corresponding X-ray diffraction patterns of (a, c) Ir
nanochains and (b, d) Ir nanoparticles. The nanochains are synthesized
using AA as the capping agent while nanoparticles are synthesized using

PVP as the capping agent.
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Figure 2: (A) Cyclic voltammograms of (i) Ir nanochains and (ii) Ir nanoparticles in

N, saturated 0.5 M H,SO, at a scan rate of 0.05 V/s and (B) Linear sweep
voltammograms in O, saturated 0.5 M H,S04 solution at a scan rate of
0.005 V/s. Loading of Ir used is 210 pg/cm? on a GCE.
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Figure 3:
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(A) Linear sweep voltammograms showing the effect of rotation rate on Ir
nanochains. The scan rate used is 0.005 V/s. Electrolyte used is O
saturated 0.5 M HySO4 (B) Koutecky-Levich plots for ORR on Ir
nanochains at different applied DC potentials (i) 0.5 V; (ii) 0.45 V; (iii) 0.4
V; (iv) 0.35 V and (v) 0.25 V. Loading of Ir used is 210 pg/cm? on a GCE.
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Figure 4: (A) Linear sweep voltammograms of (i) Ir nanoparticles, (ii) Ir nanochains
and (iii) commercial Pt/C in O, saturated 0.5 M H,SO,4 at a scan rate of
0.005 V/s. (B) Tafel plots for ORR on (i) Ir nanoparticle and (ii) Ir
nanochain modified GCE in 0.5 M H,SO4 solution. Rotation rate used is

1600 rpm. Loading of Ir used is 210 pg/cm? on a GCE.
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Figure 5: (A) Linear sweep voltammograms of Ir nanochains in O, saturated 0.5 M

H.SO, (i) before and (ii) after addition of 1M methanol at a scan rate of
0.005 V/s. (B) Cyclic voltammograms of ORR (i) before and (ii) after
addition of 1M methanol; scan rate used is 0.05 V/s. (C)
Chronoamperometric trace for ORR with the addition of different
concentration of MeOH. The DC bias applied is 0.5 V. Arrows indicates
the addition of methanol. Loading of Ir used is 210 pg/cm? on a GCE.
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Figure 6: Oxygen reduction polarization curves observed for (A) Ir nanochains and

(b) Ir nanoparticles (i) before and (ii) after 200 potential cycles, at scan
rate of 0.005 V/s and at a rotation speed of 1600 rpm. Loading of Ir used
is 210 pg/cm? on a GCE.

25

Page 26 of 32



Page 27 of 32 Physical Chemistry Chemical Physics

Figure 7: TEM images of (A) Ir nanochains and (B) Ir nanoparticles (i) before and (ii)
after potential cycling for 200 cycles. Other conditions are as given in
figure 6.
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Figure 8: Linear sweep voltammograms of (i) Ir nanochains and (ii) Ir nanoparticles

in O, saturated 0.1 M KOH solution at a scan rate of 0.005 V/s. Loading of
Ir used is 210 pg/cm? on a GCE.
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Figure 9: (A) Linear sweep voltammograms as a function of rotation rate in 0.1 M

KOH solution on Ir nanochains; (B) corresponding K-L plots for ORR at
different applied DC potentials (a) 0.65 V; (b) 0.6 V; (c) 0.55 V and (d) 0.5

V. Loading of Ir used is 210 pg/cm? on a GCE.
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Figure 10:  Linear sweep voltammograms of ORR on (i) Ir nanochains and (ii) Ir
nanoparticles in O, saturated 0.1 M KOH solution at a rotation speed of
1000 rpm. Scan rate used is 0.005 V/s. Loading of Ir used is 210 ug/cm?
on a GCE.
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Table 1:

Physical Chemistry Chemical Physics

Number of electrons and rate constant values determined at different

applied potentials on Ir nanoparticles, Ir nanochains and Pt/C for ORR in

acidic medium.

E vs. RHE [ Ir nanoparticles Ir nanochains Pt/C

n k(cm/s) n k(cm/s) | n k(cm/s)
0.5V 3.6 0.0093 3.6 0.018 3.9 0.038
045V 3.5 0.016 3.9 0.028 3.9 0.043
0.35V 3.7 0.021 3.8 0.032 4.0 0.052
0.3V 3.7 0.026 3.9 0.035 4.0 0.065

30



Physical Chemistry Chemical Physics Page 32 of 32

Table 2: Tafel slopes for ORR on Ir nanoparticles and Ir nanochains in 0.5 M
H.SO, at a rotation speed of 1600 rpm. Region-I and Region-Il correspond

to low and high current densities.

Catalyst Tafel slope | Tafel slope | References
(mV/dec) (mV/dec)
Region-I | Region-ll
Ir nanoparticles -76 -159 Present study
Ir nanochains -67 -142 -do-
Pt -62 -123 31
Pd -63 -125 37
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