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Abstract

In recent years, the development of durable and electrochemically active electro-catalyst alloys
with reduced noble metal content exhibiting similar or better electrochemical performance than
pure noble metal catalysts has gathered considerable momentum particularly, for proton
exchange membrane fuel cells (PEMFC) application. Engineering such reduced noble metal
containing electro-catalyst alloys in the nano-scale dimensions with high active electrochemical
surface area (ECSA) will ultimately translate to reduced noble metal loadings to ultra-low levels
which will eventually constitute to an overall reduction in the capital cost of PEMFCs. Herein we
report the development of nanostructured Co-Ir based solid-solution electro-catalyst alloy for
hydrogen oxidation reaction (HOR) further validated by first principles theoretical calculation of
the d band center of the transition metal. The theoretical and experimental studies reported herein
demonstrate that the nanostructured alloy catalyst comprising 70at.% Co (Coy 7Iro3) and 60 at.%
Co (Cogglrg 4) of crystallite size ~4nm with a high electrochemically active surface area (ECSA)
(~56 m?/g) exhibit improved electrochemical activity (reduction in overpotential and improved
reaction kinetics) for HOR combined with outstanding durability contrasted with pure Ir
nanoparticles (Ir-NPs) as well as state of the art commercial Pt/C system. Moreover, an
optimized alloy containing 60 at% Co (Cog¢lrg4) showed a remarkable ~156% and 92% higher
catalytic activity for HOR than Ir-NPs and commercial 40% Pt/C, respectively, with similar
loadings and ECSA. The single PEMFC full cell study shows ~85% improved maximum power
density for Coge(Iro4) catalyst compared to 40% Pt/C and excellent electrochemical

stability/durability comparable to 40% Pt/C.
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1. Introduction

The growing environmental concerns due to rapid depletion of fossil fuels necessitates a
need for the efficient use of energy, and more importantly, exploration of renewable and clean
energy sources. ™ In this regard, fuel cell technology has gained considerable attention over the
years as it offers one of the promising and sustainable approaches for the continuous production
of power with reduced greenhouse gas emissions, and higher efficiency compared to current
combustion based technologies. Hence, they are considered to be an ideal energy source for
stationary and mobile applications such as automobile, portable devices and materials handling
equipment etc.* >, In particular, proton exchange membrane fuel cells (PEMFCs) have received
significant attention as power sources due to the systemic advantages of the use of hydrogen, a
light-weight, clean fuel (low carbon footprint) and low operating temperatures (<120°C). Other
attributes include quick start-up, extended durability of system components and low weight and
volume due to elimination of additional steps of fuel reformation. The simple system design

would be reflected in the ease of operation, reduced cost and high reliability.> ¢!

Despite these
known attributes, the prohibitive capital cost and inferior durability of the system puts severe
constraints thus limiting the commercialization of PEMFCs. The typically used expensive
platinum group metals (PGM) based electro-catalysts (e.g. Pt/C) possess excellent

electrochemical activity and electrochemical stability/durability as PEMFC anode and cathode

materials although posing a major economic barrier to large-scale commercialization of
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PEMFC."*"® Hence, there has been a widespread intense research activity directed at identifying
non-noble metal or reduced noble metal containing electro-catalysts exhibiting high
electrochemical activity and stability/durability that will minimize precious metal loadings to
ultra-low levels. To this extent, several approaches have been explored thus far and there still
remains considerable opportunity to not only identify such systems but also develop novel

approaches to generate these systems with the required materials and electrochemical attributes.

While identifying systems completely devoid of noble metals is certainly the ultimate
goal, there is also a need to develop systems with considerable reduction in noble metal content
while not limiting the electrochemical performance. One approach to reduce the noble metal
content in anode electro-catalysts is alloying of noble metal (e.g. Pt) with transition metals such
as Fe, Sn, Ni, Mo '*** without compromising the electrochemical performance. It is known that
the high performance of the Pt based metal alloy catalyst is attributed to the decrease in the Pt-Pt
interatomic distance, maintenance of good dispersion of Pt over the support and modification of
the electronic structure of Pt due to a shift in d-band center, which is responsible for achieving
the high catalytic activity due to reduction in adsorption/dissociation energies for hydrogen.***°
In addition, it has been suggested that the presence of noble-metal catalysts in conjunction with
non-noble materials would result in the formation of micro-electrochemical cells, thus lowering
the reaction barrier while at the same time, enhancing the reaction kinetics.””*® Platinum based
alloys have also shown good electrochemical performance for fuel cells based on the electro-
oxidation of different fuels, such as Pt-Sn/C and Pt-Sn-Ir/C ternary alloy for ethanol oxidation,
Pt-Ru, Pt-Ru-Os, Pt-Ru-Os-Ir, Pt-Co, Pt-Ti/C, Pt-Ni-Cr/C and Pt-CuO/C for methanol oxidation,

Pt-Ti/C for oxygen reduction reaction (ORR), Pt-Ni/C and Pt-WOs;-TiO,/C for hydrogen

oxidation reaction (HOR) for PEMFC.""?* %7 Thus, the alloying approach has been known to
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offer reduced noble metal loading without compromising electrochemical performance and

stability/durability.

In addition to Pt, Ir and IrO, have also been identified as novel electro-catalysts for
different electrochemical processes such as ethanol fuel cell, oxygen reduction reaction (ORR)
and oxygen evolution reaction in water electrolysis. For example, Ir based catalysts (e.g. IrSe/C,
Ir-Sn) have shown good electrochemical performance with superior methanol tolerance for direct
ethanol fuel cells.”® Furthermore, alloys based on Co and Ir have shown promising
electrochemical activity for ORR.**! Pd-Ir catalysts for direct formic acid fuel cells and IrO,/Ti
and Ir-M-Ox (M=Ru, Mo, W, V) binary/ternary oxide catalysts for ORR and OER including
solid solution oxide electro-catalysts with and without F doping, Ir;..M,O,.,F, (M = Sn, Nb,) 42-48
are examples of noble metal catalysts involving Ir-IrO, system. Ir/IrO, is known to exhibit lower

cost than Pt. 17, 18, 39, 40, 49-52

However, there are limited studies on Ir and IrO, based catalysts for
anode as HOR of PEMFC.* Hence, in this study, effort has been made to identify new catalyst
systems with much reduction in Ir content as possible HOR anode catalysts. In this study
therefore, first-principles calculations of the total energies, electronic structures and cohesive
energies of different model systems have been carried out to identify a suitable Co based alloy
systems containing Ir for HOR. Based on the theoretical calculations, Co alloys, specifically Co-
Ir solid solutions denoted as Co;(Irx) alloy of different compositions (x=0, 0.2, 0.3, 0.4, 1), as
shown in Fig. 1 corresponding to the Co-Ir binary equilibrium phase diagram, have been
explored as an anode electro-catalyst for HOR of PEMFC. It should be noted that solid solutions
of x > 0.4 have intentionally not been explored since the aim of the study is to use low-noble

metal containing alloy systems and compositions rich in Ir content would therefore be

superfluous.
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In addition to the formation of Co-Ir solid solution, the synthesis of nanostructured Co-Ir
alloy with high electrochemical active surface area (ECSA) is equally of paramount importance
to improve the reaction kinetics and thus, minimize the electro-catalyst loading. Hence,
identification of a synthesis method to form robust and efficient Co-Ir based electro-catalysts
with high ECSA is highly desirable and correspondingly, also represents a major challenge in the
current experimental research on fuel cells."”” Reduction of metal precursors by ethylene glycol
via commonly known polyol process is a popular synthesis method for Ir-M alloys.*” However,
the addition of HCI in the final step typically results in the dissolution of the transition metal
(M). To retain transition metal (cobalt) in the final material in this study, a completely alloyed
Co(Ir) alloy in the nanostructured form has been synthesized by a two-step synthesis approach.
Co nanoparticles (Co-NPs) are synthesized in the first step by reduction of the cobalt salt
precursors, followed by reduction of the iridium precursor to form iridium nanoparticles (Ir-NPs)
in the second step on the surface of the Co-NPs to form a composite alloyed NPs. At both stages,
NaBH, is used as a reducing agent with the addition of polyvinylpyrrolidone (PVP) as a
surfactant to avoid aggregation of the synthesized particles. The final obtained powder is then
heat treated to a moderately low temperature of 200°C in (Ar+6.5% H,) atmosphere in order to
ensure proper alloying of the constituent metals combined with reduction of any unreacted
precursor and pyrolysis of any unwanted residue. The present report thus documents the
theoretical, physical characterization, and electrochemical performance studies conducted on the

nanostructured solid solution of Co and Ir as binary electro-catalysts for HOR of PEMFC.

2. Computational methodology

Page 6 of 74
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The overall catalytic activity as well as the long term stability of the Co based Co;(Iry)
solid solution electro-catalysts is expected to depend on the electronic structure. The effect of
compositions on the electronic structure and the electrocatalytic activity of the alloy could be
best understood from theoretical considerations. The aim of the computational component of the
present study is thus to investigate the electronic properties of Co;«(Iry) catalyst as a function of
its chemical composition. The total energy, electronic and optimized crystal structures as well as
total and projected densities of the electronic states for pure Ir metal and the different Co;_x(Iry)
solid solutions have been calculated using First Principles approaches within the density
functional theory. For comparative purpose, pure platinum which is universally regarded as the

gold standard electro-catalyst for PEMFCs has also been considered in the present study.

The HOR as is well-known in PEMFC occurs on the surface of the catalyst and hence
there is a need to investigate the electronic and structural properties of the surface of the alloy
materials. For these studies, hence the (111) surface has been considered as the most stable
crystallographic orientation of the face centered cubic structure for pure Pt and Ir, as well as for
Co-Ir solid solutions. Further, for computational simplicity, the following solid solution
compositions of Co-Ir have been chosen: Cogs(Irgs), Copeas(Irg37s) and Cog7s(Irg2s). These
compositions effectively include the most interesting range of Ir concentrations with substantial
reduction in Ir content in the Co-Ir alloys, while also allowing for the selection of a relatively
small number of super-cells representative of the reduced Ir containing compositions suitable for
the calculation of the surface electronic structures employed in the present study. Thus, for
calculation of the (111) surface electronic properties of the solid solution, a two-dimensional slab
comprising of a thickness of four atomic layers separated from its image perpendicular to the

surface direction by a vacuum layer of ~15 A has been accordingly selected.
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For calculating the total energies, electronic structure and density of electronic states, the
Vienna Ab-initio Simulation Package (VASP) was used within the projector-augmented wave
(PAW) method > and the generalized gradient approximation *® for the exchange-correlation
energy functional in a form suggested by Perdew and Wang °’. This program calculates the
electronic structure and the inter-atomic forces determined from First Principles via the
Hellmann-Feynman theorem. Standard PAW potentials were employed for the Ir, Co and Pt

potentials containing nine, nine, and ten valence electrons, respectively.

For all alloy compositions considered, the plane wave cutoff energy of 520 eV has been
chosen to maintain high accuracy of the total energy calculations. The lattice parameters and
internal positions of atoms were fully optimized employing the double relaxation procedure and
consequently, the minima of the total energies with respect to the lattice parameters and internal
ionic positions have been determined. This geometry for optimization was obtained by
minimizing the Hellman—Feynman forces via a conjugate gradient method, so that the net forces
applied on every ion in the lattice are close to zero. The total electronic energies were converged
within 10™ eV/un.cell resulting in the residual force components on each atom to be lower than
0.01 eV/A/atom. This will allow an accurate determination of the internal structural parameters
corresponding to the alloy. The Monkhorst-Pack scheme was used to sample the Brillouin Zone
(BZ) and generate the actual k-point grid for all the alloy compositions considered in the present
study. A choice of the appropriate number of k-points in the irreducible part of the BZ was based

on convergence of the total energy to 0.1 meV/atom.

3. Experimental Methodology

3.1 Synthesis of Co.4(Iry) electro-catalyst

Page 8 of 74
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Synthesis of Ir-NPs (x=1 of Co;..Iry)

Ir-NPs were synthesized by the reduction of hydrogen hexachloroiridate (IV) hydrate
(HxIrClg.xH,0, 99.98%, Aldrich) using sodium borohydride (NaBHy, 12 wt. % in 14 M NaOH,
Aldrich) as the reducing agent.58 H,IrCls.xH,O was dissolved in ethanol (>99.5%, Aldrich) to
which polyvinylpyrrolidone (PVP, Alfa Aesar) was added as a surfactant under stirring. The
solution was then adjusted to pH 12 by the addition of NaOH/ethanol solution followed by
heating to 65+5°C. After 1 h stirring at 65+5°C, excess NaBHy solution was added drop wise
under vigorous stirring into the H,IrCls.xH,O solution to form the Ir-NPs by precipitation. The
temperature was maintained at 65+5°C for 1 h. To avoid any deleterious side-reaction with air,
the reduction of H,IrCle.xH,O was carried out in high purity N, (Matheson; 99.99%, flow rate =
100cm*/min) atmosphere. The resultant Ir-NPs were centrifuged and washed repeatedly with
water purified by the Milli-Q system (18 MQ cm deionized water, Milli-Q Academic, Millipore)
and ethanol followed by drying at 50°C for 6 h. To eliminate any unwanted residue (e.g. PVP),
and ensure the complete reduction of any unreacted H,IrCls.xH,O as well, the final Ir-NPs were
heat-treated at 200°C in a tube furnace utilizing a mixture of Ar and 6.5% H, gas (Matheson;

99.99%, flow rate = 100cm’/min) for 2 h.”

Synthesis of Co-NPs (x=0 of Co,.,Iry)

Co-NPs were also synthesized by chemical reduction of cobalt chloride hexahydrate
(CoCl,.6H,0, 98%, Aldrich) using sodium borohydride (NaBH4, 12 wt. % in 14 M NaOH,
Aldrich) as the reducing agent.”® CoCl,.6H,0 was dissolved in ethanol (>99.5%, Aldrich) along
with polyvinylpyrrolidone (PVP, Alfa Aesar) and then subsequently reduced using NaBH4

solution to form Co-NPs in a procedure similar to that used to obtain Ir-NPs as explained above.
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204 A similar heat-treatment methodology, that was used in the synthesis of Ir-NPs, was employed to
205  obtain residue-free Co-NPs.”

206

207  Synthesis of Co;.(Iry) (x =0.2, 0.3, 0.4)

208 Solid solution of Cojx(Iry) was synthesized by the reduction of hydrogen
209  hexachloroiridate (IV) hydrate (H,IrCle.xH,0, 99.98%, Aldrich) using NaBH,4 in the presence of
210  as-synthesized Co-NPs followed by thermal treatment at 200°C under Ar+6.5% H, mixture. In
211 this procedure, the as-synthesized Co-NPs were dispersed in ethanol (>99.5%, Aldrich), to which
212 PVP as surfactant was added under stirring. To this solution subsequently, stoichiometric amount
213 of HyIrCle.xH,O was added followed by pH adjustment to 12 using NaOH/ethanol solution. The
214 solution was then heated to 65+5°C. After 1 h stirring at 65+5°C, excess NaBH, (12 wt. % in 14
215 M NaOH, Aldrich) solution was added drop wise under the vigorous stirring into the Co-NPs
216  dispersed solution to form Ir-NPs on the surface of Co-NPs, resulting in the formation of solid
217  solution of Co;x(Irx). The temperature was maintained at 65 +5°C for 1 h. To avoid the oxidation
218  of Co nanoparticles, high purity N, (Matheson; 99.99%, flow rate = 100 cm’/min) was kept
219  flowing during the entire synthesis procedure. The resultant electro-catalyst was centrifuged and
220  washed repeatedly with water purified by the Milli-Q system (18 M€ cm deionized water, Milli-
221 Q Academic, Millipore) and then ethanol, followed by drying at 50°C for 6 h. To ensure
222 complete reaction between Co and Ir and formation of a homogeneous solid solution of Co;_x(Iry)
223 as well as remove any unwanted residue from the final product, the final Co«(Iry) powder was
224  heat-treated at 200°C in a tube furnace using a mixture of Ar and 6.5% H, gas (Matheson;
225  99.99%, flow rate = 100 cm3/min) for 2 h.”’

226

10
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3.2 Electro-catalyst Characterization

3.2.1 Structural characterization

X-ray diffraction

X-ray diffraction (XRD) using Philips XPERT PRO system employing CuK,
(A = 0.15406 nm) radiation at an operating voltage and current of 45 kV and 40 mA was utilized
to perform qualitative and quantitative phase analysis of the synthesized Co;(Iry) solid solution
electro-catalysts of different compositions. The XRD peak profile of Co;«(Iry) was analyzed
using the Pseudo-Voigt function to determine the Lorentzian and Gaussian contribution of the
peak. The integral breadth of the Lorentzian contribution, determined from peak profile analysis
using the single line approximation method after eliminating the instrumental broadening and
lattice strain contribution, was used in the Scherrer formula to calculate the particle size of the
Co;x(Irx) solid solution corresponding to different compositions.60 The lattice parameter and
molar volume of the synthesized Co;«(Iry) alloy of different compositions have been calculated

using the least square refinement techniques.
Microstructure analysis

The microstructure of Coj«(Iry) solid solution electro-catalyst of different compositions
was analyzed using scanning electron microscopy (SEM). Accordingly, quantitative elemental
analysis and distribution of the respective elements utilizing x-ray mapping was performed
exploiting the energy dispersive x-ray spectroscopy (EDAX) analyzer attached to the SEM
equipment. Moreover, a Philips XL-30FEG equipped with an EDAX detector system comprised
of an ultrathin beryllium window and Si(Li) detector operating at 20 kV was used for performing

elemental and x-ray map analysis. Additionally, transmission electron microscopy and high

11
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249  resolution transmission electron microscopy (HR-TEM) was conducted using the JEOL JEM-
250  2100F to evaluate the particle size and the structure of alloyed Co;(Irx) particles. The specific
251  surface area (SSA) of the electro-catalyst materials was also determined by conducting nitrogen
252 adsoption-desorption studies and analyzing the data using the Brunauer-Emmett-Teller (BET)
253  isotherms. The powder was first vacuum degassed and then tested using a Micromeritics ASAP
254 2020 instrument. Multipoint BET specific surface areas have been obatined and reported for the

255  synthesized solid solution electro-catalyst powders.

256  X-ray photoelectron spectroscopy

257 X-ray photoelectron spectroscopy (XPS) was performed on the solid solution
258  electro-catalysts to determine the electronic states of Ir and Co in Co;«(Iry) solid solutions. The
259  XPS has been carried out using a Physical Electronics (PHI) model 32-096 X-ray source control
260 and a 22-040 power supply interfaced to a model 04-548 X-ray source with an Omni Focus III
261  spherical capacitance analyzer (SCA). The system is routinely operated within the pressure range
262 of 10® to 10” Torr (1.3 x 10 to 1.3 x 107 Pa). The system was calibrated in accordance with
263  the manufacturer’s procedures utilizing the photoemission lines E, of Cu 2p3, (932.7 €V), E, of
264  Au 4f;; (84 eV) and E,, of Ag 3ds;; (368.3eV) for magnesium anode. All the reported intensities
265 were obtained by dividing the experimentally determined peak areas by the instrumental
266  sensitivity factors. Charge correction was obtained by referencing the adventitious C 1Is peak to
267 284.8¢eV.

268

269  3.2.2 Electrochemical characterization

270

12
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Electrochemical characterization was conducted in the presence of H, saturated 0.5 M
sulfuric acid (H,SO,) at 40°C (using a Fisher Scientific 910 Isotemp refrigerator circulator) in an
electrochemical workstation (VersaSTAT 3, Princeton Applied Research) using a three electrode
cell configuration, which was initially saturated with ultra-high purity (UHP)-N, to expel oxygen
in the solution. The working electrodes were prepared by spreading the electro-catalyst ink of
Coix(Iry) (x = 0.2, 0.3, 0.4, 1) on teflonized carbon paper. The ink comprised 85 wt% catalyst
and 15 wt% Nafion 117 (5 wt.% solution in lower aliphatic alcohols, Aldrich). The total loading
of the Coy(Iry) electro-catalyst (x = 0.2, 0.3, 0.4, 1) was maintained at ~0.4 mg on 1 cm? area
irrespective of the composition. In this study, it should be noted that the electrochemical
performance of pure Ir-NPs (x=1) and Co;x(Irx) alloy solid solution is compared with the state of
the art commercially obtained Pt/C based electro-catalyst. Accordingly, the electrochemical
performance of commercially obtained 40% Pt/C electro-catalyst (Alfa Aesar) was studied with
loading of ~0.4 mg of Pt on 1 cm? area under identical operating conditions. A Pt wire was used
as the counter electrode and mercury/mercurous sulfate (Hg/Hg,SO,) electrode (XR-200, Hach)
that has a potential of +0.65 V with respect to normal hydrogen electrode (NHE) was used as the

reference electrode. All the potential values discussed in this study are with respect to NHE.

Cyclic voltammetry

The electrochemical activity of the electro-catalysts for HOR has been determined by
conducting cyclic voltammetry (CV) by scanning the potential between -0.092 V and 1 V at
scan rate of 10 mV/sec. The current at 0 V (vs NHE, the typical standard redox potential of
HOR) in iRg corrected (Rg, the ohmic resistance was determined from electrochemical

impedance spectroscopy analysis described below) anodic part of CV curves of electro-catalysts

13
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was used to compare the electrochemical performance of the different electro-catalyst materials.
The electrochemical active surface area (ECSA) is evaluated for all electro-catalyst materials
from anodic part of underpotential deposited hydrogen region of CV curves, obtained in N,
saturated 0.5 M H,SOy solution, by using the following equation:

ECSA = &
mc

where, ‘Q,’ is the integrated area of anodic part of underpotential deposited hydrogen region in

2

the CV curve, ‘m’ is the loading of the iridium/platinum and ‘c’ is the electrical charge
associated with monolayer adsorption of hydrogen on Ir (220 pC/cm?)/ Pt (210 uC/em?).!” ¢!
A 0.5 M H,SOy solution was initially saturated with N, to remove oxygen present in the solution.
The Tafel plot after iRq correction given by the equation 7 =a + b log i (plot of overpotential 7

vs log current, log i) and the corresponding Tafel slope (b) has been used to determine the

reaction kinetics.

Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) was carried out to determine the ohmic
resistance (Rq) (which includes the resistance of various components including, electrolyte, and
catalyst layer) and charge transfer resistance (R) of electro-catalysts. EIS has been conducted in
the frequency range of 100 mHz-100 kHz at ~0.016 V (vs NHE), which is near to the standard
potential used for assessing electro-catalyst activity (0 V) for HOR in H, saturated 0.5 M H,>SOj4
solution at 40°C using the electrochemical work station (VersaSTAT 3, Princeton Applied
Research). The experimentally obtained EIS plot was fitted using the ZView software from
Scribner Associates with a circuit model Ro(R¢Q;W,), where Q; is the constant phase element

(CPE), representing the capacitance behavior of the electro-catalyst surface.*® Rq was used for

14
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ohmic correction (iRg) in CV curves and the polarization resistance of synthesized electro-

catalysts was evaluated by Rct.47

Reaction kinetics study

To study kinetics of the HOR reaction, polarization studies were performed using a
rotating disk electrode (RDE) setup. The catalyst ink (85 wt% catalyst and 15 wt% Nafion 117)
was sonicated and applied to a glassy carbon (GC) disk (geometric area=0.19 cm?). After solvent
evaporation, the GC surface had a thin layer of electro-catalyst, which served as the working
electrode. A Pt wire was used as the counter electrode and Hg/Hg,SO4 was used as the reference
electrode. HOR evaluation was carried out in 0.5 M H,SO4 solution at 40°C in H, stream. The
total loading of Coy(Iry) (x=0.2, 0.3, 0.4, 1) was 100 pg cm? and the total loading of
commercial 40% Pt/C (Alfa Aesar) was also 100 pg (of Pt) cm™. The solution was initially
saturated with N to remove oxygen present in the solution. The rotation speed was maintained at
100, 400, 900, 1600 and 2500 rpm, respectively. Polarization was conducted in multiple small
potential steps (Fig. S1) on the RDE to reduce the contribution by the charging current and the
current measurement was performed at the end of each step.®” The Koutechy-Levich equation
was used to determine the number of electrons (n) produced in the reaction and the kinetic
current (i).%”

it !
i =0.620nF A, Dy”” 0" v C,’

Here, i is the limiting current (A, Ampere), ik is the kinetic current (A, Ampere) observed in the

absence of any mass transfer limitation, F is Faraday constant (C/mol), A, is the geometric area

of electrode (0.19 cm?), Dy is diffusivity (cm*/sec), © is rotation speed (rad/sec), v is the

15
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kinematic viscosity of the electrolyte and CO* is the bulk concentration of H, in 0.5 M H,SO,4

solution.

Electrochemical stability/durability test

To study the electrochemical stability/durability of Cox(Iry) (x=0.2, 0.3, 0.4, 1) solid
solution electro-catalysts, chronoamperometry (CA) (current vs time) was performed for 24 h
using H, saturated 0.5 M H,SO, as the electrolyte solution maintained at 40°C at the constant
voltage of ~0.016 V (vs NHE). Elemental analysis of the electrolyte (H,SOs), collected after 24 h
of CA testing, was performed by inductively coupled plasma optical emission spectroscopy
(ICP-OES, iCAP 6500 duo Thermo Fisher) to determine the amount of cobalt and iridium
leached out into the electrolyte solution from the electrode providing information about the

electrochemical stability of the electro-catalyst.

Membrane electrode assembly (MEA) preparation and single cell test analysis

The anode and cathode catalyst ink was prepared consisting of 85 wt.% catalyst and 15
wt.% Nafion 117 solution (5 wt.% solution in lower aliphatic alcohols, Sigma-Aldrich). For
anode, the total loading of Coj4(Iry) (x=0.3, 0.4) electro-catalyst was 0.2 mg/cm?. For
comparison, 40% Pt/C (Alfa Aesar) was also studied as anode electro-catalyst in single cell test
using loading of ~0.2 mg of Pt/cm”. On the other hand, the cathode catalyst ink was prepared
using 40% Pt/C electro-catalyst (Alfa Aesar). Loading of 0.3 mgof Pt/cm” was used for cathode
electro-catalyst. The electrodes were prepared by spreading the electro-catalyst ink on teflonized
carbon paper. For the single cell testing, a membrane electrode assembly was fabricated by using

a Nafion 115 membrane which was sandwiched between the anode and cathode. The Nafion 115
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membrane was pretreated first with 3 wt.% hydrogen peroxide solution to its boiling point to
oxidize any organic impurities. Subsequently, it was boiled in D.I. water followed by immersion
in boiling 0.5 M sulfuric acid solution to eliminate impurities. Finally, it was washed multiple
times in D.I water to remove any traces of remnant acid. This membrane was then stored in D.I.
water to avoid dehydration. The sandwiching of Nafion 115 membrane between anode and
cathode was carried out by hot-pressing in a 25T hydraulic lamination hot press with dual
temperature controller (MTI Corporation) at a temperature of 125°C and pressure of 40 atm
applied for 30 sec to ensure good contact between the electrodes and the membrane. This MEA
was then used in the single cell test analysis, carried out for 24 h using fuel cell test set up
obtained from Electrochem Incorporation at 80°C and 0.1 MPa with UHP-H, (200 ml/min) and

UHP-0; (300 ml/min) as reactant gases.

4. Results and discussion
4.1 Comparison of electrochemical performance of Ir-NPs with commercially obtained Pt/C
4.1.1 Structural characterization of Ir-NPs

The XRD pattern of the pure Ir-NPs synthesized by the reduction of H,IrCls.xH,O,
displayed in Fig. 2, shows a face centered cubic structure (fcc) with a lattice parameter
a= 0.3834 nm and a molar volume (V) ~8.49 cm’/mol, which is in good agreement with the
literature value.” The particle size of the synthesized Ir-NPs, calculated using the Scherrer’s
formula utilizing the integral breadth of the Lorenzian contribution of the XRD peak, is ~7 nm.

A detailed TEM/HRTEM study (Fig. S2) confirms the presence of nanometer sized particles
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384  (~6-9 nm) of Ir-NPs with the fcc crystal structure showing lattice fringes with a spacing of
385  ~0.22 nm corresponding to the (111) inter-planer spacing of face centered cubic Ir. The BET
386  surface area of the Ir-NPs, measured by the N, multilayer adsorption/desorption isotherm, is ~29
387 mz/g, whereas the ECSA, shown in Fig. S18, is ~14.5 mz/g (Table 1). On the other hand, the
388  ECSA of the commercially obtained 40% Pt/C electro-catalyst (Fig. S18) is ~55.2 mz/g which is
389  similar to that reported earlier'” **®*® and four-fold higher than the synthesized Ir-NPs (~14.5

390 m%g).
391
392  4.1.2 Electrochemical characterization of synthesized Ir-NPs and commercial 40% Pt/C

393 The synthesized Ir-NPS were studied in detail for their electrochemical characteristics
394  and furthermore to compare their electrochemical performance with commercially obtained Pt/C.
395  The anodic part of CV curve (Fig. S3) (between -0.05 V to 0.2 V vs NHE) for HOR of Ir-NPs,
396  measured in H; saturated 0.5 M H,SO4, shown in Fig. 3 before and after iR correction, exhibits
397 an onset potential ~(-0.015V) which is ~ 0.01V higher than the onset potential (as a result of
398  over-potential) of commercial Pt/C ~(-0.025V) (Table 2). This result clearly suggests that the
399  chemically synthesized Ir-NPs exhibits higher reaction polarization in the tafel step (i.e. H, + 2M
400 —2MH,4, M=e¢lectro-catalyst) for HOR than the Pt/C electro-catalyst. It should be noted that iRq
401  correction of Ir-NPs and Pt/C has been performed after measuring the ohmic resistance (Ro~14.5
402 Qcm?) from the EIS analysis, which has been discussed in detail in the later sections to follow.
403  The current density of Ir-NPs (~0.54 mA/cm?) at ~0 V vs NHE is correspondingly ~25% lower
404  than that of the commercially obtained Pt/C (~0.71 mA/cm?), primarily due to the ~0.01 V

405  higher onset potential of Ir-NPs electro-catalyst with respect to Pt/C (Table 2). In addition, it has
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been determined from the Tafel polarization plots of Ir-NPs and Pt/C (Fig. S4 and S5) that the
measured Tafel slope for pure Ir-NPs (~72 mV/dec) is higher than that of Pt/C
(~67 mV/dec), which suggests the sluggish reaction kinetics and higher activation polarization
during the Volmer step (MH,g =M + H' + ¢") of HOR for Ir-NPs electro-catalyst compared to
that of Pt/C. The higher value of charge transfer resistance (R¢) of Ir-NPs (~24 Qcm?) (Table 3),
determined from the EIS analysis which will be discussed in detail later, compared to
commercially obtained Pt/C electro-catalyst (~13 Qcm?) (Table 3) also validates the slower
reaction kinetics (higher activation polarization) of the chemically synthesized Ir-NPs, in

comparison to commercially obtained Pt/C.

4.2 Computational study to predict the binary alloy compositions exhibiting high electrochemical

activity

The above results clearly suggest that the reaction polarization in the Tafel step and
activation polarization in the Volmer step as well as reaction kinetics of HOR for the synthesized
Ir-NPs electro-catalyst is higher in comparison to Pt based commercial system. In this study, we
define the resistance to the oxidation reaction pathway occurring as a result of the non-Faradaic
sub-steps such as specific adsorption, desorption and re-orientation steps as in the ‘reaction-
polarization® (Tafel-like steps).®® In HOR, the electron transfer occurs via a number of sub-steps
and the barrier to such processes is grouped together in this manuscript and referred to as
‘activation polarization’ (Heyrovsky/Volmer like steps).®® %’ Similarly, it has been identified that

the reaction kinetics, which is related to the rate of adsorption/desorption of reactants (H, in the
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present study) and products on the catalytic surface, also known as reaction polarization, is
slower for the Ir-NPs electro-catalyst compared to Pt/C. The overall polarization of a chemical
reaction can indeed be correlated with an optimal position of the d-band center located in the
vicinity of the Fermi level. During the last decade, a wide spread concept has been proposed by
J.K. Norskov et.al. relating to the existence of a simple descriptor for determining the surface

catalytic activity of the transition metals and their alloys. ** ¢

This descriptor has been defined as
a gravity center of the transition metal d-band &4 usually located in the vicinity of the Fermi
level. An optimal position of the d-band center thus provides a highly favorable interaction
between the catalytic surface and the various species participating in the catalytic reactions
predominantly occurring on the surface, leading to the optimal catalytic activity with reduced
reaction polarization and possibly reduced activation polarization due to improvement in reaction
kinetics. Thus, such an interaction could be considered as “just appropriate” leading to a
moderate effect allowing the reactants and products to both adsorb at the surface and also desorb
most efficiently. Hence, it can be construed that such an adjustment of the d-band center position

with respect to the Fermi level may likely play a critical role contributing to the design of novel

highly active and electrochemically stable electro-catalysts which is discussed herein.

Fig. 4 shows the projected d-band densities of states together with the corresponding
centers of these zones marked with vertical arrows on the graphs for both pure Pt and Ir. In the
present study, the electronic structure of the stable (111) surfaces for all the studied transition
metals and their alloys have been calculated and the positions of corresponding d-band centers
have been obtained as a first moment of ny(E): &4 = Ing (E)EAE / [ny (E)dE, where ny(E) is the
projected d-band density of states of the corresponding solid solutions. Since pure Pt is

considered as the gold standard for PEMFC electro-catalyst, the d-band position for Pt marked
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with a dashed vertical line, could serve as a reference point or a benchmark for achieving the
minimum polarization and correspondingly, the optimal catalytic activity for the designed
systems. A close match of the corresponding d-band center to that of the pure Pt d-band center
position could imply correspondingly, an improved overall catalytic activity of the studied
system due to the expected lower catalytic reaction over-potential. Thus, from Fig. 4, it can be
identified that the d-band center of pure Ir is located lower on the energy scale than the ideal
position corresponding to that of pure Pt and therefore, it is indeed expected to demonstrate
higher polarization and a higher over-potential thus leading to a lower catalytic activity

compared to pure Pt, which is in good agreement with the obtained experimental results herein.

In order to therefore minimize the electrochemical activation polarization, reaction
polarization and thus, the overall over-potential, and correspondingly, improve the reaction
kinetics of Ir based electro-catalyst, the Co-based binary Co-Ir system has been explored as a
suitable electro-catalyst for HOR in this study. The calculated d band center of the Co based Co-
Ir solid solution denoted as Co;«(Irx) of different compositions is also plotted in Fig. 4.
Generating a solid solution of Ir with 50 at% of Co (x=0.5) shifts the resulting d-band center up
closer to the Pt benchmark line, thus minimizing the polarization and enhancing the overall
catalytic activity. Such an upward shift is due to the introduction of Co 3d-band located higher in
energy than corresponding Ir 5d-band. Further increase of Co content results in a gradual
movement of the overall Ir5d-Co3d-band center upward on the energy scale. Thus, according to
the corresponding &4 positions for the calculated Co-Ir alloy solid solutions, a minimum
polarization and maximum catalytic activity might be expected for the compound containing
~60at.% Co-40at.% Ir since as shown in Fig. 4, for the composition containing 62.5 at % of Co,

the g4 is just below the benchmark line displayed in Fig. 4. The last considered alloy with
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75 at% of Co (x=0.25) is expected to demonstrate qualitatively similar electro-catalytic
performance as pure Ir since the corresponding d-band centers for the two systems are located at
almost the same distance around the Pt benchmark line.

It should be noted however that the d-band center concept is only a qualitative descriptor
of the surface reactivity and does not provide an absolute measure of the catalytic activity. It
only points to the fact that due to an appropriate change in the electronic structure (in particular,
the electronic d-bands) during alloying of Ir with Co, the interatomic interactions between the
catalytic surface and different intermediate species involved in the hydrogen oxidation process
become most optimal for Co-40at% Ir solid solution and hence the catalytic activity of this alloy
is expected to be the highest compared to other chemical compositions in the Co-Ir system
demonstrating the potential of using Co modified by the introduction of Ir and hence stabilizing
the fcc phase of Co. However, although serving as a descriptor, such a qualitative approach does
not provide an accurate explanation and an exact reason for the Co alloys containing 40 at% of Ir
predictably demonstrating better electrochemical performance compared to pure Pt. Detailed
atomistic consideration of all the elementary reaction steps occurring at the surface of the
nanostructured alloy electro-catalysts during HOR could shed further light on the origin of this
remarkably noticeable difference between the electro-catalytic activities of experimentally
studied compositions of Coge(Irg4), Cop7(Irg3) alloys (discussed later) and Pt/C. Such a
comprehensive study though not the focus of the present work is clearly warranted and will be a
subject of future computational and experimental research. Nevertheless, based on the predicted
response determined by the d-band center calculations described above, Co-Ir alloys of different
compositions were synthesized and characterized for their electrochemical response as described

in the sections to follow.
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4.3 Synthesis and characterization of theoretically predicted Co-Ir alloy compositions

4.3.1 Structural characterization of Co;.(Iry)
X-ray diffraction study

Nanocrystalline Co;.x(Iryx) solid solution corresponding to different compositions (x=0,
0.2, 0.3, 0.4, 1) as shown in Fig. 1 have been accordingly synthesized in order to experimentally
verify the theoretical predicted results.”’ The XRD patterns of the chemically synthesized Co,.
«(Iry) (x =0, 0.2, 0.3, 0.4, 1) solid solutions are shown in Fig. 2. The XRD pattern of pure Co
(x=0) shows the expected hcp structure of lattice parameters, a= 0.2505 nm, ¢=0.4071 nm with a
molar volume ~6.66 cm’/mol, which is in good agreement with the reported literature value.”!
On the other hand, prevalence of a single phase crystalline fcc solid solution structure is
observed for Coj4(Iry) of x=0.3 and 0.4, whereas a two—phase mixture of fcc and hcp crystal
structure is detected for Co;«(Iry) (x=0.2) (Fig. 2). The variation of molar volume of fcc-Co;.
«(Iry) with Ir content, shown in Fig. Sa and Table 1, shows a linear increase in molar volume
with Ir content following the Vegard’s law suggesting the formation of a solid solution of Ir and
Co with fcc structure. This linear rise in molar volume of Co;«(Iry) following increase in Ir
content can be explained as occurring due to the higher atomic radius of Ir (~180 pm) compared
to Co (~152 pm).71 It must also be mentioned here that the synthesized Co;_x(Iry) solid solution is
stable exhibiting the fcc crystal structure in contrast to the expected thermodynamically stable
equilibrium hcp phase, as evidenced in the Co-Ir binary alloy phase diagram (Fig. 1). This
preponderant stability of the fcc structure over the hcp structure can be explained by the

allotropic transformation occurring during the refinement of the particle size below a critical
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value, which is mainly governed by the significant contribution of interfacial/surface energy on
the total free energy of the nanocrystalline material.”> "

The variation in particle size of Co;4(Irx), calculated using the Scherrer’s formula
following the XRD peak broadening analysis, also shown in Fig. 5a and Table 1, indicates a
drastic decrease in particle size by the introduction of Ir into the Co lattice, which may be due to
lattice softening and solute solution pinning limiting the grain growth of the solid solution.” ™
The particle size of Cojx(Iry), with x=0.3 and 0.4, is ~4 nm, which is expected to be below the
critical particle size, wherein the fcc cobalt is known to be stable over the normal equilibrium
hep structure due to significant contribution of the interfacial energy thus validating the observed

experimental result.”

TEM/HR-TEM study

The TEM bright field image along with particle size distribution of Cog¢(Irg4), displayed
in Fig. 5b, shows nanometer sized particles of the solid solution in the size range ~4-7 nm which
is in good agreement with the XRD analysis. The HRTEM image of Cog¢(Ir4), shown in Fig.
Sc, shows lattice fringes with a spacing of ~0.215 nm which corresponds well with the (111)
inter-planer spacing of fcc Co(Ir) determined from XRD analysis. Similarly, the TEM/HRTEM
images of Co7(Irg3), shown in Fig. S6, also confirms the formation of nanometer sized Co(Ir)
particles in the ~5-9 nm range with a lattice spacing of ~0.213 nm also corresponding to the

(111) inter-planar spacing of the fcc Co(Ir) alloy.
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BET/ECSA surface area measurement

The measured BET surface area and ECSA of Co;«(Iry) are given in Table 1 and plotted
in Fig. 5d. As shown in Fig. 5d, the BET surface area and ECSA follow a similar trend with the
variation in particle size vs iridium content (Fig. 5a), as expected. The ECSA of Co;_x(Iry) with
x=0.3, 0.4 (~55-56 mz/g) is almost three-four fold higher than that of pure Ir and Cogs(Iry>)
(~14-19 m?/g). This result clearly suggests that Co;_(Iry) with x=0.3 and 0.4 alloys likely possess
more number of catalytically active sites than Cogg(Irp,) and pure Ir due to the higher ECSA. It
must also be mentioned here that the ECSA of commercial Pt/C electro-catalyst (~55.2 m?/ g) is
also in the same range of the Co-Ir alloys with x=0.3 and 0.4 (Table 1). This result clearly
suggest that the two step synthesis strategy implemented herein involving the reduction of the Co
and Ir precursors by sodium borohydride and PVP as stabilizer for the synthesis of binary Co-Ir
solid solution is indeed a novel approach to generate high ECSA without the addition of high
surface area supports (e.g. Vulcan Carbon) that is traditionally employed in currently used

hitherto noble metal catalysts including Pt.

SEM/EDAX study

The SEM image along with EDAX pattern of a representative composition Coy ¢(Iro.4),
collected in Fig. 6, shows the presence of Co and Ir. Quantitative elemental composition analysis
of the Co;«(Iry) electro-catalyst of different compositions obtained by EDAX confirmed that the
measured elemental compositions of Co and Ir are in close agreement to the nominal
composition (Table 1). Chlorine and carbon peaks could not be detected in the EDAX spectra of
all compositions, which indicate that complete removal of chloride ions and carbon (viz.

stabilizer) has been achieved in the final powder. The elemental x-ray mapping of Co and Ir of
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565  Cope(Irg4) (Fig. 6) confirms that Co and Ir are homogeneously distributed within the particles.
566  The SEM image along with EDAX and x-ray mapping of other compositions (x= 0.2, 0.3 and 1)
567  are shown in the supporting information (Figs. S7-S9).

568

569  X-ray photoelectron spectroscopy study

570 X-ray photoelectron spectroscopy (XPS) was conducted on the Co;(Irx) electro-catalyst
571  to determine the surface composition and the chemical oxidation states of Co and Ir in the
572 alloyed compositions. The XPS spectra of Ir and Co of Co;x(Iry) (x = 0.2, 0.3, 0.4, 1) are shown
573 in Fig. 7 (a-b), respectively. The XPS spectrum for pure Ir shows the presence of Ir 4fs/, and 4f;,,
574  peaks corresponding to the zero oxidation state of Ir centered at ~63.8 eV and ~60.8 eV, which is
575  consistent with the values observed in bulk Ir.” For Coy(Iry) (x=0.2, 0.3 and 0.4), a shift in the
576  Ir 4fs;, peak maxima by ~0.33 eV, ~0.24 eV and ~0.22 eV to lower binding energy is observed,
577  which suggests a modification in the electronic structure of Ir.”*”” Similarly, the peak maxima of
578 Ir 4f;, peak is also shifted by ~0.28 eV, ~0.24 eV and ~0.07 eV to lower binding energy for
579  Coix(Iry) (x=0.2, 0.3 and 0.4), respectively, which also indicates a modification in the electronic
580 structure of Ir in the alloyed structure referring to the ability of electron transitions to occur in Ir
581 in the alloyed structure.”®®*® Additionally, the XPS spectrum of pure Co portrayed in Fig. 7b,
582  shows the presence of Co 2p;,, and 2ps, peaks at ~793.25 eV and ~777.74 eV, corresponding to
583 the zero oxidation state of Co. In the case of Co;x(Iryx) (x=0.2), the Co maxima are shifted by
584  ~0.05 eV and ~0.06 eV to slightly lower binding energy than that of pure Co, *' again suggesting
585 a modification of the electronic structure of cobalt referring to the possible ease of electron
586 transitions occurring in these systems. Similarly, shift in the Co 2p;, peak by ~0.1 eV and

587 ~0.2 eV to lower binding energy is observed for Cox(Iry) (x=0.3 and 0.4), respectively. The
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maxima of Co 2p3, peak is also shifted to slightly lower binding energy by ~0.15eV and ~0.2eV
for Cojx(Irx) (x=0.3 and 0.4), respectively, which suggests modification in electronic structure of
Co and the possible ease of electronic transitions in these newly formed alloys. ’*”” Furthermore,
the surface atomic ratio of Ir/Co and composition, determined by XPS, is 1.57 (39at.% Co-
61at.% Ir), 1.95 (34at.% Co-66at.% Ir) and 2.2 (31at.% Co-69at. %lr) for Co;x(Iry) (x=0.2, 0.3,
0.4), respectively, which suggests a significant solute (Ir) segregation on the surface of the alloy
nanoparticles. The surface composition of Co;x(Iry) determined from XPS analysis is tabulated
in Table 1. The enrichment of iridium on the surface of the nanocrystalline Co;(Iryx) metal
catalyst over cobalt is a result of heat treatment of all the synthesized alloy catalysts in (Ar+6.5%
H,) atmosphere at 200°C. This can be attributed to higher adsorption enthalpy of hydrogen on Ir
than Co which facilitate segregation of iridium on the catalyst surface.**™ Similar results have
been reported for carbon supported Pd-Co core-shell nanoparticles, where surface segregation
was observed in which Pd migrated from the bulk to the surface forming a thin over-layer, due to
heat treatment in H, atmosphere.® This rearrangement of Pd and Co was attributed to the higher
adsorption enthalpy of hydrogen and consequently, stronger affinity of hydrogen on Pd than Co.
Similar phenomena can therefore be expected to occur in the case of the Co-Ir alloys discussed

herein.

4.3.2 Electrochemical characterization of Coj.(Iry)

The electrochemical activity of Cojx(Iry) (x=0.2, 0.3, 0.4) solid solution as anode
electro-catalysts for PEMFCs has been examined using cyclic voltammetry (CV). The cyclic

voltammograms (CVs) of Coj4(Iry) (x = 0.2, 0.3, 0.4) in H; saturated 0.5 M H,SO4 over the
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611  voltage window of -0.1 V and 1 V, displayed in Fig. S10, show well-defined strong hydrogen
612  oxidation peaks similar to that of Ir-NPs and Pt/C (see Fig. S3). The anodic part of CV curves
613  (Fig. S3 and S10) (between -0.04 V to 0.08 V vs NHE) of HOR in H; saturated 0.5 M H,SO, for
614  all of the Co«(Iry) solid solution of different compositions (x=0.2, 0.3, 0.4, 1) and Pt/C, before
615 and after iR, correction, are shown in Fig. 8a. The ohmic resistance (Rg) for all of the alloy
616  electro-catalysts was determined from the EIS Nyquist plots, discussed subsequently in the
617  sections below. As shown in the inset of Fig 8a, and plotted in Fig. 8b, the onset potential of
618  HOR for all of the Co;«(Iry) solid solution (-0.032 V for x=0.2, -0.036 V for x= 0.3 and -0.037 V
619  for x=0.4) is significantly lower than that for pure Ir-NPs (-0.015 V) and the commercially
620  obtained 40% Pt/C electro-catalyst (-0.025 V). This shift in the onset potentials of Co;(Itx) (x =
621 0.2, 0.3, 0.4) to values lower than that of pure Ir-NPs and Pt/C clearly suggests that the solid
622  solution Co;«(Irx) exhibit lower reaction polarization in the Tafel step and hence, expectedly, a
623  higher catalytic activity, in comparison to pure Ir-NPs and Pt/C while all having up to 60-80%
624  lower noble metal, Ir content. In addition it can be seen that the onset potential of the Co;_x(Iry)
625  solid solution shifts to lower potential with increase in iridium content and reaches a minimum
626  value of ~(-0.037 V) for Co;«(Iry) with x=0.3 and 0.4. This observed lower onset potential for
627  Cojx(Iry) solid solution in comparison to pure Ir-NPs combined with shifting of the onset
628  potential to lower value with increase in Ir content of Co«(Iry) up to x=0.4 is in accordance with
629  the results from the theoretical study predicting that Co;4(Iry) alloy with x=0.3 and 0.4 will
630 possess minimum reaction polarization and thus, a minimal overall overpotential due to
631  modification of the electronic structure following the favorable interaction of cobalt with

632  iridium.
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The overall electrochemical activity of Co;«(Iry) (x=0.2, 0.3, 0.4, 1) and Pt/C towards
HOR is evaluated by comparing the current density at ~0 V in iRq corrected anodic part of CV
curves (Fig. S3 and S10) (between -0.04 V to 0.08 V vs NHE), as shown in Fig. 8a. Since 0 V is
the standard redox potential for the HOR, high catalytic activity (.i.e., high current density with
minimum overpotential) is desired at 0 V. Hence, 0 V is chosen as reference for comparison of
the catalytic performance of all the alloy electro-catalysts studied herein. Values of current
density at ~0 V of Co;(Iryx) and Pt/C are plotted in Fig. 8b and also tabulated in Table 2. As
shown in Fig. 8b and Table 2, the current density of Cogg(Irg,) corresponding to ~19 m?/g
ECSA is ~0.64 mA/cm® at 0 V, which is 17% higher than that of pure Ir-NPs (~0.54 mA/cm?) of
comparable ECSA (~14.5 m?/g). The higher electrochemical activity of Cogs(Irg,) containing
only 20 at % nominal Ir in comparison to Ir-NPs is expected due to lower reaction polarization of
Cogs(Irg2). However, the current density of Cogg(Irp2) at ~0 V is 10% lower than Pt/C (0.71
mA/cm?) which exhibits nearly three-fold higher ECSA (~55.2 m?/g) than Coys(Iro»). The higher
electrochemical activity of Pt/C may arise due to higher ECSA or higher overall reaction kinetics
(lower activation polarization) than Cogg(Irp2). On the other hand, it should be noted that
Coo6(Irg4) of comparable ECSA (~56 m?/g) to Pt/C exhibits the highest current density of
~1.365 mA/cm® which is ~156% higher than pure Ir (~0.54 mA/cm?) and ~92% higher than the
state of the art Pt/C (~0.71 mA/cm?). Similarly, Cog+(Iro3) of ~55.6 m?*/g ECSA exhibits ~94 %
and ~46% higher current density (~1.037 mA/cm?) than Ir-NPs and 40% Pt/C, respectively. The
higher electrochemical activity of Cog 7(Irg3) and Cog¢(Irg4) in comparison to Pt/C of comparable
ECSA is expected due to the lower reaction polarization (overpotential) of Cog7(Irg3) and

Cog(Irg4) as discussed in the earlier section.
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655 Though the onset potentials (reaction polarization) and ECSA of Cojx(Iry) (x=0.3 and
656  0.4) are comparable, the current density of Cog¢(Irp4) at 0 V (~1.365 mA/crnz) is ~32% higher
657 than Cogs(Irp3) (~1.037 mA/cm?), which suggests that the reaction kinetics or activation
658  polarization (charge transfer kinetics) in the Volmer step of Cogg(Irg4) are faster than those
659  occurring on Cog+(Ir3) electro-catalysts, in spite of comparable ECSA (~56 m%/g) (Fig. 5d). The
660  above results also clearly suggest that the Co-Ir solid solution (x = 0.3 and 0.4), which display
661  similar ECSA to Pt/C system, exhibits a novel atomic/molecular structure leading to better

662  electrochemical performance than the state of the art Pt based electro-catalyst system.
663
664  Electrochemical Impedance spectroscopy

665 To understand the reaction kinetics and charge transfer kinetics (Volmer reaction step) of
666  Coix(Iry) alloys, electrochemical impedance spectroscopy (EIS) was carried out to study the
667  charge transfer resistance (R) at the electro-catalyst/electrolyte interface. The EIS study has also
668  been used to obtain the ohmic resistance (Rq) of the Co;x(Iry), Ir-NPs, and Pt/C electro-catalyst
669  system. Fig. 9 shows the EIS plots of all the Co;x(Irx) (x = 0.2, 0.3, 0.4 and 1) alloys synthesized
670 along with commercially obtained state of the art Pt/C, obtained at ~0.016 V (vs NHE) in the
671  frequency range of 100 mHz-100 kHz. A well-formed semicircular arc is observed at the high
672  frequency range in the EIS plot (Fig. 9). The diameter of this arc is typically a measure of the
673  charge transfer resistance (R¢). The Rg and R¢ of Co;«(Iryx) and Pt/C, obtained from fitting the
674  data to an equivalent circuit model of Rg(RQ;W,) is tabulated in Table 3. As shown in
675  Table 3, R value decreases expectedly with increase in iridium content suggesting a decrease in

676  the electrochemical activation polarization in the Volmer step with increase in Ir content up to
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Coo6(Irg4). This indicates that there is an enhancement in the electrochemical Faradaic charge-
transfer kinetics in addition to the theoretically predicted improvement in reaction polarization
and catalytic activity with increase in iridium content up to Cog¢(Iro4). The R of Coge(Irg4) (~5
Qcmz) is almost two fold lower than Cog7(Irg3) (~12 Qcmz) and Pt/C (~13 Qcmz) while at the
same time being five-fold lower than the chemically synthesized Ir-NPs (~24 Qcm?) and
Coos(Irgn) (~23.5 Qcmz), which explains the lower electrochemical activation polarization
resistance and hence, improved electrochemical activity of Cog¢(Irg4), in comparison to the other

alloy Cox(Iry) (x=0.2, 0.3 and 1) compositions, and Pt/C (Table 3).

On the other hand, the measured Tafel slope from Tafel polarization plot of of Coj.(Irx)
shows decreasing trend with increase in Ir content upto Cog¢(Iro4) (Table 3). The Tafel slope of
Cox(Iry) (x=0.2, 0.3, 0.4, 1), calculated from iR corrected Tafel plots shown in Figs. S4, S11,
S12 and S13 are 71.6, 65.5, 64.2 and 72 mV/dec, respectively, whereas the Tafel slope of Pt/C is
~67 mV/dec (Fig. S5). The decrease in Tafel slope with increasing Ir content up to Cog¢(Irg.4)
suggests the increase in the number of electrons produced in the HOR processes with increase in
iridium content. The above results also clearly show that Cog¢(Irp4) is indeed a promising anode
electro-catalyst for PEMFC due to the lowest reaction and activation polarization and higher
ECSA reflected in the observed improvement in electrochemical reaction kinetics. The improved
electrochemical activity of Cog¢(Irg4) in comparison to Pt based system could be correlated with
electronic and atomic structure of Co-Ir system as discussed earlier. A fundamental
understanding of the atomic level structure and correlation with electrochemical performance

will however be helpful to develop the non-noble metal based electro-catalyst.
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699  Rotating disk electrode

700 In order to study the inherent kinetics of the electrochemical reaction, polarization studies
701 were performed using the rotating disk electrode (RDE). The current at ~0 V typically selected
702  as the voltage for assessing the electrochemical activity prowess of the electro-catalyst is
703  considered in the Koutechy-Levich equation to calculate ‘n’ for all the tested alloy catalysts. The
704  intercept on the y-axis of the Koutechy-Levich plot is used to determine the kinetic current (ix),
705  which is the current obtained in the absence of mass transfer limitation. The polarization curve of
706  arepresentative electro-catalyst, Cog ¢(Irg4) for ® = 100, 400, 900, 1600 and 2500 rpm are shown
707  in Fig. 10. The corresponding Koutechy-Levich plot for Cog¢(Irg4) is also shown in the inset in
708  Fig. 10. Values of n and iy, calculated from the slope and intercept of graph of i versus o', for
709  all the tested alloy catalysts are given in Table 4. The value of n for all the alloy catalysts is
710  close to the theoretical value, .i.e., 2, which implies that the reaction proceeds corresponding to
711 the well-known two electron reaction pathway.

712 The polarization and Koutechy-Levich plots for the other alloy compositions of Co;x(Iry)
713 (x=0.2, 0.3, 1) and Pt/C, for ® = 100, 400, 900, 1600 and 2500 rpm are shown in the supporting
714  information (Figs. S14-S17). It is noteworthy that both ‘n’ and ‘i;’ increase with increase in
715  iridium content of the alloy, which is consistent with the decreasing trend observed in the Tafel
716  slope with increase in iridium content. Thus Cog ¢(Irg4) exhibits the highest i, (~4.047 mA/cmz),
717  which is ~37% higher than 40% Pt/C (~2.95 mA/cm?) and ~110% higher than that of pure Ir
718 (1.932 mA/cm?). Cop7(Iro3) (~3.035 mA/cm?) also shows ~3% higher i, than 40% Pt/C and
719  ~57% higher value compared to pure Ir. Though the kinetic current for Cogg(Irg,) is lower than
720  that of Pt/C, the kinetic current and ‘n’ for Cogg(Iro>) are comparable to pure Ir indicating the

721  beneficial role of Ir in improving the catalytic activity of Cogg(Irg2), confirming the d-band
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center first principles calculations described earlier. Nevertheless, the detailed study outlined
above confirms the improved reaction kinetics observed for both Cog7(Irg3) and Cogg(Irg.4)
alloys, in comparison to Cogg(Irg,), 40%Pt/C and pure Ir. These results also indicate the
improved inherent reaction kinetics of the Cogg(Irp4) than Cog7(Irp3) alloys which is also in
accordance with the results from EIS measurement indicating the lower R, observed for
Coo6(Irg.4) compared to Cog 7(Irp3) shown in Fig. 9 and Table 3. These results thus suggest that
modification of the electronic and crystal structure of hcp Co by the introduction of only 20 at%
Ir results in transforming the alloy to the fcc form while also rendering it catalytically active
towards the hydrogen oxidation reaction for PEMFC application. The study shows clearly how
introduction of much reduced amount of Ir not only stabilizes the fcc form of Co but also renders
the system more catalytically active than pure Ir nanoparticles as well as the state of the art Pt/C

system demonstrating the remarkable potential of these novel alloy forms.

Electrochemical stability/durability test in half cell configuration

While the electrochemical efficacy of these novel alloys has been demonstrated above, it
is also imperative to explore and determine the electrochemical stability of these alloy catalysts.
Hence to study the robustness of the Co.x(Irx) electro-catalysts during long-term operation in
commercial cells, electrochemical stability/durability test of Co;(Irx) (x=0.2, 0.3, 0.4, 1) has
been evaluated for a period of 24 h, the putative expected time frame for determining stability.
This is studied by conducting the typically accepted chronoamperometry (CA) analysis for 24 h

executed at the constant potential of ~0.016 V (vs NHE), which is closer to 0 V (standard redox
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potential of HOR). The CA curves of Coj4(Irx) (x=0.2, 0.3, 0.4) are shown in Fig. 11a, along
with that of commercial Pt/C and the chemically synthesized Ir NPs. The current density is seen
to stabilize and become steady after ~2 h of initial testing. For Co s(Ir¢ ), the current drops from
~0.5 mA/cm? (after 2 h) to ~0.35 mA/cm? (after 24 h), indicating ~30% loss in activity (current
density), which is lower than that of pure Ir. Thus, Cogs(Irp,) shows superior electrochemical
stability than pure Ir, which sheds light on the unique effect of solid-solution alloy formation in
improving the catalytic activity for Cog g(Irg,) compared to pure Ir, with almost 80% reduction in
noble metal content. However, a loss in activity (current density) of only ~5% is observed for
both Cog7(Irp3) and Coge(Irg4) alloys after 24 h of testing, which is comparable with that of the
Pt/C electro-catalyst. For Cog7(Iro3), the current density drops from ~1.021 mA/cm? (after 2 h) to
~0.971 mA/cm® (after 24 h), whereas the current for Cog ¢(Irp4) drops from ~1.254 mA/cm? after
2 h to ~1.197 mA/cm® after 24 h. Pt/C shows a current density ~0.65 mA/cm® after 2 h and
~0.61 mA/cm? after 24 h.

On the other hand, the electrochemical activity of pure Ir degrades at a much faster rate
(~32.5%, ~0.4 mA/cm” after 2 h to ~0.27 mA/cm? after 24 h) compared to the Co-Ir alloys. The
ICP analysis of the electrolyte collected after 24 h of the electrochemical testing (Table 5) shows
similar amounts of Ir leached out from the electro-catalyst (~0.04 ppm) irrespective of the
composition, whereas the Co amount in the electrolyte increases with increase in Co content in
the catalyst layer, such as ~0.359 ppm of Co for Cog s(Irg>), ~0.273 ppm of Co for Cog 7(Iro3) and
~0.162 ppm of Co for Cog¢(Irg4). The CV curves of HOR for Co;«(Iry) (x=0.2, 0.3, 0.4, 1) along
with Pt/C, obtained after 24 h of CA testing are displayed in Fig. 11(b-c). The collected plots
clearly show minimal loss in catalytic activity for HOR in comparison to freshly prepared

electro-catalyst for Co;x(Iry) (x=0.3, 0.4), likely due to the apparent loss in Co and Ir. However,
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significant loss in electrochemical activity for pure Ir is seen, after electrochemical testing for
24 h, in comparison to Cog s(Irg»). The results thus demonstrate that although the electrochemical
response of these alloys is indeed remarkable there is need for improving the chemical stability
of the alloy systems. It is possible to likely improve the durability of Co-Ir based electro-catalyst
by introducing more robust and chemically resistant refractory elements into the Co-Ir lattice
employing similar chemical reduction and alloying strategies. Deploying such strategies could
likely help further chemically stabilize the alloy structure without possibly compromising the

electrochemical activity.

Single PEMFC full cell test analysis

The polarization curves of single PEMFC full cell with Co;x(Iry) (x=0.3, 0.4) (total
loading of 0.2 mg/cm?) as anode electro-catalyst and Pt/C as cathode electro-catalyst (0.3 mg of
Pt/cm?) are shown in Fig. 12 (a-b). The polarization curve of Pt/C as anode electro-catalyst (0.2
mg of Pt/cm?) and Pt/C as cathode electro-catalyst (0.3 mg of Pt/cm?) with identical loadings is
shown in Fig. 12¢ for comparison. For commercial Pt/C, the maximum power density obtained
using single PEMFC full cell is ~990 mW/cm?, which is similar to that reported in other
studies.® As seen in Fig. 12 (a-c), despite the open circuit potential being identical (0.97 V) for
Coyx(Iry) (x=0.3, 0.4) and Pt/C which is also observed in other study,*® superior electrochemical
activity is obtained for Cojx(Iry) (x=0.3, 0.4) compared to Pt/C. The maximum power density
obtained using single PEMFC full cell with Co;x(Iry) (x=0.3, 0.4) as anode electro-catalyst is
~1380 mW/cm?® and ~1830 mW/cm?, which is ~40% and ~85% higher than that obtained using
Pt/C as an anode electro-catalyst (~990 mW/cm?), respectively (see Table 2). The superior

electrochemical activity of Co;(Irx) (x=0.3, 0.4) can be due to lower reaction polarization (Fig.
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790 8 a-b) and lower activation polarization resistance (Fig. 9) compared to Pt/C. The polarization
791  curves of single PEMFC using Cojx(Iry) (x=0.3, 0.4) and Pt/C as anode electro-catalyst and Pt/C
792  as cathode electro-catalyst, after 24 h of continuous operation are also shown in Fig. 12 (a-c).
793  Negligible loss in power density is observed for Cojx(Iry) (x=0.3, 0.4) and Pt/C, suggesting
794  excellent electrochemical stability of the Cox(Iry) (x=0.3, 0.4) catalysts, similar to that of Pt/C.
795  These results therefore suggest that Co;x(Iryx) (x=0.3, 0.4) are indeed promising anode electro-
796  catalysts as replacements for Pt/C in PEMFC. The study of stability of electro-catalyst materials
797 in single cell PEMFCs for long term operation (5000 h with cycling, following US-DOE’s
798  technical targets) and study of tolerance of PEMFCs for frequent start-stop cycling will be
799  conducted and reported in the near future.®” ™

800 Nevertheless, the present theoretical and experimental study demonstrates the remarkably
801 improved electro-catalytic performance of Cog7(Irp3) and Coge(Irp4) rendering it as a potential
802 candidates for replacement of Pt/C due to its superior electrochemical performance and
803  comparable stability/durability, which is important in the overall goals for identification of
804  alternative electro-catalyst with reduced noble metal content with excellent electrochemical
805 activity and stability to replace Pt/C catalyst for PEMFC. This remarkable improvement in
806 electrochemical performance and also superior electrochemical stability of Cog7(Irg3) and
807 Cope(Irp4) as compared to pure Ir-NPs and Pt/C in both half cell configuration and single
808 PEMFC full cell can be attributed to a number of factors as evidenced by the above studies and
809  discussion of the results assayed herein. The modification of the electronic structure due to the
810 interaction of cobalt with the introduction of iridium, as indicated by the first principles d-band
811  center studies and confirmed by XPS analysis, aids in modifying the electronic polarization

812  while reducing the polarization losses as identified by the lower charge transfer resistance in EIS
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analysis and lower onset potentials seen in anodic part of CV curve. This is indicative of a lower
activation and reaction polarization resulting in improved kinetics as compared to Ir-NPs and
Pt/C. In addition, the superior ECSA of the Co-Ir solid-solution catalysts obtained by novel
synthesis techniques also facilitates in obtaining superior performance to that of Ir-NPs and Pt/C.
The above results clearly show that Cog7(Irg3) and Coge(Irg4) are indeed promising electro-
catalysts for anode of PEMFC due to their lower activation and reaction polarization reflected in
the observed improvement in electrochemical reaction kinetics. The 60-80% reduction in noble
metal content with similar/superior electrochemical performance and cycling stability is a
remarkable achievement as it represents ~380% improvement in electrochemical
performance/noble-metal catalyst content when contrasted with pure Pt/C thus demonstrating a
major accomplishment achieved in the gradual progression in advanced research globally
conducted towards the development of ultra-low and reduced noble metal containing electro-

catalysts for PEMFC applications.

Conclusion

The present study demonstrates a theoretical and experimental study of nanostructured
Cox(Iry) (x=0.2, 0.3, 0.4) solid solution as promising anode electro-catalysts for PEMFC. XRD
analyses indicate formation of single phase solid solution for chemically synthesized Co(Iry)
(x=0.2, 0.3, 0.4) alloy electro-catalysts. The nanostructured alloy electro-catalysts also show
uniform distribution of Ir and Co without undergoing any noticeable phase segregation at a
specific site. Moreover, Co;x(Iry) (x=0.3 and 0.4) show improved electrochemical performance,

~46% and ~92% improvements in current density compared to Pt/C and ~94% and ~156%
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improvements in current density contrasted with pure Ir, respectively. In addition, Co;x(Iry)
(x=0.3 and 0.4) show ~40% and ~85% improved maximum power density in single PEMFC
study that that of Pt/C. Coix(Irx) (x=0.3, 0.4) alloys also display excellent electrochemical
stability/durability, similar to Pt/C in both half cell configuration and single PEMFC. Using the
aid of theoretical first principles electronic structure calculations, a strong correlation between
the Ir content and the d-band center positions was established which was also experimentally
observed and matched by the overall catalytic activity demonstrated by the Co(Ir) alloys. The
computational study detailed herein has clearly demonstrated the crucial effect of the electronic
structure peculiarities on the electrochemical activity of the Co(Ir) solid solutions. Hence, the
present study demonstrates the use of Coj4(Irx) (x=0.3, 0.4) as potential candidates for
replacement of Pt/C due to their superior electrochemical performance and stability/durability.
We believe that this work represents an important hallmark in the overall search for non-noble
metal based electro-catalysts exhibiting excellent electrochemical activity and stability to replace

Pt/C, the currently accepted gold standard catalyst for PEMFC.
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Table 1: The lattice parameter, molar volume, particle size, BET surface area, ECSA,

composition determined from EDAX, and surface compositions determined from XPS of

Co;x(Iry) electro-catalyst
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Compositions Lattice Molar Particle | ECSA | BET Bulk and surface
(x) parameter | volume size (mz/g) surface composition by
(nm) (cm3/ mol) (nm) area EDAX XPS
(m’/g) | (bulk) | (surface)
0.0 a=0.2505 6.66 32 - - - -
c=0.4071
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1028

1029

1030
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0.2 0.3671 7.02 2.48 19 37.2 82.1 61.1 at.%
at.% Ir- 38.9
Co- at.% Co
17.9
at.%
Ir-
0.3 0.3692 7.22 3.61 55.6 64.3 71.4 66.1 at.%
at.% Ir- 33.9
Co- at.% Co
28.6
at.% Ir
0.4 0.3712 7.42 4.21 56.1 68.2 62.2 | 68.75 at.%
at.% Ir- 31.25
Co- at.% Co
37.8
at.% Ir
1.0 0.3834 8.49 7.59 14.5 29 - -
Pt/C 55.2 273.2

Table 2: Results of electrochemical characterization for HOR of Co;.«(Iry) and Pt/C in half-cell

configuration and single PEMFC

Electro-

Onset

Current

Max. power
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1032

1033

1034

1035
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catalyst, potential density at density in
Coyx(Iry) (mV) ov single cell
(vs NHE) PEMFC
(mA/cmz) (mW/cmz)
x=0.2 -32.1 0.64 -
x=0.3 -36.29 1.04 1380
x=0.4 -37.39 1.36 1830
x=1 -15.06 0.54 -
Pt/C -25.7 0.71 990

Table 3: Results of EIS analysis of Co;«(Ir) and Pt/C, carried out at ~0.016 V (vs NHE) in

frequency range of 100 mHz-100 kHz

Electro-catalyst, Tafel slope (mV/dec)
Rq (Qem’) Re (Qem’)
Col-x(Irx)
x=0.2 13.75 23.5 71.6
x=0.3 13.86 11.94 65.5
x=0.4 13.39 5.149 64.2
x=1 14.88 24 72.0
Pt/C 14.54 13 67.2

Table 4: Results of polarization study of Co;_«(Iry) and Pt/C on RDE
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X n Kinetic current,
ix (mA/cm?)
0.2 1.77 2.179
0.3 1.79 3.035
0.4 1.81 4.047
1.0 1.75 1.932
Pt/C 1.80 2.95
1036
1037
1038 Table 5: Results of ICP analysis conducted on the electrolyte collected after 24 h
1039 chronoamperometry analysis, for Co;_x(Iry) and Pt/C
X Co Ir Pt
0.2 0.359 0.04 -
0.3 0.273 0.04 -
0.4 0.162 0.04 -
1.0 - 0.04 -
Pt/C - - 0
1040
1041
1042
1043
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Figure captions
Figure 1: Co-Ir binary equilibrium phase diagram

Figure 2: The XRD pattern of Co;4(Irx) (x=0, 0.2, 0.3, 0.4, 1) nanoparticles in wide angle 26

scan

Figure 3 The anodic part of CV curve (Fig. S3) (between -0.05 V to 0.2 V vs NHE) curve for
HOR of Ir-NPs and Pt/C, measured in H, saturated 0.5 M H,SO, at 40°C at scan rate of

10 mV/sec, before and after iRq correction

Figure 4: Ir-d band partial DOS of Co;x(Iry) for different Ir concentrations. Arrows denote
position of d-band centers &4
Figure 5: (a) Variation of molar volume and particle size with iridium content, (b) The bright

field TEM image Cog(Iro4) shows the presence of fine particles in the nanometer range (~4-7
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nm), (¢) The HRTEM image of Cog¢(Irp4) shows lattice fringes with a spacing of ~0.215 nm,

(d) Variation of BET surface area and ECSA with iridium content

Figure 6: SEM micrograph with elemental mapping and EDAX spectrum of Cog ¢(Ir¢.4)

Figure 7: The XPS spectra of Co;.x(Iry) showing (a) Ir 4fs,, and 4f;,, doublet and (b) Co 2p;/, and
2p3/» doublet

Figure 8: (a) The anodic part of CV curve (Fig. S3 and S10) (between -0.04 V to 0.08 V vs
NHE) curve for HOR of Co«(Iry) (x=0.2, 0.3, 0.4, 1) and Pt/C with magnified image between
-0.04 V to -0.01 V (vs NHE) in inset, measured in H; saturated 0.5 M H,SOy, at 40°C at scan rate
of 10 mV/sec, before and after iRq correction, (b) Variation of onset potential and current

(at 0 V vs NHE) with iridium content

Figure 9: EIS spectra of Co;«(Iry) (x=0.2, 0.3, 0.4, 1) and Pt/C obtained at ~0.016 V (vs NHE)

in H, saturated 0.5 M H,SOj solution at 40°C in the frequency range of 100 mHz to 100 kHz

Figure 10: The polarization curve for HOR of Cog¢(Irp4) obtained on rotating disk electrode
(RDE), measured in H, saturated 0.5 M H,SO4 solution at 40°C with a scan rate of 10 mV/sec.

Koutechy-Levich plot of Cog(Irp4) is shown in inset of polarization curve

Figure 11: (a) The variation of current vs time in the chronoamperometry test of Cojx(Iry)
(x=0.2, 0.3, 0.4, 1) and Pt/C, performed in H, saturated 0.5 M H,SO;, solution under a constant
potential of ~0.016 V (vs NHE) at 40°C for 24 h, (b) The cyclic voltammetry (CV) curve for
HOR of Co;x(Iry) (x=0.2, 0.3, 0.4), measured in H, saturated 0.5 M H,SO;, at 40°C at scan rate
of 10 mV/sec, obtained after 24 h chronoamperometry test, (c¢) The cyclic voltammetry (CV)
curve for HOR of Ir NPs and Pt/C, measured in H, saturated 0.5 M H,SO;, at 40°C at scan rate of
10 mV/sec, obtained after 24 h chronoamperometry test
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Figure 12: Performance of single PEMFC with (a) Co;_x(Irx) (x=0.3) (total loading=0.2 mg/cmz),
(b) Coy(Iry) (x=0.4) (total loading=0.2 mg/cm?) and (c) Pt/C (0.2 mg of Pt/cm®) as anode
electro-catalyst and Pt/C (0.3 mgof Pt/cm?) as cathode electro-catalyst at 80°C and 0.1 MPa with

UHP-H; (200 ml/min ) and UHP-O, (300 ml/min) as reactant gases
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Figure 1: Co-Ir binary equilibrium phase diagram
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1095 Figure 2: The XRD pattern of Co;(Iryx) (x=0, 0.2, 0.3, 0.4, 1) nanoparticles in wide angle 20 scan
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1098 HOR of Ir-NPs and Pt/C, measured in H, saturated 0.5 M H,SO;4 at 40°C at scan rate of
1099 10 mV/sec, before and after iRq correction
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1105 Figure 5: (a) Variation of molar volume and particle size with iridium content, (b) The bright field

1106 TEM image Cog¢(Irp4) shows the presence of fine particles in the nanometer range (~4-7 nm), (c)

1107 The HRTEM image of Cog¢(Irg4) shows lattice fringes with a spacing of ~0.215 nm, (d) Variation

1108

of BET surface area and ECSA with iridium content
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1111 TEM image Coyg ¢(Iro.4) shows the presence of fine particles in the nanometer range (~4-7 nm), (c)
1112 The HRTEM image of Coy ¢(Ir4) shows lattice fringes with a spacing of ~0.215 nm, (d) Variation

1113 of BET surface area and ECSA with iridium content
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1115

1116 Figure 5: (a) Variation of molar volume and particle size with iridium content, (b) The bright field
1117 TEM image Cog¢(Iro4) shows the presence of fine particles in the nanometer range (~4-7 nm), (c)
1118 The HRTEM image of Cog¢(Irg4) shows lattice fringes with a spacing of ~0.215 nm, (d) Variation

1119 of BET surface area and ECSA with iridium content
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1121 Figure 5: (a) Variation of molar volume and particle size with iridium content, (b) The bright field

1122 TEM image Cog¢(Irp4) shows the presence of fine particles in the nanometer range (~4-7 nm), (c)

1123 The HRTEM image of Cog¢(Irg 4) shows lattice fringes with a spacing of ~0.215 nm, (d) Variation

1124 of BET surface area and ECSA with iridium content
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1126
1127 Figure 6: SEM micrograph with elemental mapping and EDAX spectrum of Cog ¢(Irg.4)
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1132 Figure 7: The XPS spectra of Co;x(Iryx) showing (a) Ir 4fs,, and 4f7,, doublet and (b) Co 2p;/; and
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1135 Figure 8: (a) The anodic part of CV curve (Fig. S3 and S10) (between -0.04 V to 0.08 V vs NHE)
1136 curve for HOR of Co;«(Iry) (x=0.2, 0.3, 0.4, 1) and Pt/C with magnified image between -0.04 V to
1137 -0.01 V (vs NHE) in inset, measured in H, saturated 0.5 M H,SOy at 40°C at scan rate of

1138 10 mV/sec, before and after iR correction, (b) Variation of onset potential and current (at 0 V vs

1139 NHE) with iridium content
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1142 curve for HOR of Co;(Iry) (x=0.2, 0.3, 0.4, 1) and Pt/C with magnified image between -0.04 V to
1143 -0.01 V (vs NHE) in inset, measured in H, saturated 0.5 M H,SOy at 40°C at scan rate of 10
1144  mV/sec, before and after iR, correction, (b) Variation of onset potential and current (at 0 V vs

1145 NHE) with iridium content
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1147 Figure 9: EIS spectra of Co;«(Iryx) (x=0.2, 0.3, 0.4, 1) and Pt/C obtained at ~0.016 V (vs NHE)
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1151 Figure 10: The polarization curve for HOR of Cog ¢(Ir 4) obtained on rotating disk electrode

1152 (RDE), measured in H, saturated 0.5 M H,SO, solution at 40°C with a scan rate of 10 mV/sec.

1153 The Koutechy-Levich plot of Cog¢(Irg.4) is shown in the inset of the polarization curve.
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Figure 11: (a) The variation of current vs time in the chronoamperometry test of Co;_x(Iry) (x=0.2,
0.3, 0.4, 1) and Pt/C, performed in H, saturated 0.5 M H,SO4 solution under a constant potential of
~0.016 V (vs NHE) at 40°C for 24 h, (b) The cyclic voltammetry (CV) curve for HOR of Co_(Iry)
(x=0.2, 0.3, 0.4), measured in H, saturated 0.5 M H,SO;, at 40°C at scan rate of 10 mV/sec,
obtained after 24 h chronoamperometry test, (c) The cyclic voltammetry (CV) curve for HOR of Ir
NPs and Pt/C, measured in H, saturated 0.5 M H,SOy at 40°C at scan rate of 10 mV/sec, obtained

after 24 h chronoamperometry test
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1165 Figure 11: (a) The variation of current vs time in the chronoamperometry test of Co;«(Iry) (x=0.2,
1166 0.3, 0.4, 1) and Pt/C, performed in H; saturated 0.5 M H,SO4 solution under a constant potential of

1167 ~0.016 V (vs NHE) at 40°C for 24 h, (b) The cyclic voltammetry (CV) curve for HOR of Co_x(Iry)

1168

1169 obtained after 24 h chronoamperometry test, (c) The cyclic voltammetry (CV) curve for HOR of Ir

1170 NPs and Pt/C, measured in H, saturated 0.5 M H,SO, at 40°C at scan rate of 10 mV/sec, obtained
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Figure 11: (a) The variation of current vs time in the chronoamperometry test of Co;_x(Iry) (x=0.2,
0.3, 0.4, 1) and Pt/C, performed in H, saturated 0.5 M H,SO4 solution under a constant potential of
~0.016 V (vs NHE) at 40°C for 24 h, (b) The cyclic voltammetry (CV) curve for HOR of Co_(Iry)
(x=0.2, 0.3, 0.4), measured in H, saturated 0.5 M H,SO;, at 40°C at scan rate of 10 mV/sec,
obtained after 24 h chronoamperometry test, (c) The cyclic voltammetry (CV) curve for HOR of Ir
NPs and Pt/C, measured in H, saturated 0.5 M H,SOy, at 40°C at scan rate of 10 mV/sec, obtained

after 24 h chronoamperometry test
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Figure 12: Performance of single PEMFC with (a) Co;(Iryx) (x=0.3) (total loading=0.2 mg/cmz),

(b) Coy(Iry) (x=0.4) (total loading=0.2 mg/cm?) and (c) Pt/C (0.2 mg of Pt/cm?) as anode electro-

catalyst and Pt/C (0.3 mg of Pt/cm?) as cathode electro-catalyst at 80°C and 0.1 MPa with UHP-H,

(200 ml/min ) and UHP-O; (300 ml/min) as reactant gases
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1186
1187 Figure 12: Performance of single PEMFC with (a) Co;(Iryx) (x=0.3) (total loading=0.2 mg/cmz),

1188  (b) Coy(Iry) (x=0.4) (total loading=0.2 mg/cm?) and (c) Pt/C (0.2 mg of Pt/cm?) as anode electro-
1189 catalyst and Pt/C (0.3 mg of Pt/cm?) as cathode electro-catalyst at 80°C and 0.1 MPa with UHP-H,

1190 (200 ml/min ) and UHP-O; (300 ml/min) as reactant gases
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1194 catalyst and Pt/C (0.3 mgof Pt/cm?) as cathode electro-catalyst at 80°C and 0.1 MPa with UHP-H,

1195 (200 ml/min ) and UHP-O; (300 ml/min) as reactant gases
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