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Abstract

Electrode arrays containing 715 unique combinations of five elements (Pt, Ru, Os, Ir, and Rh) were prepared by borohydride
reaction of aqueous metal salts, and were screened for activity as oxygen reduction and water oxidation catalysts. Using a
consensus map, catalysts that showed high activity for both reactions and good resistance to anodic corrosion were identified
in the Pt–Ru rich region of the Pt–Ru–Ir ternary. The ternary catalyst Pt4.5Ru4Ir0.5 (subscripts indicate atomic ratios) is
significantly more active than the previously described Pt1Ir1 bifunctional catalyst for both reactions. While the best ternary
catalyst is close to Pt1Ru1 in composition, the latter is unstable with respect to anodic corrosion. A detailed kinetic comparison
of anodically stable catalysts Pt4.5Ru4Ir0.5 and Pt1Ir1 showed that the addition of the oxophilic element Ru increases the
reaction rate by stabilizing S–O bonds (S ≡ surface atom) and accelerating the oxidative deprotonation of S–OH groups.
© 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Combinatorial chemistry, while most popularly
used in the discovery of biochemicals and phar-
maceuticals, has also for many years been used to
identify and optimize inorganic materials of complex
compositions [1,2]. The combinatorial method en-
tails the synthesis of large libraries of compounds,
in which composition or processing conditions are
systematically varied, followed by screening for a
particular property of interest. Recently, this approach
has been used with some success in the discovery of
new catalysts [3–6], and sophisticated methods for
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rapid screening of catalyst libraries have now been
developed [7–10].

The combinatorial approach differs from other
systematic experimental methods [11–15] in one par-
ticularly important respect: combinatorial analysis
relies on parallel or rapid serial testing of many cat-
alyst samples, in such a way that the figure of merit
(reaction rate, selectivity, stability, etc.) is determined
without bias for all members of the library. More effi-
cient optimization methods do the testing in a serial or
serial–parallel manner and use the information from
earlier experiments to determine where to look next.
For example, in simplex optimization of catalysts,
the next composition to be formulated and tested is
determined by the relative merit of the data point ob-
tained in the previous cycle. While systematic meth-
ods are particularly efficient for evaluating catalyst
compositions — particularly when testing is the most
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time-consuming step in the process — they are put
at a serious disadvantage when two or more variables
(such as activity and selectivity) must be optimized
simultaneously. This is because these variables will
rarely optimize to the same composition. However,
the combinatorial method, which provides data on all
members of a large catalyst library, can be used to find
consensus regions of parameter space that reasonably
optimize all the variables of interest. In this paper, we
describe the combinatorial discovery of bifunctional
electrocatalysts. These catalysts are simultaneously
optimized, using consensus maps, for activity in the
reduction of oxygen to water and for the reverse re-
action, the oxidation of water to oxygen. In addition,
we restrict the search to catalysts that are stable in
the latter anodic process in acidic electrolytes.

Bifunctional electrocatalysts are of particular
interest for use in regenerative fuel cells. The
possible applications of these fuel cells include un-
manned platforms in low-earth orbit (LEO) and in
geosynchronous-earth orbit (GEO) [16]. The perma-
nently manned LEO space station and orbital transfer
vehicles between LEO and GEO require them to be
self-sufficient. They should have the versatility to
convert solar energy during the sunlit portion of the
orbit into fuel and to generate power during the dark
portion by means of the same systems. Similar consid-
erations apply to fuel cells for other long-term space
applications, such those intended for use on planetary
missions. There are also terrestrial applications for
regenerative fuel cells that include back-up power,
electrical load-leveling, stand-alone photovoltaic
power systems [17–20], and remote or portable power
plants [21,22]. In all these applications, the combined
requirements for economy of space, weight, materi-
als, and design simplicity lead to devices in which
an electrolyzer and a fuel cell work in tandem as an
electrical energy storage and generation system.

A regenerative fuel cell is a battery-like hydro-
gen/oxygen system, which offers the possibility of
splitting water by electrolysis, storing the hydrogen
gas (and in some applications the oxygen gas as well)
and then generating electricity by the fuel cell pro-
cess. It has the distinct advantage over state-of-the-art
battery systems in that power and energy are sepa-
rated, since the energy is directly related to the fuel
storage, while the rated power depends on the elec-
trode area. This means that simply increasing reactant

storage, without changing the reactor stack(s) can
increase the stored energy. The result is that the mass
advantage of typical advanced batteries loses out to
that of regenerative fuel cells when the discharge time
is increased beyond a few tens of minutes.

Despite their apparent advantages, regenerative fuel
cells are still in their early stages of development be-
cause of two limiting factors: system efficiency and
cost. An important step towards the reduction of cost
is the concept of using only one converter for the elec-
trolyzer and the fuel cell. In these systems, one elec-
trode is used solely for the oxygen reactions (oxygen
evolution in the electrolysis mode, oxygen reduction
in the fuel cell mode), whereas the other operates as
the corresponding hydrogen electrode (hydrogen evo-
lution in the electrolysis mode, hydrogen oxidation in
the fuel cell mode). With favorable kinetics of hydro-
gen electrocatalysis on platinum, improvement of the
kinetics of oxygen electrocatalysis for both reactions
— oxygen reduction and water oxidation — is cru-
cial. Previous studies have found that at the oxygen
electrode in regenerative fuel cells, the preferred oxy-
gen reduction catalysts have poor oxygen evolution
performance, and the preferred oxygen evolution cat-
alysts have poor fuel cell performance. Moreover, cat-
alysts at the oxygen electrodes tend to corrode at the
very positive potentials used in the electrolysis mode.
This effect decreases the performance of the catalyst
quickly, and so the lifetime of the catalyst is not ad-
equate for most applications. Thus, there is a need to
discover new electrocatalytic materials that can resist
corrosion and also catalyze both the oxygen reduction
and oxygen evolution reactions efficiently.

The first attempt to develop oxygen electrocata-
lysts was made using nickel and nickel oxide cat-
alysts in the form of ‘valve-electrodes’ [23]. Since
then, many studies pertaining to oxygen electrocatal-
ysis in regenerative fuel cells have been published.
The catalytic materials used are in general metal al-
loys and oxides. A corrosion study of several mixed
oxides in alkaline electrolyte solutions has been iden-
tified sodium–platinum oxide and lead–iridium oxide
compositions as promising catalysts [24]. More recent
studies have shown that Pt50/Ir50 (numbers in sub-
scripts indicate atomic ratios) or 50% Pt/50% IrO2
(wt.%) can be used in regenerative fuel cells. Reason-
able efficiencies and lifetimes were achieved [25–27].
Other studies have shown that Rh/Ru (1:1)-oxide and
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Ir/Rh (1:2)-oxide are also promising oxygen electrode
catalysts in regenerative fuel cells.

2. Experimental

2.1. Synthesis of combinatorial arrays

Electrode arrays were prepared by dispersing aque-
ous solutions of five metal salts (RhCl3, H2PtCl6,
RuCl3, OsCl3 and IrBr3) onto a Teflon-coated Toray
carbon sheet, using a robotic plotter (Cartesian Tech-
nologies, PixSys 3200). The completed array con-
tained the same total number of moles of metal at each
spot. A 40-fold molar excess of 5% aqueous sodium
borohydride was added to each spot, and the reduced
array was thoroughly washed with nanopure water
(18.3 M�/cm).

2.2. Screening of catalysts for anode (water
oxidation) and cathode (oxygen reduction) reactions

The screening process was carried out in a
three-electrode gas diffusion cell, with the catalyst-
containing array as the working electrode, Pt gauze as
the counter electrode and RHE (reversible hydrogen
electrode) as the reference. An indicator solution con-
taining Ni–PTP (pH = 3) was used as the electrolyte
for oxygen evolution [28]. After the array was con-
ditioned at +1600 mV (vs. RHE) for 30 min (during
which most of the catalyst spots lost their activity due
to corrosion), the potential was increased in 50 mV
steps, starting at +1200 mV (vs. RHE), until visible
fluorescence was observed. The array was then washed
thoroughly with deionized water and assembled again
as the working electrode of the three-electrode cell
for oxygen reduction screening. An indicator solu-
tion containing Phloxine B (pH = 2.7) was used as
the electrolyte. After the array was conditioned at
+600 mV (vs. RHE) for 30 min, the potential was
decreased in 50 mV steps from +900 mV (vs. RHE)
until visible fluorescence was observed.

2.3. Preparation of unsupported high surface
area catalysts

High surface area catalysts were prepared by mix-
ing appropriate amounts of metal chloride salts in

deionized water to an overall concentration of 10 mM.
A 5% solution of aqueous sodium borohydride was
added portionwise until a 40-fold molar excess was
achieved. The precipitate was washed repeatedly with
deionized water and dried at 80◦C. The filtrates were
analyzed by ICP-AES, and the results showed that the
reduction of metal ions under the conditions used was
essentially quantitative.

2.4. X-ray photoelectron spectroscopy (XPS) and
X-ray diffraction

XPS were obtained with a Kratos Analytical XSAM
800 PCI spectrometer, which had a Mg K� line source.
Powder samples were dusted onto double-sided car-
bon tape, with a spot size of 700 �m (iris open) and
a take-off angle of 80◦ (with respect to the sample
plane). The approximate sampling depth under these
conditions was 25 Å. Binding energies were refer-
enced to a graphite standard (C 1s = 284.6 eV), and
apparent atomic percentages were obtained by divid-
ing integrated peak areas by relative sensitivity factors
(RSFs).

X-ray powder diffraction patterns were recorded on
a Philips X’Pert MPD diffractometer, using monochro-
matized Cu K� radiation (λ = 1.5418 Å).

2.5. Scanning electron microscopy (SEM) and
UV–visible spectra

SEM images were obtained at the electron micro-
scope facility at the Pennsylvania State University,
using a JEOL-JSM 5400 microscope at 30 kV accel-
erating voltage. UV–visible spectra of solutions were
obtained on a Hewlett Packard 8452A diode array
spectrophotometer.

2.6. Surface area measurements

Surface area measurements were performed on
a Micrometitics ASAP 2010 instrument. All the
samples were dried under vacuum at 60◦C for
15 h prior to analysis. Standard isotherms were ob-
tained using liquid N2 at 77 K, and a multipoint
Brunauer–Emmet–Teller (BET) analysis with adsorp-
tion data in the range 0.08 < p/p0 < 0.15 was used
for surface area calculations.



344 G. Chen et al. / Catalysis Today 67 (2001) 341–355

Electrochemically active surface areas were esti-
mated based on coulometric analysis of hydrogen
(H) desorption waves in the corresponding cyclic
voltammetric studies. Catalyst inks for rotating disk
electrode (RDE) studies were prepared by the method
of TamizhMani et al. [29]. A 10 �l volume of ink
was pipetted onto the surface of a glassy carbon rod
(Alfa AESAR, 7 mm diameter), which was polished
(1 �m diamond paste) and ultrasonically cleaned
in deionized water for 10 min. The electrodes were
then dried at 80◦C for 10 min. Voltammetric studies
were carried out under Ar using an EG&G PARC
Model 363 potentiostat/galvanostat. All potentials are
reported vs. RHE. The working electrodes were ro-
tated at 2000 rpm, and cycled between 0 and 0.6 V
(10 mV/s) in 0.5 M H2SO4, after purging with argon
for 1 h. The H desorption integrals were obtained
from the fifth scan. The active surface area of the
catalysts was estimated by assuming 210 mC/cm2 for
the adsorption of a monolayer of H2 on the catalyst
surface [30].

2.7. Preparation and testing of half-cell electrodes

Catalyst inks for testing in gas diffusion electrodes
were prepared by the method of Wilson and Gottesfeld
[31], and were applied to Teflon-coated Toray carbon
discs by means of a paintbrush (metal loadings were
0.8–0.9 mg/cm2). The electrodes were then heated un-
der Ar at 120◦C for 1 h.

The painted electrode discs were then assembled
as the working electrode of a three-electrode cell
with Pt gauze as the counter electrode and RHE as
the reference electrode. A 0.5 M H2SO4 solution
was used as the electrolyte. For oxygen evolution
experiments, Ar was used to purge the solution and
current was measured as a function of applied po-
tential (from +1200 to +1800 mV vs. RHE), after
30 min of conditioning at +1600 mV. For oxygen
reduction experiments, oxygen was introduced from
the back of the Teflon-coated Toray carbon work-
ing electrode, using a piece of carbon cloth to dif-
fuse the gas flow, at a pressure of 1 in. of water
(equal to the height of the electrolyte in the cell).
Current–voltage curves (from +1000 to +300 mV
vs. RHE) were recorded after 30 min of conditioning
at 600 mV. All electrode areas were approximately
2.45 cm2.

2.8. pH dependent and temperature
dependent voltammetry

Various solutions with different activities of H+ ions
were prepared by mixing 0.5 M H2SO4 with 0.5 M
K2SO4. Polarization measurements for both anode and
cathode reactions were carried out potentiostatically
in these solutions in a gas diffusion cell. The anodic
and cathodic polarization curves were measured at so-
lution temperatures between 27 and 50◦C, which were
controlled to an accuracy of ±0.1◦C.

3. Results and discussion

3.1. Mapping and fabrication of electrode arrays

Combinations of several different elements can be
tested systematically as catalysts by mapping the com-
position space in the manner of a phase diagram. We
prepared combinations of five different elements (Pt,
Ru, Rh, Ir, and Os) by mapping the four-dimensional
composition space into a planar array of discrete spots.
At the resolution of 10 spots along each binary edge,
this full pentanary map contains 715 unique combi-
nations. The mapping and fabrication strategies have
been described in detail elsewhere [28,32]. The arrays
were plotted on Toray carbon sheets, in such a way
that each 2 mm diameter catalyst spot contained the
same number of moles of metal, at a loading of ap-
proximately 1 mg/cm2.

3.2. Fluorescent detection of electrocatalytic activity

All electrochemical half-cell reactions, as a conse-
quence of the condition of local electroneutrality, ei-
ther generate or consume ions. In the case of water
oxidation and oxygen reduction, reactions (1) and (2),
H+ ions are generated and consumed, respectively.

2H2O (l) = O2 (g) + 4H+ + 4e− (1)

O2 (g) + 4H+ + 4e− = 2H2O (l) (2)

In the electrode arrays used in this work, all the cata-
lyst spots are short-circuited together (i.e., held at the
same potential) by the conductive carbon backing ma-
terial. The most active catalyst compositions produce
the greatest local pH change at the lowest overpoten-
tial. Compositions that catalyze the oxygen evolution
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reaction at a given applied potential generate a more
acidic pH in the area immediately surrounding the
electrode spot than less active compositions. Simi-
larly, compositions that catalyze the oxygen reduction
reaction create a more alkaline pH in the area im-

Fig. 1. Catalyst activity map for oxygen reduction. Large tetrahedra represent quaternary regions of the map, with ternary faces, binary
edges, and elemental vertices. The five smaller tetrahedra at the bottom of the figure are tetrahedral sections of the pentanary region of the
composition map, with Ir content increasing progressively from left to right, from 11 to 55%. Larger gray spheres indicate compositions that
gave visible fluorescence from Phloxine B at +550 mV, and smaller gray spheres indicate those that were slightly less active (fluorescence
at +500 mV).

mediately surrounding the electrode spot than less
active catalysts. In quiescent, unbuffered solutions,
these differences can be as much as 3–4 pH units. By
using an indicator that is fluorescent in the appropri-
ate form (acid or conjugate base), one can determine
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optically which areas of composition space are the
most active for a particular anode or cathode reac-
tion [28]. Fluorescent pH indicators (Ni2+ complexed
with 3-pyridine-2-yl-〈4,5,6〉triazolo-〈1,5-a〉pyridine
(Ni–PTP) and Phloxine B) [32] were used for anode
and cathode reactions (1) and (2), respectively, in
these optical screening experiments.

Fig. 2. Catalyst activity map for oxygen evolution. Large and small gray spheres indicate Ni–PTP fluorescence at +1350 and +1400 mV,
respectively.

3.3. Catalyst screening results

The results of the optical screening experiments
can be expressed in three-dimensional tetrahedral
sections of a four-dimensional pentanary activity
map, as shown in Figs. 1–3. The spheres in each di-
agram correspond to a particular composition tested.
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Fig. 3. Consensus map for bifunctional catalyst activity. Larger gray spheres indicate compositions that had the highest level of activity in
Figs. 1 and 2. Note that the Pt–Ru–Ir ternary appears on the ternary faces of the two quaternary regions, so there is actually only one region
of highest bifunctional activity. Smaller gray spheres indicate combinations of highest and next highest activity rankings from Figs. 1 and 2.

In the quaternary sections, the spheres at each vertex
represent a composition that is 100% (99/99) in the
element indicated. Along each binary edge, the com-
positions change in 11/99 increments of the element
indicated at the distal vertex. The same geometrical
pattern continues through the whole tetrahedron, with
spheres located on each outer triangular surface (ex-

cept those on the binary edges) representing ternaries
and spheres located in the interior representing qua-
ternaries. For pentanary compositions, five tetrahedral
sections are used to represent catalysts containing
progressively greater amounts (11–55%) of iridium.
Only Fig. 2 (oxygen evolution activity) shows highly
active catalysts among these pentanary compositions.
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Fig. 1 shows active catalyst compositions for the
oxygen reduction reaction (2), and Fig. 2 shows a sim-
ilar map for the water oxidation reaction (1). Fig. 3 is
the consensus map, showing compositions that were
active in both reactions. Note that there is only one
small region (in the Pt–Ru rich region of the Pt–Ru–Ir
ternary, which appears on the faces of two tetrahedra
in Fig. 3) that represents consensus of the sizable “hot”
zones in Figs. 1 and 2. There are also several zones
of moderate activity, which represent a “hot–warm”
consensus of the two activity maps. The catalyst ar-
rays were conditioned anodically in order to eliminate
unstable compositions, and so many of the alloy com-
positions that have reasonable activity for reaction (2)
were destroyed by anodic corrosion prior to screening.

These screening experiments were done at rela-
tively low resolution in order to identify composition
zones of high activity. Within the active zones, one
can interpolate and also find highly active catalsyts.
For example, interpolating between Pt55Ru44Ir0 and
Pt44Ru44Ir11, one finds the very active and stable com-
position Pt49.5Ru44Ir5.5.

3.4. Bulk formulation and characterization
of active catalysts

Two catalysts from the high activity zone in the
consensus map, Pt4.5Ru4Ir0.5 and Pt4Ru4Ir1, were
prepared in bulk form by borohydride reduction of
the appropriate metal salts. For comparison purposes,
Pt, Pt1Ru1, and Pt1Ir1 catalysts were also prepared.
Table 1 shows the BET and electrochemically active
surface areas of the catalysts. With the exception of
PtRu, the catalysts have roughly similar surface areas.
Powder XRD patterns showed that the crystalline
portion of each catalyst, as prepared, contained only
a nanocrystalline face-centered cubic phase. From the
line widths of the diffraction peaks [33], the primary

Table 2
XPS data for representative catalysts

Catalyst Apparent atomic percentages (binding energies, eV)

Pt4f O1s Ru3d Ir4f

Pt4.5Ru4Ir0.5 28.9 (71.6) 56.6 (531.0) 10.7 (280.3, 281.1, 282.5) 3.8 (62.2, 63.1)
Pt4Ru4Ir1 29.2 (71.7) 55.8 (531.0) 7.7 (280.5, 281.6, 283.1) 7.3 (61.3, 62.3)
PtRu 40.6 (71.6) 47.6 (531.0) 11.7 (280.3, 281.4) –

Table 1
BET and electrochemically active surface areas of catalysts

Catalyst BET surface Active surface
composition area (m2/g) area (m2/g)

Pt 22.4 11.3
Pt4.5Ru4Ir0.5 25.3 12.0
Pt4Ru4Ir1 30.8 15.7
PtRu 14.1 8.7
PtIr 26.2 14.0

particle sizes are on the order of 2–3 nm for the binary
and ternary catalysts, and about 9 nm for Pt metal.

XPS spectra, summarized in Table 2, show that Pt
on the surface of each catalyst is in the zero oxidation
state, whereas Ru (by comparison with RuO2 and
RuO3, which have binding energies of 280.6–281.0
and 282.3–282.7 eV, respectively) exists as oxidized
species rather than in metallic form (279.8–280.2 eV).
The Ir binding energies show a mixed oxidation state,
with metallic Ir in the range 60.6–61.0 eV and Ir3+
in the range 62.6–63.0 eV. Interestingly, the surface
appears to be enriched in Pt, relative to the bulk com-
position. These are the apparent oxidation states and
surface distributions in the as-prepared form of the
catalysts, which are likely to change with electrochem-
ical oxidation and reduction [34,35]. Under anodic
conditions the surface is probably highly oxidized.

Fig. 4 shows anodic (water oxidation) and cathodic
(oxygen reduction) polarization curves of the five cat-
alysts in the gas diffusion cell. Pt4.5Ru4Ir0.5 and PtIr
are close to each other in catalytic activity for oxygen
evolution, but PtIr is poor for oxygen reduction; sim-
ilarly, Pt4.5Ru4Ir0.5 and Pt are close to each other for
oxygen reduction, but Pt is poor for oxygen evolution.
Only Pt4.5Ru4Ir0.5 has the highest activity in both
modes. Under the testing conditions, Pt4.5Ru4Ir0.5 re-
sists corrosion while catalyzing both oxygen evolution
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Fig. 4. Polarization curves of the oxygen electrode in electrolysis
(oxygen evolution) and fuel cell (oxygen reduction) modes for the
indicated catalysts.

Fig. 5. SEM images of catalysts before and after electrochemical testing: (A) PtRu before; (B) PtRu after; (C) Pt4.5Ru4Ir0.5 before; (D)
Pt4.5Ru4Ir0.5 after.

and oxygen reduction at lower overpotentials than the
other catalysts tested. PtIr also had good corrosion re-
sistance. PtRu was unstable at high anodic potentials;
a characteristic yellow-gold color was observed in the
electrolyte solution after testing. UV–visible spectra
showed absorbance peaks around 300 and 470 nm for
electrolyte solutions from anodized PtRu. These peaks
are attributed to RuO4 (or H2RuO5) [36] from the
dissolution of ruthenium. The difference in stabilities
of PtRu and Pt4.5Ru4Ir0.5 was also evident in SEM
micrographs (Fig. 5). At 15,000× magnification, no
obvious morphological differences were observed for
Pt4.5Ru4Ir0.5 before and after testing. PtRu, on the
other hand, showed a much more porous texture after
testing.

3.5. Mechanistic studies

To understand the difference in performance of the
catalysts, a detailed mechanistic study was carried out.
Because PtRu was unstable under the testing condi-
tions, the kinetic studies were limited to a comparison
of stable compositions Pt4.5Ru4Ir0.5 and PtIr.
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Fig. 6. Mass transfer corrected Tafel plots for: (A) oxygen reduction at high overpotential; (B) oxygen evolution at high overpotential;
(C) oxygen reduction at low overpotential; (D) oxygen evolution at low overpotential.

Table 3
Kinetic parameters for oxygen evolution and oxygen reduction in 0.5 M H2SO4 at room temperature

Catalyst Oxygen evolution Oxygen reduction

Tafel slope (mV) Apparent exchange
current density (A/cm2)

Tafel slope (mV) Apparent exchange
current density (A/cm2)

Low η High η Low η High η

Pt4.5Ru4Ir0.5 30 66 3.6 × 10−7 −43 −150 5.8 × 10−6

PtIr 29 62 1.9 × 10−7 −45 −180 2.7 × 10−6
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3.5.1. Tafel plots
The total current, i, is composed of the kinetic

current ik, and the mass transport limited current il,
according to Eq. (3):

1

i
= 1

ik
+ 1

il
(3)

Further, at moderate to high overpotential, i is related
to the exchange current, i0, by Eq. (4):

ik = i0 enαFη (4)

in which η is the overpotential, n the number of elec-
trons transferred, α the transfer coefficient and F,
Faraday’s constant.

Using a non-linear fitting program, the limiting
current il was determined for each of the anodic
and cathodic current–voltage plots shown in Fig. 4.
Mass-transfer corrected Tafel plots (ln(ik) vs. η) for
the various electrocatalysts are presented in Fig. 6.
For the anodic reaction, the Pt electrode showed a
single Tafel slope, while all the remaining catalysts
exhibited dual Tafel slopes. For the cathodic reactions,
dual Tafel slopes were observed for all the catalysts.
Tafel parameters at low and high overpotentials for
the Pt4.5Ru4Ir0.5 and PtIr catalysts are summarized in
Table 3. For water oxidation, at high overpotentials,
both catalysts show the same Tafel slopes (66 and
62 mV, corresponding to RT/F), whereas at low over-
potentials, a smaller Tafel slope (30 and 29 mV, or
RT/2F) was observed. The apparent exchange current
densities, which were determined for each electrode
by extrapolation of the mass-transfer corrected Tafel
plots, reflect that Pt4.5Ru4Ir0.5 is a significantly better
catalyst for both water oxidation and oxygen reduc-
tion than PtIr.

3.5.2. pH dependence of current–potential data
In order to obtain more detailed mechanistic infor-

mation about the electrode reactions, anodic polariza-
tion measurements were done as a function of pH in
0.5 M H2SO4/K2SO4 solutions. Anodic potentials at
constant current are plotted as a function of pH for the
Pt4.5Ru4Ir0.5 catalyst in Fig. 7A and C. At high over-
potentials, the potential has no pH dependence within
experimental error. At low overpotentials, however, a
slope of −0.030 V/pH (or −RT/2F) is found. Plots of
current at constant potential vs. pH (Fig. 8A) gave a
slope of 1, which means that the reaction order with

Fig. 7. pH dependence of electrode potential for: (A) Pt4.5Ru4Ir0.5

at high current density; (B) PtIr at high current density; (C)
Pt4.5Ru4Ir0.5 and PtIr at low current density (2 × 10−3 mA/cm2).

respect to H+ ions is −1. Consequently, the kinetic
current for the evolution of oxygen at Pt4.5Ru4Ir0.5
electrodes at low overpotentials can be formulated as
in Eq. (5):
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Fig. 8. pH dependence of the current density at various potentials
for: (A) Pt4.5Ru4Ir0.5; (B) PtIr.

ik = nFAk(aH+)−1 exp

(
Fη

RT

)
(5)

where n, F, R, and T have their usual meanings, A is the
electrode area, and k the rate constant of the reaction.

Anodic potentials for PtIr are plotted as a function of
pH in Fig. 7B and C. At high overpotentials, changing
the pH of the solution does not cause the potential to
change, which is the same behavior as that observed
for Pt4.5Ru4Ir0.5. At low overpotentials, a slope of
−0.060 V/pH (or −RT/F) was found for PtIr. A plot of
current density at constant potential against pH (Fig.
8B) gave a slope of 2, corresponding to a reaction
order of −2 with respect to H+. Similarly, the kinetic

current for evolution of oxygen at low overpotential
at a PtIr electrode can be formulated as in Eq. (6):

ik = nFAk(aH+)−2 exp

(
Fη

2RT

)
(6)

3.5.3. Evaluation of reaction mechanisms
The mechanism of the oxygen evolution electrode

reaction was analyzed by Bockris and Damjanovic
[37–39] and later in more detail by De Faria et al.
[40]. The mechanism that was compatible with their
observations is

S + H2O → S–OH + H+ + e− (7)

S–OH → S–O + H+ + e− (8a)

S–OH + S–OH → S–O + S–H2O (8b)

S–O + S–O → 2S + O2 (9)

Here S represents a site at the electrode surface. Note
that (8a) and (8b) provide alternative reaction path-
ways.

With the assumption that (7) is the rate-determining
step, the current expressions and pH dependence can
be derived as follows [38]:

ik = nFAk exp

(
βFη

RT

)
,

(
∂V

∂ln i

)
pH

= RT

βF
and

(
∂V

∂pH

)
i

= 0 (10)

If (8a) is rate determining, then the following ex-
pressions result:

ik = FAk(aH+)−1 exp

(
Fη

RT

)
,

(
∂V

∂ln i

)
pH

= RT

2F

and

(
∂V

∂pH

)
i

= −RT

2F
(11)

and with (8b) as the rate-determining step, the follow-
ing expressions result:

ik = 2FAk(aH+)−2 exp

(
Fη

2RT

)
,

(
∂V

∂ln i

)
pH

= RT

2F
and

(
∂V

∂pH

)
i

= −RT

F
(12)

By comparing these expressions with the experimen-
tal results, it is evident that for water oxidation, the
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Fig. 9. Deuterium isotope effect on the water oxidation current at room temperature for Pt4.5Ru4Ir0.5 and PtIr.

rate-determining step at high overpotentials is (7) for
both the Pt4.5Ru4Ir0.5 and PtIr catalysts. At low over-
potentials, Pt4.5Ru4Ir0.5 follows a reaction pathway
with (8a) as the rate-determining step, whereas PtIr
follows a pathway with (8b) as rate determining.

Since reaction (8a) and (8b) are alternative path-
ways in this mechanism, they occur in parallel [40].
A subtle point in this case is that for (8a) to be rate
determining for a particular catalyst, it must occur
faster than (8b) (but slower than (7)). Likewise, if
(8b) is rate determining, it occurs faster than (8a). The
addition of Ru to the PtIr catalyst increases the ox-

Table 4
Activation energy for oxygen evolution and oxygen reduction reactions on Pt4.5Ru4Ir0.5 and PtIr catalysts in 0.5 M H2SO4

Potential E (mV vs. RHE) �H(E) for oxygen evolution (kcal/mol) �H(E) for oxygen reduction (kcal/mol)

Pt4.5Ru4Ir0.5 PtIr Pt4.5Ru4Ir0.5 PtIr

550 – – 3.58 4.87
580 – – 3.68 5.08
610 – – 3.84 5.16
640 – – 3.99 5.86

1290 20.1 25.6 – –
1320 19.6 22.7 – –
1350 15.4 19.6 – –
1470 11.1 13.6 – –
1500 9.9 12.4 – –
1530 8.3 11.1 – –
1560 7.3 9.4 – –
1590 6.4 8.2 – –

ophilic character of the surface, increasing the strength
of the S–O bond and therefore the acidity of S–OH
groups. The result of this change is that step (8a) be-
comes faster than (8b) in the reaction catalyzed by
Pt4.5Ru4Ir0.5 at low overpotentials.

Smotkin and coworkers [41] have recently used deu-
terium isotope effects to study the mechanism of an-
ode reactions in direct methanol fuel cells. A similar
approach is possible in the present case, because steps
(8a) and (8b) in the reaction mechanism involve trans-
fer of protons. Fig. 9 shows the effect of substituting
D2O for H2O in the anodic water oxidation reaction.
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Comparable kinetic isotope effects were observed for
Pt4.5Ru4Ir0.5 and PtIr electrodes over the applied po-
tential range. At low overpotentials, the isotope effect
is large for both catalysts, consistent with the transfer
of protons in the rate-determining step ((8a) or (8b)).
At high overpotential, where (7) is rate determining,
the isotope effect becomes much smaller. The change
in isotope effect with potential is consistent with the
change in rate-determining step at about +1500 mV
inferred from the pH dependence of the potential and
current shown in Figs. 7 and 8.

To date, there is no general agreement on the mech-
anism of the four-electron oxygen reduction reaction
(2) [42]. Because there were only slight differences
between the activity of the best cathode electrocata-
lyst and that of Pt, detailed mechanistic studies of the
oxygen reduction reaction were not attempted.

3.5.4. Temperature dependence of the electrode
kinetics

The anodic and cathodic polarization curves at
Pt4.5Ru4Ir0.5 and PtIr electrodes were measured at
various temperatures, and the activation energies for
both reactions were calculated at each potential from
Eq. (13) [39]:

�H(E) = −R

[
∂ln i

(1/T )

]
E

(13)

The activation energies for the anode and cathode
reactions are listed in Table 4. For both reactions, the
activation energies obtained are comparable to those
reported previously for similar systems [36,43]. The
activation energies at both Pt4.5Ru4Ir0.5 and PtIr elec-
trodes decrease with increasing overpotential. In all
cases, the activation energy is lower at the more active
Pt4.5Ru4Ir0.5 electrode than at PtIr.

4. Conclusions

We have shown that combinatorial discovery can be
used to identify better dual use catalysts, by superim-
posing activity maps to create a consensus map. Be-
cause the combinatorial method provides activity data
for the entire composition space, it is more straight-
forwardly adapted to this task other than systematic
optimization methods. While in this example the two

figures of merit were catalytic activity for different re-
actions, in principle the same method could be used
to optimize the activity and selectivity, or activity and
some other property or properties simultaneously.

The ternary catalyst Pt4.5Ru4Ir0.5 is superior to the
previously described PtIr binary catalyst for both the
water oxidation and oxygen reduction reactions. The
pH dependence of the electrode kinetics was partic-
ularly useful in determining that the difference arises
from stabilization of surface oxide species, which ac-
celerates the oxidative deprotonation of surface OH
groups.
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