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Catalysts are required for both the oxidation of water and the reduction of oxygen. Blended oxides of Ir and Ru are superior for water
oxidation whereas mixtures of Pt and Ir perform better when both oxidation of water and reduction of oxygen are required on the same
electrode. A strategy for rationing these elements is explored by the formation of a thin film using a dry, flame process. IrxPt1-xO2-y
and IrxRu1-xO2-y were both deposited from the vapor phase, as thin films, onto substrates of glassy carbon, polypropylene, and
quartz. Elemental analysis of the Ir-Pt electrode suggests a stoichiometry of Ir0.56Pt0.44O2-y. Bulk diffraction of the film shows two
separate phases consisting of Pt metal and IrO2. The sample showed signs of spallation after 10 cycles when scanned between 1.2
and 1.7 V. A weak oxygen evolution current of 0.8–0.4 mA/mg was measured at 1.6 V. Elemental analysis of the Ru-Ir film suggests
a ratio of Ru0.41Ir0.59O2-y. Phases of a homogeneous solid-solution of IrO2 and RuO2 and to a lesser extent Ru metal are shown by
bulk X-ray diffraction. An exceptional oxygen evolution current of 25–40 mA/cm2 was observed for the Ru0.41Ir0.59O2-y sample
corresponding to a normalized mass activity of 400 mA/mg.
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Water electrolysis and oxygen reduction by proton
exchange membranes.— A proton exchange membrane (PEM)
functions as a semi-permeable separator to allow the transport of
protons, isolate chemical reactants, and create an electrical insulation
between two electrodes. The most commonly used PEM is Nafion,
a DuPont product developed in the late 1960s as a permselective
separator for chlor-alkali electrolyzers.1 Nafion is formed by free
radical initiated copolymerization of a crystallizable hydrophobic
tetrafluoroethylene (TFE) backbone sequence with a co-monomer
having pendant side chains of perfluorinated vinyl ethers terminated
by perfluorosulfonic acid groups.2

PEM water electrolyzers (PEMWEs) utilize the PEM membrane,
water, electrodes, and externally supplied electrons to pump protons
up a chemical potential. The final products of acidic electrolysis are
hydrogen on the cathode and oxygen on the anode. The overall chem-
ical reaction, known as water splitting, is written as:

2H2O(�) → 2H2(g) + O2(g) [1]

The hydrogen produced by a PEMWE, when powered by renew-
able sources of energy, provides a clean, efficient, energy carrier de-
coupled from the carbon cycle.3–5 A PEM fuel cell (PEMFC) operates
in reverse of a PEMWE in that oxygen and hydrogen are combined
to produce water and electrons. When a PEMWE is combined at the
systems level with a PEMFC the unit becomes capable of both energy
conversion (fuel-cell mode) and energy storage (electrolysis mode).
Two variants of the fuel cell and electrolyzer combination exist. In
one embodiment, termed the unitized regenerative fuel cell (URFC),
the electrochemical reactions for fuel cell and electrolyzer mode oc-
cur on the same electrode. An electrode capable of catalyzing the
oxygen reduction reaction (ORR) and the oxygen evolution reaction
(OER) is defined as a bifunctional oxygen electrode (BOE). In URFC
systems, the oxygen and hydrogen electrodes function in both oxi-
dation and reduction modes. The URFC integrates the fuel cell and
electrolyzer units into a more compact configuration. Alternatively,
the regenerative fuel cell (RFC) works by keeping the fuel cell and
electrolyzer as separate units. A key advantage in using the URFC
system is that water electrolysis and the hydrogen-oxygen recombi-
nation reactions occur on the same electrode to save valuable system
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real estate. The RFC consists of two separated subsystems: a fuel cell
and an electrolyzer.6 The benefit in using the RFC configuration is that
each electrode can be optimized for only one reaction, i.e. reduction or
oxidation.

A parallel exists between the charge-discharge modes in a sec-
ondary battery and the electrolyzer-fuel cell modes in a RFC or
URFC. The charging analogy occurs when H2 is produced via elec-
trolysis and stored for future use. The discharging occurs when the
H2 is fed to the fuel cell and converted to direct current (DC) and
water.

Oxygen evolution catalysis.— The rate-limiting step for water
splitting is the activation of water at the anode for the OER which
requires overpotentials above 1.23 V.7 The sluggish kinetics of the
OER requires the use of a noble metal electrocatalyst. In comparison,
the overpotentials for H2 evolution are much smaller.8 The thermoneu-
tral voltage, a state whereby no heat exchange occurs with the sur-
roundings and all of the energy driving the electrolysis process comes
from the electrical input energy, occurs at 1.48 V.9 In order to gener-
ate appreciable current from water splitting, commercial electrolytic
cells operate at voltages higher than thermoneutral. This excess po-
tential generates heat that must be managed in the system design.
In biological systems, oxygen-evolution catalysts fortunately avoid
the use of rare noble metals and instead perform electrolysis with
clusters of abundant transition metals such as Fe, Cu, Mo, Co, and
Mn.10 Oxygen evolution occurs during the photosynthetic respiration
of plants using two protein complexes operating in series. During
respiration, photo-excited electrons are transferred to enzymes and
cofactors and these electrons must be replenished. This regeneration
occurs in photosystem II by the oxidation of water to release elec-
trons, hydrogen ions and molecular oxygen. Photosystem I then gen-
erates the reductant used in CO2 reduction completing the respiration
cycle.11

According to ab initio modeling by Rossmeisl et al.12 and recent
work by Suntivich et al.13 the OER activity universally depends on the
O2 binding strength. Miles et al.14 experimentally demonstrated that
the electrocatalytic activity toward oxygen evolution in H2SO4 has a
negative correlation with Pt content. Miles et al. found that Ru has
the best activity. Alloys of RuIr, RuO2 supported on TiO2, and Ir each
have a similar activity albeit lower than Ru. The performance drops
further in alloys of IrPt followed by alloys of RuPt, and finally the
catalyst with lowest OER activity is Pt. The type of acid has very little
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effect on the kinetic parameters. Furthermore, Miles et al. attributed
the lower electrocatalytic activity in catalysts containing Pt catalysts
to the formation of a deactivating PtO2 film.

Oxides of Ir and Ru for electrolysis.— Driven largely by devel-
opment of dimensionally stable anodes (DSAs) for the chlor-alkali
industry, oxides of Ir and Ru have been used as catalysts on titanium
substrates since the late 1960’s.15 Unfortunately, DSAs in PEMWEs
are compromised by difficulty in obtaining a suitable contact between
the electrocatalyst and the electrolyte.16 Pt is the heritage catalyst typ-
ically used in PEMFCs. A successful catalyst must fully utilize the Pt
without loss in performance or unwanted sacrifices in durability. Vari-
ous methodologies have been developed to reduce the Pt mass loading
(mgPt/cm2) in PEMFC systems.17 Dispersion of the catalyst onto high
surface area carbon supports, alloying, and formation of core-shell
structures have all been used with various degrees of success.18–22

While Pt is a good catalyst for oxygen reduction it is poor for oxygen
evolution and is not stable at the high OER potentials used in acidic
water electrolysis.16,23 Ir increases the activity and stability of Pt as
a BOE in URFCs both in oxygen reduction and oxygen evolution
modes.24

Dispersion of the catalyst onto a support as a strategy to reduce
precious metal use is not possible on the carbon dispersants used in
PEMFCs since carbon combustion occurs under the strong oxidizing
conditions (pure O2) in acidic environments (i.e. 0.5 M H2SO4).

C + H2O → CO2 + 4H+ + 4e−0.96 V vs RHE [2]

Ru exhibits the best onset potential toward water activation but
forms a film of RuO2 during anodic polarization.25 This hydrated oxide
film is unstable and eventually dissolves.26,27 Bulk RuO2 is more active
near the thermoneutral voltage; however, corrosion again converts this
species to the soluble, unstable RuO4. Kotz and Stucki showed that
even small amounts of IrO2 (20%) reduce the corrosion rate to 4% of
the original value.28 Fortunately, Ir4+ forms a solid solution with the
RuO2 lattice. This solubility is due to a similar atomic radius between
Ir4+ (0.077 nm) and Ru4+ (0.076 nm).29 The IrO2 performs a dual role
by both increasing stability and reducing the overpotential compared
to RuO2.23 McDaniel and Schneider30 reported a continuous range
of solid solubility for the RuO2-IrO2 system with the oxides stable
up to 1020◦C. This solubility occurs because both adopt a rutile-type
structure. Dissolution occurs by substitution owing to the similar radii.
Unusual to the bonding in most metal oxides, both Ir and Ru oxide
exhibit a delocalization of the outer shell electrons that give rise to
a metallic-type binding; the electrical conductivities in these metal
oxides are some of the highest known.31

Oxygen evolution catalysts have also been employed in PEMFC
cathodes to favor oxygen evolution over carbon corrosion,22,32 a draw-
back in this approach is the difficulty in forming a porous layer so
that additional mass transport resistances are avoided, and the cost
incurred by Ir and Ru.33 Ir is a platinum group metal, with a relative
abundance in the earth’s crust less than one tenth than that of Pt,
and economics dictates a rationing approach similar to Pt in catalyst
design.34,35

Catalyst film formation.— IrO2 forms a solid solu-
tion with Ru or Pt, therefore a range of compositions
can be expressed by noting the Ir elemental ratio by
x (0 ≤ x ≤ 1) in the chemical formula.14,36 Additionally, non-
stoichiometry between the oxide and metallic forms is denoted by
y, the oxygen deficiency. Methods to form films of IrxRu1-xO2-y

or IrxPt1-xO2-y fall into two categories: direct or indirect. Direct,
dry film formation (e.g., sputtering, chemical vapor deposition
(CVD) or flame based processes such as reactive spray deposition
technology (RSDT)) combines the synthesis and formation into one
step. Indirect, wet-methods require powder synthesis (e.g., pyrolysis
of chloride salts, hydrolysis, Adam’s fusion, or microwave-assisted
polyol process method) followed by an electrode-formation step (e.g.,
tape casting, ink spraying, or screen printing).31,37–44 A variety of
processing routes for producing thin films of transition metal oxides

are available including CVD, Physical vapor deposition (PVD), and
sputtering,45 however, these direct, dry film-formation techniques
are batch processes that require vacuum equipment which then
drives up the capital costs.46,47 Recent advances in high-throughput
combinatorial studies have enabled the search for binary and
ternary OER electrocatalysts made by an impregnation/freeze-drying
and subsequent annealing step or reduction via NaBH4.48,49 Wet
powder-methods require purification of the powder, slurry for-
mation, film formation and subsequent drying. In order to avoid
the added processing steps required by wet-powder methods and
the use of inherently batch vacuum methods, our approach to
thin-film formation is via the dry, direct and continuous RSDT
technique.37,38,50

Regardless of the processing technique used, for film formation,
the surface mixed oxides can form a homogeneous solid-solution
whereby Ir and Ru are atomically mixed in the crystal lattice, they can
be present as separate crystallites, or exist a combination of both.44,51

It has been reported43 that the film surface changes dramatically, from
the “as-prepared” state, after voltage cycling due to oxidation and
surface restructuring and that a significant amount of hydration occurs
in the oxide layers.51

Flame synthesis technology.— In this work, oxides of IrxRu1-xO2-y

for electrolysis and IrxPt1-xO2 for oxygen reduction/evolution were
prepared by using the direct, dry, jet-flame based process RSDT. RSDT
has been used to make a wide array of material systems that include
Pt, CeO2, SnO2, Sn-Pt, LiCoO2, IrxRu1-xO2-y, Gd0.2Ce0.8O1.9.37,38,52–58

Some key advantages of the RSDT process, over traditional processing
methods, are i) a reduction in the number of processing steps required
for catalyst formation and electrode application, ii) avoidance of wet
processing and the concomitant binders, iii) no drying cycles, iv)
lack of requirement for vacuum, v) power consumption <2 kW, and
vi) ease of stoichiometry control by solution-based mixing of the
precursors.

Flame technology, of which RSDT is a subset, is best known for
large-scale production of carbon black.59 Global carbon black pro-
duction is forecast to be 11.6 Mt/year in 2013 with 70% going to
tires and 20% for rubber.60 The other common powders produced
by flame-based methods in large quantities include: titania (e.g., De-
gussa P25 TiO2) produced at ∼0.2 Mt/year for pigments; ZnO (0.6
Mt/year) as an activator for rubber vulcanization, pigment or phar-
maceutical additive; and fumed silica (∼0.2 Mt/year) as a powder
flowing aid, cosmetics additive, and in fabrication of optical fibers for
telecommunications.61 Variants of the industrial process have been
developed by many groups to make Al2O3, Fe2O3, BaCO3, CeO2,
Pt, monoclinic Y2O, and tetragonal ZrO2 among others.62–71 Since
2006, Maric et al. have used the RSDT variant of flame process-
ing to reduce Pt loading in PEMFC catalysts by directly applying
catalyst layers onto electrolyte substrates using a catalyst coated
membrane (CCM) approach.37,50,72–74 CCMs have significant bene-
fits over gas diffusion electrode (GDE) based MEAs, including: im-
proved contact between the catalyst layer and the electrolyte that
reduces contact resistance, improved catalyst utilization, and better
control of catalyst loading when using thinner catalyst layers or low
loadings.75

Reactive spray deposition technology (RSDT).— The RSDT pro-
cess combines catalyst production and electrode formation into one
step, takes place in the open atmosphere and eliminates the need to
dispose of solvent waste; the solvent is completely combusted to CO2

and H2O. Fig. 1 shows a diagram of the general process.
In the RSDT process, xylene has a dual role by acting both as

a cheap solvent, and as a fuel; xylene releases its enthalpic heat of
combustion to decompose the metal cations and hydrocarbon anions.
IrxRu1-xO2-y and IrxPt1-xO2 nanoparticles, formed by decomposition in
the vapor phase, grow from acetylacetonate (i.e., 2, 4-pentanedionate)
ligands of the requisite metal. Acetylacetonates, as a general class
of metal-organic ligands, are ideally suited for RSDT since they are
soluble in a combustible organic, and do not contain any halide or
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Figure 1. a) Abstract diagram of the RSDT process and b) a mirror image of
the process as set-up for deposition, substrate not shown.

nitrate contaminants. The xylene is atomized and subsequently oxi-
dized (i.e., combusted) into CO2 and H2O. To aid in atomization and
to increase the heat released, 10–30 wt% of propane is added to the
xylene. The droplet size produced by the RSDT nozzle is predom-
inately sub-micron due to the simultaneous action of heat, pressure
drop, and supercritical propane expansion. To ensure that nanoparti-
cles of the desired product are formed, the metal-organic precursor
must be confined to the nanoscale regime after droplet formation.
This confinement condition limits growth during precipitation in the
rapidly evaporating solvent.

Particle formation in flames.— Oxidation or reduction occurs
according to the relative oxidizing strength of the flame, the ac-
tivity of the metal species, and the partial pressures of CO2 and
H2O. The oxidizing strength can be manipulated by the O2 par-
tial pressure in the combustion atmosphere,76,77 and adjustments in
the equivalence ratio.78 The equivalence ratio, �, is the relation-
ship between the stoichiometric oxidant and fuel molar flow rates
divided by the actual process ratio; the relationship is expressed in
equation 3.

� = (ṅoxidant/ṅ f uel )stoic

(ṅoxidant/ṅ f uel )real
[3]

η̇ is the molar flux (mol/s) of the oxidant or fuel. Equivalence ratios
greater than 1 indicate a fuel rich mixture while ratios equal to 1

indicate a stoichiometric mixture of oxidant to fuel. When the equiv-
alence ratio equals less than 1 the combustion mixture is oxidant rich.
In this manuscript the flow rate of fuel (xylene) was kept constant at
32.7 millimole/min (4.0 mL/min) while the oxygen flow rate was set
to 1,428 millimole/min (15,000 mL/min), giving an equivalence ratio
of 0.27 indicating an oxidant rich flame. The equivalence ratio in the
RSDT process is controlled by increasing or decreasing the oxygen
supply to the atomization nozzle.

It is from the vapor phase that nucleation of the metal or metal ox-
ide occurs along with growth of the primary particle along the length
of the hot reactive zone.79 There may be several pathways through
which the vaporized metal reacts, nucleates, and grows either during
time of flight or directly onto the substrate.80 The precursor, once
the droplet exits the nozzle, proceeds through the following steps:
heats up to the boiling point of the solvent; precipitates due to a
rapid solvent shell volume decrease (i.e., simultaneous evaporation
and combustion); decomposes; phase changes from solid to vapor;
and finally undergoes a series of redox reactions. Pt2+ is reduced to Pt
metal while both Ru and Ir are oxidized from the (III) to (IV) states.
Formation of the nanocrystallite particles, during time-of-flight, oc-
curs prior to film formation through a multi-step process on a time
scale of milliseconds. The general mechanism of particle growth,
once the precursor has vaporized, occurs by: homogeneous reactions,
nucleation, surface growth, cluster dynamics (a transitory state be-
tween single atoms and solid material), coalescence, aggregation, and
agglomeration. The solid particle passes through the following size
classifications during the growth process: monomer formation, cluster,
primary particle, nanoparticle, and then agglomerate.62–64 Depending
on the processing conditions, a film can form either from the vapor
phase (i.e., the product reaches the substrate at a stage somewhere
between the monomer and nanoparticle pathway), by a physical im-
pingement of a fully formed nanoparticle, or by a combination of both
mechanisms.

The exact mechanism of growth is affected by the synthesis ther-
mal profile, concentration of reactants, the precursor composition,
oxidant/fuel flow rates, and the distance between the substrate and
the nozzle. The thermal profile is controlled by the equivalence ratio,
choice of fuel, quench distance, stand-off distance, flow rate, and noz-
zle design. Primary particle growth is arrested through rapid cooling
by an air quench, to create a fast non-equilibrium phase change.81

The time of flight, zone temperature profile, stand-off distance, and
locations of the quench are critical to formation of the desired metal
and morphology.62

Experimental

Precursor preparation.— Two different oxides; IrxRu1-xO2-y for
electrolysis and IrxPt1-xO2-y for oxygen reduction/evolution; were pre-
pared by dissolving either a i) 50:50 molar ratio of the metal organic
solutes, Ru(III)-acetylacetonate, and Ir (III)-acetylacetonate or ii) a
50:50 platinum 2,4-pentanedionate and Ir (III)-acetylacetonate (Colo-
nial Metals Inc.) into xylenes (Aldrich, ACS reagent ≥98.5%). The
decomposition profile of Ir-acac and Ru-acac were studied by TGA
in air at a rate of 5◦C/min up to 550◦C (TA Instruments, TGA-Q500).
The solution was placed in a custom-made pressure vessel using a
sanitary tee sight glass assembly with stainless cap plates (JCD54,
Swagelok). The vessel was then capped; sealing was ensured by using
a high pressure clamp torqued to 25 ft-lbs. Propane (Airgas, Industrial
Grade) was added until a mass ratio of 15 wt% was obtained. The
addition of propane brought the final metal concentrations to 1.4 mM
each (i.e., 2.8 mM combined).

Reactive spray deposition technology system.— During deposi-
tion, the precursor solution was then pumped at a volumetric flow rate
of 4 mL/min by an Isco 500D (Teledyne Isco, Lincoln NE) syringe
pump through a custom-built atomizing nozzle. This flow rate was
chosen to ensure adequate fuel atomization that matches the available
power input, pressure drop through the nozzle, and flow capacity of
the oxidant while ensuring no precursor is found on the substrates.
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Figure 2. RSDT nozzle showing the a) injection geometry of the fuel/solvent,
oxidant, and pilot gases and b) the three zones: heating, atomization/mixing,
and combustion.

The nozzle consists of three stages, heating, atomizing/mixing, and
combustion, as revealed in Fig. 2.

The heating stage consists of a 316 stainless steel tube (Cadence
Science, Cranston RI) that has an outer diameter of 0.159 cm is 10
cm in length, and has an inner diameter of 0.25-1 mm. Soldered to the
end of the tube was a 21–32 gauge hypodermic insert with a length
of 1.8 cm and an inner diameter of 100–200 μm. The hypodermic
insert acted as a restrictor to induce a fast pressure drop just prior
to exit into the atomizing/mixing zone. The tube was heated by an
EasyHeat 0112 (Ameritherm, Scottsville, NY) power supply using a
custom coil. The control point for monitoring the process temperature
was located 9.9 cm from the entry of the tube. Precursor solution
was continuously passed through the heating stage at a flow rate 4
mL/min. The hypodermic insert was surrounded by a Ø 0.38 cm
concentric channel for supplying oxygen as the fuel oxidant. The
hypodermic insert was centered in the channel by a guide to maintain
a centered position. Both insert and channel emptied their contents,
using a co-flow geometry, into the open atmosphere. The precursor
mixture exited the hypodermic insert housed in the body of the nozzle
as a fine spray. The atomization of the precursor solution, generated by
this nozzle, was formed by a combination of pressure, heat produced
using the induction system, and supercritical atomization due to the
expansion of the liquefied propane above its critical temperature of
96.6◦C. The combined action of these energy inputs forms droplets
less than 1 μm in diameter. In the atomizing/mixing stage, the oxygen
and the fuel droplets (i.e. xylene-propane mixture) are turbulently
mixed prior to ignition. This mixing, prior to ignition, classifies this
type of combustion as a premixed flame; the conical shape of the
flame tip denotes that the flame speed (i.e., rate of expansion of the
flame front) is controlled by the fuel-oxidant flow and not the reaction
chemistry. The length of the atomizing/mixing zone is 0.20–0.38 cm.
The final stage of the nozzle was the ignition zone. This portion
consists of six circular ports having a Ø 0.05 cm and angled at 45◦

to the centerline of the hypodermic needle. The six ports were evenly

spaced on a 0.32–0.64 cm radius around the hypodermic insert. These
ports supply a premixed methane and oxygen stream that was ignited
to stabilize the high exit-velocity jet-flame formed by the custom
nozzle.

After the ignition zone a circular air-quench (Exair, Cincinnati,
OH), located 5–10 cm from the end of the hypodermic insert, was
centered axially on the flame. The purpose of the air-quench was to
dilute, with air at 25◦C, the combustion zone and thus rapidly cool the
flame zone. This has two distinct functions: it stops the particle growth
and it allows a wider range of substrate materials to be positioned
at lower stand-off distances. After passing through the quench, the
luminosity of the flame is greatly diminished. The product stream
consists of nanoparticles and aggregates that then impinge directly
onto substrate(s) located at stand-off distances between 15–20 cm.

A custom made holder, shown in Fig. 3, was fabricated to simulta-
neously position three glassy carbon or gold rotating disk electrodes
(RDE) (ACE6DC050GC and ACE6DC050AU, Pine Instruments) for
direct application of a film without any binder. The electrode diameter
is 0.5 cm creating an active area of 0.196 cm2. The electrodes were
placed into a polytetrafluoroethylene (PTFE) “U-cup” (AKUCUP,
Pine Instruments) and pressed into the holder to prevent any deposi-
tion on the sides of the electrode, see Fig. 3. Another custom holder
was also fabricated to affix: a polypropylene coupon, for elemental
analysis by inductively coupled plasma optical emission spectroscopy
ICP-OES; a Ø 2.54 cm quartz disk cut 6◦ from (0001) (Gem Dugout,
State College PA), for phase identification by X-ray diffraction; and
either an aluminum SEM pin stub specimen mount (16111, Ted Pella,
Inc.) or a 6.45 cm2 square by 2 mm thick glassy (vitreous) carbon
plate for electron imaging. A third holder, to allow for fast removal of
Cu grids during a deposition, held meshed grids coated with either;
ultrathin carbon (<3 nm) on a holey carbon support film (300 mesh)
or lacey formvar stabilized with carbon (200 mesh) (Ted Pella, 01824
and 01881). Representative images of films grown on both glassy
carbon and quartz are shown in Fig. 3.

Structural, elemental composition and morphology analysis.—
Bulk elemental analysis of the deposited films was determined by in-
ductively coupled plasma optical emission spectroscopy (ICP-OES)
using a Perkin Elmer Optima 7300DV ICP-OES. After film growth,
samples were prepared by punching out a Ø 0.953 cm coupon from
a 0.051 mm thick polypropylene sheet and digesting under reflux in
an aqua regia solution according to EPA method 6020A. The struc-
ture of the Ir(C5H7O2)3 and Ru(C5H7O2)3 precursor materials and the
deposited films was probed by a Bruker D8 Advance X-ray diffrac-
tometer conFig.d with: a Ø 250 mm goniometer in Bragg-Brentano
geometry; a Cu Kα (1.541 Å) source; and a compound silicon strip
1-dimensional LynxEye detector.

SEM images were captured using a FEI Quanta 250 FEG with
a field emission source and imaged using a Everhart-Thornley SE
(secondary electron) detector with an electron accelerating voltage
of 20 kV and a sample height of 10 mm. X-ray energy dispersive
spectroscopy (XEDS) was performed using an electron accelerating
voltage of 10 kV and a working distance of 10 mm. The surface
chemistry of the sample was examined on a PHI Multiprobe using a
Mg Kα X-ray source. All binding energies were calibrated by placing
the graphite C1s line at 284.6 eV. The XPS electron energy plot of
the Ir and Ru peaks was fit by constraining the full-width at half-
maximum (FWHM) of each photoelectric emission line to 2 eV; a
value determined by the diameter of the analyzer, the pass energy and
the spread of energies in the X-ray source. The fitting parameters were
also set so that the ratio of the electron emissions between the doublet
states of the core f level orbitals was set to 4:3. This ratio is derived
from photoemissions having symmetries, defined by f orbitals, that
define an angular momentum equal to three (� = 3) thus yielding a
multiplicity ratio of (2(� − 1

2 ) + 1) : (2(� + 1
2 ) + 1) which equals 4:3

(i.e., the ratio of the f7/2 and f5/2 doublet was fixed to 4:3).
Early-stage growth of the forming films (deposition time < 6 min-

utes) was examined to determine the particle shape, distribution, and
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Figure 3. IrxRu1-xO2-y deposited directly onto a) glassy carbon rotating disk
electrode, b) quartz substrate, and c) TEM grid holder with glassy carbon and
masked polypropylene substrate blocks.

size as they populated the TEM grid surface. A series of electron mi-
crographs were collected with: a JEOL 2010 FasTEM (a field emission
JEOL 2010 TEM operating at 200 kV), and an aberration-corrected
Hitachi HD2700C S/TEM. The grids, placed at an equivalent stand-
off distance to the electrodes, were removed at 90 and 240 seconds.
Film formation from impinging nanoparticles is ideally suited to study
using the TEM because, in the early stages of growth, the films are
thin enough so as to be transparent to electrons. Additionally, the Cu
grids do not require additional sample preparation.82

Electrochemical determination.— All electrochemical measure-
ments were performed in a three-electrode, single-compartment half-
cell using a reversible hydrogen electrode (RHE) (ET071 Hydroflex,
eDAQ) as the reference electrode. A Pt wire (0.5 mm OD × 152
mm L, 99.95%) in a fritted tube was used as the counter electrode
(AFCTR5, Pine Instruments). All potentials reported in this paper are
relative to a RHE immersed in 0.5 M H2SO4 at 25◦C. The sulfuric acid
choice was based on approximating the conditions an electrode expe-
riences when bonded to Nafion. Cyclic voltammetry was performed
using a potentiostat, controlled with Nova software (Metrohm, PG-
STAT101). Rotating disk voltammetry was performed using an ASR
rotator (AFMSRCE, Pine Instruments). The whole 125 mL half-cell
(AKCELL3, Pine Instruments) was surrounded by a water jacketed
sheath with the water temperature thermostated to 25◦C (Isotemp
3016D, Fisher).

Results and Discussion

Precursor decomposition.— The Ir and Ru acetylacetonate precur-
sors decomposed completely, see Fig. 4, at 326◦C and 316◦C respec-
tively, in the TGA. As a point of reference, non-premixed combustion
of toluene and oxygen reaches temperatures above 1500◦C; ample
energy to decompose the precursor material exists in an oxy-toluene
flame.83

The RSDT combustion system uses a pre-mixed jet-flame with
pure oxygen. The benefits of this configuration over conventional air-
fired combustion results in increased temperature, better thermal ef-
ficiency, reduced pollutant emissions, and improved flame stability.84

However, industrially the costs associated with use of pure oxygen can
be prohibitive. Recent advances in air-separation technology, rising
fuel prices, stricter government emissions standards, and the need to
reduce atmospheric carbon dioxide (CO2) emissions may extend the
window of economic viability for oxygen enhanced combustion.

Figure 4. Decomposition profile for a) Ir (III)-acetylacetonate (13.41 mg)
and b) Ru(III)-acetylacetonate (5.69 mg) heated in air at a rate of 5◦C/min to
550◦C.
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Figure 5. Indexed diffraction intensities for Ruthenium (III) 2,4 pentanedion-
ate and Iridium(III) 2,4, pentanedionate, as used in this study.

X-ray diffraction (XRD).— The C17H24O4Ir was indexed to a mon-
oclinic lattice space group P21/c (JCPDS 23–1711) with major peaks
occurring due to the (0 0 2) and (1 0 2) planes at 8.23 Å and 6.68
Å respectively, shown in Fig. 5. Likewise the C17H24O4Ru precursor
shows similar reflections at low 2θ (larger planar spacing). The desired
RuO2 and IrO2 phases do not show any reflections below 28◦ 2θ; this
serves as a good quality control check to ensure no bulk precursor
is in the final film. For trace analysis of acetylacetonate moieties, in
the deposited film, TD GC/MS (thermal desorption gas chromatogra-
phy/mass spectroscopy) has proven useful in past studies.85

Ruthenium and iridium oxide both adopt a tetragonal lattice with
space group P42/mnm and major reflections occurring due to the (1
1 0) planes at ∼28◦ 2θ and (1 0 1) planes ∼35◦ 2θ (JCPDS 43–
1027 and 86–0330). Metallic Ir adopts a face centered cubic lattice
(JCPDS 65–1686) having primary reflections at 40.76◦ 2θ (d = 2.211
Å) and 47.421◦ (d = 1.196 Å); these reflections correspond to the
(1 1 1) and (2 0 0) planes. Metallic Ru forms a hexagonal lattice
with space group P63/mmc (JCPDS 06–0663). Initially no diffraction
was observed on the as-deposited films; presumably the diffraction
was attenuated due to a combination of the film: thickness, porosity,
and the nanocrystalline domain size of the oxides. The temperature
of the coated quartz substrate was then ramped to 800◦C in a tube
furnace and held for 4 hours; the heating was employed to examine
the resultant film properties. The post heating diffraction intensities,
Fig. 6, indicate that the majority of the reflections are due to IrO2,
RuO2, or a combination of IrxRu1-xO2-y. Ru metal is also present to
a lesser extent having reflections at 44.007◦ 2θ (d = 2.056 Å) and
38.388◦ (d = 2.343 Å) corresponding to the (1 0 1) and (1 0 0) planes.
Quantification of the ratios by diffraction was not possible due to a

Figure 6. IrxRu1-xO2-y bulk diffraction intensities after 4 hours heat-treatment
at 800◦C, Cu radiation (λ = 1.54 A).

Figure 7. IrxPt1-xO2-y bulk diffraction intensities after 4 hours heat-treatment
at 800◦C, Cu radiation (λ = 1.54 A).

lack of suitable standards. No evidence of Ir metal or precursor is
present in the diffraction pattern.

The desired BOE IrxPt1-xO2-y adopts a rutile type structure; metallic
Ir and Pt should be absent. Examination of the diffraction intensities,
Fig. 7, indicates that two distinct phases, indexed to the tetragonal IrO2

(JCPDS 86–0330) and face centered cubic platinum metal (JCPDS
04–0802), are present. This indicates that a sizeable portion of the
platinum was not incorporated into the crystal structure of the desired
IrxPt1-xO2-y. Studies with various ratios of platinum in the rutile lattice
of the IrO2 show a phase transformation to cubic around Ir:Pt 50/50
mole ratio; a corresponding unit cell volume increase occurs with
expansion along the c-axis from 3.160 to 4.137 Å.86

The boiling point (b.p.) and melting point (m.p.), of each metallic
species, suggests a reason for the reduced incorporation of Pt into the
IrO2 lattice. Pt has a m.p. of 1769◦C and a b.p. of 3827◦C. Among
the transition metals these physical properties are high; however, they
are significantly lower than Ir (m.p. 2447◦C, b.p. 4427◦C) or Ru
(m.p. 2337◦C, b.p. 4152◦C). Crystallization of the Pt vapors occurs
prior to the crystallization-oxidation sequence in the forming IrO2. Pt
oxidation is negligible, hence the lack of PtO or PtO2 in the diffraction
pattern. The Pt continues to progress through the stages of particle
formation: monomer, cluster, primary, and finally nanoparticle at a
faster rate than the forming IrO2. This does not preclude incorporation
of some of the Pt into the IrO2 lattice but as the reaction proceeds down
the length of the flame the concentration of available Pt is diminished.
A similar argument explains the presence of minor amounts of Ru
metal in the IrxRu1-xO2-y film; however, in this case the differences in
m.p. and b.p are smaller (i.e., 110◦C and 275◦C respectively).

Surface analysis and elemental composition.— Bulk elemental
analysis by ICP-OES suggests an Ir to Ru ratio of 59:41. This ra-
tio is close to the 50:50 nominal value calculated from the mixed
precursors. The same elemental analysis for Ir to Pt was 56:44. A typ-
ical SEM micrograph of the as-deposited IrxRu1-xO2-y film (no thermal
treatment) is depicted in Fig. 8a, along with the corresponding XEDS
plot. The micrograph shows that nucleation and growth of the film
appears to have occurred uniformly across the quartz plate except for
a few regions of faintly visible clustered growth. These island-growth
regions have dimensions of several hundred nanometers. An area of
the film, free of the clusters, is shown in Fig. 8b. Film formation is
much more uniform in coverage and exhibits an interconnected and
interdigitated growth. Areas of clustered growth are noticeably absent
in this region. The film has noticeably open pores which contribute to
an open and non-tortuous pathway in the out-of-plane direction. The
in-plane open pores, around the growth centers, follow a tortuous path.
The XEDS plot shows the expected Ir characteristic X-ray Lα and Mα
emission lines; 9.174 and 1.978 keV respectively. The corresponding
Lα line for Ru is prominent at 2.558 keV. The large peak at 1.74 keV
is due to the quartz substrate on which the film was grown.

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 132.248.12.211Downloaded on 2014-05-12 to IP 

http://ecsdl.org/site/terms_use


F722 Journal of The Electrochemical Society, 160 (6) F716-F730 (2013)

Figure 8. a,b) SEM micrographs of IrxRu1-xO2-y film with c) corresponding
XEDS plot.

Figure 9. a) SEM micrograph of IrxPt1-xO2-y film deposited on an Al stub
and b) corresponding XEDS plot, 30 kV electron beam accelerating voltage.

A typical SEM micrograph of the as-deposited IrxPt1-xO2-y film (no
thermal treatment) is depicted in Fig. 9a, along with the corresponding
XEDS plot. The micrograph, in comparison to the IrxRu1-xO2-y film,
exhibits a marked increase in the number of clustered growth centers
and these clusters range in diameter from several hundred nanome-
ters to several microns. Other prominent features of the micrograph
are; steps and crevices spanning several microns; more areas that
charge from exposure to the electron beam; and growth centers that
are in various stages of coalescence. A major difference between the
two films is the composition and morphology of the underlying sub-
strate. The IrxRu1-xO2-y was grown on a smooth quartz disk while the
IrxPt1-xO2-y film was grown on an Al SEM pin stub specimen mount.
Electron imaging of the aluminum specimen mount (not shown) re-
veals scratches, ledges and crevices formed during fabrication; the
specimen mount has a significant amount of surface morphology. The
initial stages of film growth (e.g., adatom diffusion, island formation,
and specific island morphology) are undoubtedly influenced by the
underlying microstructure of the substrate leading to a difference in
the developing morphology.87,88 An alternative explanation is that the
in-flight particle formation, of the IrxPt1-xO2-y, proceeded at a faster
rate; the accelerated growth ultimately leads to larger particles that
impact and stick to the substrate. These larger particles then act as
growth centers that express themselves with column or dome shaped
features on the micron scale. The XEDS plot shows the expected
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Figure 10. XPS electron energy spectrum of a) Ir 4f and a) Ru 3d electrons as
measured from the IrxRu1-xO2-y film deposited on a polypropylene substrate.

characteristic Ir Lα emission at 9.174 eV. However, discriminating be-
tween the charactersitic Pt Mα (i.e., 2.048 eV) and Ir Mα (i.e., 1.978
eV) emission energies was not possible. The Pt Lα characteristic emis-
sion at 9.441 eV is very faint.

Segregation of Ir, at the film surface, has been reported in the litera-
ture using XPS studies;31 the segregation was attributed to expansion,
of the slightly larger Ir4+ ion, which was better accommodated at the
surface compared with the bulk. Evidence for segregation is suggested
by the observation that the maximum deviation of the Ir/Ru ratio from
bulk composition, by XPS analysis, falls in the same range as the
maximum deviation from Vegard’s law. Although Hutchings et al.
suggest that this is just as likely due to ruthenium possessing a higher
oxidation potential leading to enrichment during crystal growth and
consequently a surface deficiency. Kodintsev and Trassatti found a ho-
mogeneous depth distribution when the electrodes were prepared by
multi-layer thermal decomposition of the prerequisite chlorides; the
authors note that there was compositional variation in the near-surface
layer and concede that it is difficult to rest on a reference standard
since the sensitivity factors depend on oxygen content.89 The oxygen
content is known to vary sharply near the surface.

XPS reveals, see Fig. 10a and Table I, that the Ir 4f7/2 and 4f5/2

photoemission doublet, arising from the IrxRu1-xO2-y film, is separated
by 2.92 eV. Reference values for the Ir 4f7/2 to Ir 4f5/2 binding energies
are 60.6 eV and 63.55 eV; the doublet has spin-orbital separation en-
ergy of 2.95 eV.90 The shape of the Ir 4f doublet photoelectron doublet
emission suggests the existence of both Ir0 and Ir4+; the surface con-
centration appears enriched in metallic Ir since the oxide only accounts
for 15% of the photoemission intensity. It is known that Ir metal forms

Table I. XPS data for deconvoluted Ir 4f peaks.

Name B.E. (eV) FWHM Area % Area

Ir 4f 7/2 Ir 60.58 1.958 1880.16 49.07
Ir 4f 5/2 63.63 2.019 1410.12 36.8

Ir 4f7/2’ IrO2 62.76 1.958 309.34 8.07
Ir 4f5/2’ 65.64 2.019 232.01 6.06

Table II. XPS data for deconvoluted Ru 3d and Cs peaks.

Name B.E. (eV) FWHM Area % Area

Ru 3d 5/2 283.7 1.851 122.06 15.96
Ru 3d 3/2 288.16 2.044 81.42 10.64

C1s 284.6 1.689 438.01 57.25
C1s′ 287.19 1.689 41.81 5.46
C1s′′ 286.04 1.689 81.74 10.68

a multilayer oxide; this layer arises during potentiodynamic cycling
between water adsorption and onset of O2 evolution (i.e., start-stop
conditions in electrolysis) and results in a progressive oxidation of an
Ir film.91,92 This film was not subjected to cycling and was analyzed
as prepared. The presence of Ir0 at the surface is not congruent with
the findings from the XRD data; the apparent contradiction can be
explained by the length scale of the sampling technique. XRD probes
the bulk sample whereas XPS is a very surface sensitive technique
that is only sensitive to the top few surface layers.

Unfortunately, the Ru 3d doublet photoemissions are in coinci-
dence with carbonaceous residues on the sample (i.e., the C1s pho-
toemission); this overlap obscures analysis as shown in Fig. 10b and
Table II. Photoemissions arising from the elemental Ru 3d5/2 and 3d3/2

doublet have binding energies of 280.0 eV and 284.1 eV respectively;
this gives rise to a peak energy separation of 4.1 eV.90 The absence of
peaks in this region, Fig. 10b, suggests a relatively large shifting of the
Ru to higher binding energies. The reference RuO2 binding energy of
the 3d5/2 peak is 283.2 eV which is very close to the observed 283.7 eV
peak in our sample. The corresponding 3d3/2 peak is located at 288.16
eV corresponding to a spin-orbital splitting distance of 4.46 eV close
to the literature expected value of 4.1 eV. These results suggest that
Ru exists primarily in the oxidized Ru4+ state. Concerning the afore-
mentioned distinction between Ir segregation mechanisms (i.e.; strain
relief versus enrichment during crystallization) it should be noted that
synthesis in this study was done rapidly and from a dry state which
would minimize or eliminate diffusional effects that have longer time
constants and favor a mechanism in which one component selectively
crystalizes first. The Ir metal peaks are an order of magnitude higher
than the RuO2 peaks and 6 times larger than the corresponding oxide
suggesting a surface enriched in Ir metal.

The X-ray diffraction results for the IrxRu1-xO2-y film are in contrast
to the XPS surface analysis which suggests the as-deposited sample is
rich in Ir metal and lacks Ru metal. The apparent discrepancy is due
to the heat-treatment step which may have oxidized any residual Ir
metal. It is not clear why Ru metal is present in X-ray diffraction after
heat-treatment while the XPS shows none on the surface. This would
imply a segregation of the oxidized species to the surface. Further
work is needed to examine the cause of this discrepancy as well as
using thin-film XRD techniques to identify the structure of the as-
deposited film and perhaps examine the evolution of structure before
and after polarization scans.

Transmission electron microscopy.— Evidence for the presence of
a core-shell particle enriched in RuO2 could be elucidated by a z-
contrast aberration corrected (on probe) STEM of the film as it forms
on the collection grid (shown in Fig. 11).

Image contrast in Fig. 11 arises from differences in the atomic
number between the Ir (z = 77) and Ru (z = 44) in the addition to the
number of atoms vertically aligned with the electron beam. Fig. 11
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Figure 11. HAADF image from a Hitachi HD2700C STEM of RuxIr1-xO2-y
particles (grid exposed to deposition for 90 s.

shows that most of the representative particles are 1-2 nm in length
and have aspect ratios close to 1 while the larger clusters exhibit as-
pect ratios of 2–3. It should be noted that the larger clusters result
from the coalescence of two or more particles; a grain boundary is
shared between the particles. The existence of two distinct types of
particles: coalesced and single grain, suggest that two film formation
mechanisms occur simultaneously. This observation also suggests that
particles are arriving at different stages of formation. If homogeneous
nucleation occurred sometime during the flight of the particle then,
as the deposition time progressed, a growing film surface would have
a uniform distribution of particles. Advanced stages of film growth
would resemble extensions of the earlier stages; except that the num-
ber frequency of particles would be higher (i.e., a film grown for a
longer time would exhibit the same particle size and distribution but
have a denser coverage). This deposition route can be considered a

ballistic type mechanism since the particles, already fully formed, hit
the substrate and stick. The efficiency of this mass transfer is measured
by the sticking coefficient.

However, heterogeneous deposition from the vapor phase can be
considered if the film growth preferentially occurs on nucleated par-
ticles attached to the substrate. In this mechanism the incoming metal
vapors are attracted to energetically favorable sites on exposed facets
of the growing film. Particles larger than the primary particle length
appear to exhibit twin boundaries (white arrow in Fig. 11b) and grain
coalescence. Particles coated both sides of the lacey carbon grid and
this was observed by changing the focus plane. These findings are
congruent with a process of nucleation and growth at the surface
of the substrate that lead to conformal, not line-of-sight, coatings;
this suggests a mechanism whereby at least some crystallization oc-
curs directly from the vapor phase onto the substrate. Fig. 11 also
shows a number of clusters having size ranges between one to sev-
eral angstroms. These clusters have not formed into fully crystallized
particles indicated by a periodic longer range order.

Cu grids exposed to the deposition process for 90 s and 240 s
were also examined in TEM transmission mode using a JEOL 2010
FasTEM; contrast is this mode is due to diffraction. Fig. 12 shows
that the difference in contrast is immediately evident due, in part, to
the interference of the backing carbon film on the grid.

Compared to the image contrast in STEM mode, only the larger
particles are clearly visible in these images. Of particular interest

Figure 12. TEM image using a JEOL 2010 FasTEM of IrxRu1-xO2-y particles
using a grid exposed to the deposition for 90 s (a) and 240 s (b).
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is the difference in coating coverage between the grids exposed for
90 s versus 240 s. The grid exposed to the deposition for 90 seconds
reveals spherical islands of growth isolated from each other; the film
growth at 240 s suggest that the incoming particles concentrate at
the pre-existing islands. At 240 s the growth appears concentrated
at points of previous deposition. This can be explained by a mech-
anism whereby favorable nucleation sites for the incoming vapors
are provided by the previous growth centers or that the incoming
fully formed ballistic particles have an increased sticking coefficient
around these points. The average particle size slightly increases with
collection time starting at ∼1.5–1.7 nm at 30 seconds (image not
shown) and then leveling out to 2.2–2.3 nm for both 90 and 240
seconds. The distributions are mostly Gaussian in nature with some
skewing of the distribution to larger sizes after 30 seconds. This skew-
ing could be in part due to the difficulty in discerning the coalesced
particles from individual particles. If the deposition mechanism was

solely due to a vapor sublimation mechanism, on energetically favor-
able sites, then the individual crystal size of the growing IrxRu1-xO2-y

should increase with time. The observation that the crystal size levels
out after 90 s would seem to rule out vapor sublimation as a ma-
jor mechanism. Of note is that occasional larger particles (>15 nm)
are observed although their frequency of observation is low. Since
the substrate surface temperature is at or below 120◦C during the
entire deposition there is a large energetic barrier to surface diffu-
sion and the deposited material is largely immobile once striking the
surface.

Features similar to observations in the IrxRu1-xO2-y system are
repeated in IrxPt1-xO2-y, see Fig. 13. These images, of the growing
film, were taken on a JEOL 2010 FasTEM in TEM mode using Cu
grids exposed to the deposition for 90 s (top) and 360 s (bottom).

The 90s exposure in Fig. 13a highlights the branched structures
formed during film growth; the branches form open pores in the

Figure 13. TEM image using a JEOL 2010 FasTEM of IrxPt1-xO2-y particles using a grid exposed to the deposition for a,b) 90 s and c,d) 360 s.
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forming film. There are also a few areas having un-branched spherical
particles, less than 5 nm in size, with darker contrast. The irregular
branched structures and the number of primary particles they contain
compared to the agglomerate size are frequently described by the use
of fractal theory.61 Agglomerated powders have very different trans-
port properties (diffusion, settling, etc.) compared to spherical primary
particles and fractal theory is useful as a descriptor in determining the
extent of agglomeration.80 Fig. 13b highlights the boundaries formed
by interparticle coalescence (the fusing of two or more particles).
Interparticle bond energies can exist as a spectrum from weak van
der Waals forces (soft agglomerates or just agglomerates) to stronger
solid state necks (hard agglomerates or aggregates).93 The onset of ag-
glomeration occurs when the characteristic time for coalescence (i.e.,
sintering) (τs) exceeds the characteristic time for particle collisions
(τc). When τs increases much faster than τc (dτs/dt 	 dτc/dt after
τc = τs) soft agglomerates of spherical particles are formed, while
oblong particles (hard agglomerates) are formed when τs increases
slightly faster than τc (dτs/dt > dτc/dt).80,94 Fig. 13b shows definite
necks between the primary particles with a range of crystallite orien-
tations as well as crystal twinning. Alongside the agglomerates are in-
dividual particles having no extent of agglomeration suggesting again
that coalescence in the flame zone does not occur for all particles. At
360 seconds most of the space between the particles is not visible,
due to layer-by-layer stacking of incoming branched agglomerates,
there are however a few uncovered regions; this testifies to the porous
nature of the forming film using these processing conditions. The
selected area electron diffraction (SAED) in Fig. 13, highlighted by
circle, shows the strong diffraction bands of metallic platinum metal
and attests to the crystallinity of the forming film. A more detailed
observation of Fig. 13d reveals that most of the grid is coated although
some uncoated regions still exist. The built up particle deposits reveal
a range of exposed crystallographic orientations as well as differences
in contrast that suggest thicknesses variations leading to a nanoporous
textured film.

Fig. 14 is an image of a branched IrxPt1-xO2-y particle taken on a
JEOL 2100 HRTEM. This image shows, in better detail, the interface
between the individually formed crystals that have begun to sinter
together in random orientations. In addition to the highly branched
structure there is also a particle with only a small neck connected to an-

Figure 14. TEM image of IrxPt1-xO2-y using a field emission JEOL 2100
TEM operating at 200 kV.

Figure 15. Cyclic voltammetry, scan rate 20 mV/sec, on IrxPt1-xO2-y which
shows the evolution of the current response with cycle number in the window
of 0.05–1.4 V (a) and (b) once stabilized, the current response extending the
lower potential to −0.05 V.

other particle indicating that these particles experienced significantly
less sintering during time-of-flight.

Cyclic voltammetry.— Cyclic voltammetry (CV), of the
IrxPt1-xO2-y film on Au, was utilized to better understand the water
oxidation and oxygen reduction capacity of the BOE, the scans are
shown in Fig. 15.

The CV response suggests the presence of a mixed IrPt oxide:
H2 absorption and evolution; O2 reduction and evolution; and redox
peaks for the IrO2 Ir3+/Ir4+ couple. The lowest potential was limited
to 0.05 V during break-in of the electrode (Fig. 15a) and then re-
duced to −0.05 V (Fig. 15b). Once stabilized, the electrode’s onset
potential for H+ adsorption occurred at 0.25 V; the cathodic current
rose logarithmically until potential reversal at 0.05 V. The peak oxida-
tion current resulting, from release of the adsorbed protons, occurs at
−0.15 V and then decays over a broad range of potentials to ∼0.4 V.
The onset potential for O2 evolution is 1.32 V (see Fig. 15, inset). On
the reductive side the Ir4+ to Ir3+ transition is evidenced by a broad
peak at 1.18 V and the oxygen reduction on platinum occurs at 0.7 V.

In order to examine the suitability of the film toward oxygen evo-
lution, the sample was cycled between 1.2–1.7 V, using a rotational
speed of 900 rpm. The rotation prevents the gaseous O2 product from
blocking active sites during formation and continuously flushes the
electrode with reactant. The results are plotted in Fig. 16. The sample
was cycled 10 times and attenuation was observed with each cycle;
this indicates degradation in the film or deactivation of the catalyst.
The onset potential for oxygen occurred at 1.45 V on the first pass
but then increases to 1.5 V by cycle 10. Visual inspection of the elec-
trode after cycling showed that delamination of the film, from the gold
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Figure 16. Linear sweep voltammetry of a IrxPt1-xO2-y film in 0.5 M H2SO4
with a rotation speed of 900 rpm showing (a) the degradation with cycling and
(b) comparison to literature values.

substrate, had occurred. A closer inspection of the film by SEM re-
vealed pitting spots. A comparison of the O2 evolution current, nor-
malized to the metal oxide loading, with literature values86 is shown
in Fig. 17. The poor performance of the film highlights the need to
better understand adhesion of IrxPt1-xO2-y in bifunctional acidic en-
vironments. The spallation of films prepared by RSDT has not been
observed in past studies using Pt37 or in this study with IrxRu1-xO2-y.
The obvious testing differences are that neither of these last two sys-
tems, the Pt or the IrxRu1-xO2-y, showed both appreciable H2 and O2

generation current. To confirm the delamination, a second film was
deposited under the same conditions; the entire film came off as one
piece into the electrolyte as before. Pt is known to be unstable in acid
at high potentials; in light of the diffraction data (Fig. 7) showing
separate phases of Pt and IrO2, the delamination can be explained by
Pt dissolution.95

CVs of the IrxRu1-xO2-y deposited electrode were examined first on
glassy carbon and then on Au disks; due to corrosion of the underly-
ing glassy carbon the upper potential was limited and all O2 evolution
experiments were done using Au as the substrate. The water window
(i.e., between the potentials of H2 and O2 evolution) of the film was
examined by first cycling at 100 mV/s and then at 20 mV/s between
0–1.4 V. The cycling was done without rotation in N2 purged 0.5 M
H2SO4 electrolyte; the results are shown in Fig. 9. One of the interest-
ing features of Ir metal is its tendency to form irreversible thick oxide
layers (i.e., a hydrated film), during potentiodynamic cycling, within
the water window (4, 24-25). The main anodic peak, corresponding
to the IrO2 III/IV couple, occurs at 1 V while the cathodic peak is

Figure 17. a) Cyclic voltammetry, scan rate 100 mV/sec, on IrxRu1-xO2-y
which shows the current response before repeated cycling (black) and after
(red). The lack of sharp peaks suggests a variety of Ir and Ru active sites
between 0.8–1.4 V and b) once stabilized the current response at a scan rate
of 20 mV/sec. The expected redox potentials from literature for the respective
metal oxides are marked for reference.

centered at 0.9 V. RuO2 is known to have a more symmetrical redox
couple occurring at 0.6 V and a larger peak-pair at 1.3 V.43 Fig. 17
shows that after 40 cycles, using a 100 mV/s rate, a very pronounced
anodic peak appears at 1.15 V and a corresponding cathodic peak is
observed at ∼1.2 V; both of these peaks are attributed to the RuO2

redox couple. The cathodic peak is somewhat obscured by a much
broader background current.

It is seen in Fig. 17 that the H+ adsorption peaks are missing since
oxides do not easily promote H+ adherence on surface. Activation
of the film is noted during cycling (Fig. 17a) although there is no
expanding current. The expanding current refers to changes in the
CV, resembling a capacitive response, attributed to an increase in
the number of accessible charging sites; the effect is caused during
the hydration process of “fresh” IrO2 films.39 Broad undefined peaks,
in the cathodic region of Fig. 17b, indicate a variety of Ir-Ru active
sites with a range of formal potentials. Cyclic voltammetry of the
as-deposited films show that the expected redox potential waves for
pure IrO2 are not well resolved. The RuO2 peak was also not observed
at lower potentials but was prominent for charge transfer at 1.3 V.

Fig. 18 illustrates that IrxRu1-xO2-y films have a 1.5 V wide “water
window” of stability; this is because evolution of H2 on oxide surfaces
will occur only at very negative potentials relative to Pt. In Fig. 18
the onset current from H2 evolution does not occur until 0 V and even
at −0.05 V the H2 evolution current is small. The onset current for
O2 evolution occurs at 1.4 V. Fig. 18b shows that at 1.6 V there is
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Figure 18. Cyclic voltammetry of IrxRu1-xO2-y a) limiting the upper peak
vertex voltage to within the “water window”, and b) extending the upper peak
vertex voltage to to 1.6 V.

significant current being generated by the electrode. In these experi-
ments there was concern over the integrity of the glassy carbon elec-
trode and background corrosion currents.

In order to extend the voltage range to the higher potentials required
for appreciable O2 evolution and to minimize the background corro-
sion currents from the support disk; a mirror polished Au electrode
was used as the substrate. Fig. 19 shows the current response from the
as-deposited film; reference markers indicate the known RuO2 and
IrO2 redox potentials. There is initially a broad anodic peak centered
at 1.1 V that shifts to 1.3 V and becomes more distinct after only a
few cycles.

Figure 19. Plot showing the voltage current response in IrxRu1-xO2-y films,
deposited directly onto a Au substrate. The literature referenced redox poten-
tials for Ir and Ru oxides are indicated by vertical lines.

The cathodic peak observed ∼1.17 V flattens out and becomes less
clear with a barely discernible peak shift of + 0.05 V. A clear shift in
the onset potential, for O2 evolution, increases from 1.3 V to 1.4 V
within 10 cycles. The redox potential waves for pure IrO2 are not well
resolved. The expected RuO2 redox peak at 0.6 V was not observed,
however, a prominent charge transfer peak exists at 1.3 V. Once again
the broad and not very well defined peaks indicate a variety of Ir-Ru
active sites with different formal potentials.

Oxygen evolution using linear sweep voltammetry.— In order to
evaluate the suitability of the thin film, deposited by RSDT, as a
candidate for O2 evolution; a series of polarizations between 1.2 and
2.0 V were initiated. The electrolyte composition (i.e, N2 purged
0.5 M H2SO4) was kept the same as in the CV scans. An electrode
rotation rate of 900 rpm and 1600 rpm was used to remove the oxygen
evolved at the surface and to prevent the ensuing ohmic drop during
polarization. However, above ∼1.7 V scatter from the gas bubbles
forming on the electrode becomes prominent regardless of the rotation
rate.

Fig. 20a shows that the oxygen evolution onset begins around
1.45 V and appears to shift slightly higher potentials ∼0.05 V within
5 cycles, at a rotation rate of 900 rpm. At 1600 rpm the onset shifts to
1.5 V. There is a 30% decrease in current after 10 cycles when

Figure 20. Polarization of the IrxRu1-xO2-yfilm, coated on a Au electrode,
into potentials for oxygen evolution in a 0.5 M H2SO4 electrolyte a) with
rotation rates of 900 and 1600 rpm and b) comparison with literature values
normalized to the metal oxide mass.
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measured at 1.6 V. The O2 evolution current density measured by:
Owe et al. (10 mA/cm2); Mamaca et al. (8–12 mA/cm2); and May-
ousse et al. (10–12 mA/cm2) indicate that the 25–40 mA/cm2 we
observed is very promising.23,41,43 When normalized to the catalyst
mass, shown in Fig. 20b, 400 mA/mg of current is generated com-
pared to the 50–75 mA/mg found in the literature. A mass activity of
this level implies full utilization of the metal oxide in the film layer
and indicates that most of the active sites throughout are the film
accessible.

Conclusions

The results of our work can be summarized as follows:

� Thin crystalline films of IrxRu1-xO2-y and IrxPt1-xO2-y have been
deposited by a proposed mechanism of ballistic nanoparticle accumu-
lation; most particles (mass weighted) are 2-3 nm in diameter but a
sizeable (number count) are well below 5 Å.

� Initial film growth, due to the incoming particles, is concen-
trated in areas of previous particle adherence; this imparts an inherent
microporosity as the film grows.

� Aggregation of nanoparticles appears to progress with increas-
ing collection time (i.e., aggregation is absent in the shorter collection
times) suggesting a short residence time in the flame and an attraction
due to interaction with the surface particles.

� A sizeable portion of the Pt was not incorporated into the crystal
structure of the desired IrxPt1-xO2-y and this explains the dissolution of
the film during polarization; the difference in boiling/melting points
are proposed as a reason for the lack of alloying.

� Ir and Ru form a solid solution of IrxRu1-xO2-y; the resultant film
has remarkable activity toward oxygen evolution.

Ballistic nanoparticle impingement is proposed as a hypothesis
for the mechanism of film formation; a mechanism involving some
fraction of film growth directly from the vapor phase cannot be ruled
out. Electron microscopy suggests that the film formation begins from
individual nanoparticles of 2.2–2.5 nm in diameter while the HAADF
images, Fig 11, clearly show a preponderance of IrxRu1-xO2-y atoms
in the early stages of coalesence. There is some evidence that the sur-
face of the ‘as-deposited’ IrxRu1-xO2-y film is enriched in Ir, suggesting
some form of surface segregation. A grazing incidence diffraction scan
with concomitant XPS of both the unheated film and a film subjected
to cyclic polarization would help to better understand this observa-
tion. The broad and not very well defined peaks in cyclic voltammetry
indicate a variety of Ru/Ir active sites with different formal potentials.
The onset potential for oxygen evolution begins around 1.45 V and the
current (25–40 mA/cm2) generated at 1.6 V is double of those reported
in the literature. Normalized to the mass of platinum group metal ox-
ides the mass activity is 400 mA/mgmetal-oxide compared to values of
50–75 mA/mgmetal-oxide from literature values.23,41,43 This represents a
significant improvement in performance over traditional film forma-
tion strategies (i.e., ink or vacuum based processes) and highlights
a path forward in development of a flame based deposition method
for the IrxRu1-xO2-y system. This work raises further questions about
the relationship between film thickness and mass activity; durability;
and process options available to optimally tailor the microstructure.
Further work will also look at strategies for dispersing the catalyst
directly onto a Nafion membrane for CCM manufacture.
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