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ABSTRACT: A combinatorial library having 66 different ternary composi-
tions of Pd−Ir−Ce was prepared via the impregnation method to find the
optimum ternary composition with the highest performance toward oxygen
reduction reaction (ORR) in acid media. Its performance in ORR activity of
the combinatorial array was evaluated through two different combinatorial
high-throughput screening methods to gain validity: (1) multielectrode half-
cell method and (2) optical screening method. From the combinatorial
results, the spot at 79:12:9 for Pd−Ir−Ce (at. %) in the array showed the
highest ORR activity. The electrochemical characterizations of the single
catalyst demonstrates that the optimized Pd79Ir12Ce9/C catalyst shows 1.5
times the ORR activity compared to that of Pd/C catalyst at 0.85 V (vs.
RHE). In the Pd−Ir−Ce based catalysts, X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) results reveal that
Ir and Ce are present in the form of IrO2 and CeO2, respectively, and the electron configuration of Pd is effectively modified
through the decoration with IrO2 and CeO2. From the results, we suggest that the electro-modification of Pd through strong
metal−metal oxide interaction with IrO2−CeO2 was a reason for the enhanced ORR activity.

KEYWORDS: combinatorial research, multielectrode half-cell, optical screening, Pd-based catalysts, fuel cell cathode,
oxygen reduction reaction

■ INTRODUCTION

Polymer electrolyte membrane fuel cells (PEMFCs) are devices
regarded as an eco-friendly power source with high energy
conversion efficiency and density.1,2 This high energy
conversion efficiency is due to the direct conversion of
chemical energy to electrical energy, which evades the
properties applying to the Carnot engine. However, for the
commercialization of such device, issues regarding the high cost
must be solved because Pt or Pt-derived materials have been
used as electrode materials in PEMFCs. To overcome such
measures, the substitution of Pt by cheaper materials should be
of consideration.
Palladium is about one-third the cost of platinum, and it

shows a relatively good performance toward oxygen reduction
reaction (ORR).3 However, Pd alone shows a much lower ORR
activity than that of Pt; therefore, various approaches have been
applied to improve the activity of Pd-based catalysts via alloying
with other transition metals (e.g., Co, Ni, Fe, and Mo),4−8 or
decoration with metal oxides (e.g., WO3, TiO2, CeO2, and
Mn3O4).

9−12 Recently, the decoration by Ir (or IrO2) or Ce (or
CeO2) has been a promising method in the modification of the
Pd-derived catalysts for ORR activity.11,13 Until now, binary
compositions have been studied extensively; however,

researches regarding ternary compositions have yet not been
progressed in depth, even though ternary compositions could
have higher potential as an ORR catalyst. Therefore, in this
study, Pd-based ternary catalysts with the combination of Pd−
Ir−Ce were prepared and investigated to find the optimized
compositions toward ORR in acid media. However, a big
drawback of such study is that it requires a vast amount of both
time and labor because of the extensive variations of possible
combinations and compositions.
Combinatorial screening is a highly potential methodology

that can evaluate simultaneously the performance of a large
number of catalyst variations; therefore, this method has been
applied in various fields, such as random access memory,14

selective catalytic reduction of NO,15 reforming of methane,16

and more.17−26 In the late 1990s Reddington et al. began the
application of optical screening in the field of fuel cells, and
since, this methodology has been put into practice.27 Research
groups by Smotkin, Mallouk, McGinn, and others have
reported this method applied to find optimized combinations
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and compositions of catalyst having outstanding performance
toward ORR.3,13,27−39 Even in our group, we have also been
using this methodology and developed various optimized
catalysts for PtRuFe,38 PdCo,3 PtRuFeSe,39 and more.13

However, this methodology has few main drawbacks.
First, the diffusion of the electrolyte hindered the acute

differentiation between the catalysts’ performance, so the
analysis was possible only for a matter of a few minutes (1−2
min). Second, an acute criterion of the brightness of each
catalyst spot made it difficult to differentiate between the spots
with the naked eye. Third, the analysis of the catalysts was a
weighted evaluation. Therefore, in this experiment we have
overcome these few main drawbacks by making a mask that
could decrease the rate of diffusion of the electrolyte, allowing a
longer analysis of the catalysts. Also, a second type of
combinatorial method, the multielectrode half-cell method,
was incorporated. This methodology has a drawback, which is,
as the number of catalysts increases, the longer it takes for the
evaluation of the catalysts. However, this methodology is a not
weighted evaluation. Through the use of these improvements,
we anticipated an upgrade in the validity of this experiment.
The two different combinatorial high-throughput screening

methods are the following. First, the scheme of the multi-
electrode half-cell method is shown in Figure 1. This

methodology requires of a working combinatorial array, a
counter, and a reference electrode. The comparison of the
performance of the catalysts is assessed similar to a three
electrode method: each catalyst is analyzed using the linear
sweep voltammetry (LSV). In the optical screening method, the
schematic is shown in Figure 2. This methodology requires an
electrolyte that is a UV sensitive pH indicator. When analyzing,
a constant potential is applied to the combinatorial array, which
will cause catalyst spots having higher activity toward ORR to
consume protons more rapidly, thus increasing the pH of the
electrolyte.27 The used electrolyte is excited under UV light
when the pH is higher than 4.5;13 therefore, the catalyst spots

with higher performance toward ORR would emit light more
brightly.
For the assessment of the various catalysts by combinatorial

high-throughput screening, a triangular combinatorial array for
ternary compositions was prepared using the compositions
shown in Figure 3a, and each spot having a different catalyst
composition. To compare the ORR performance of the catalyst
spots, a Pt metric catalyst was included. Each spot in the
combinatorial array will be given coordinates (e.g., 1 - 1 = first
line − first spot in the line) to name the spots with ease, as
shown in Figure 3b. In the evaluation of the prepared
combinatorial array, the two different combinatorial high-
throughput methods, the multielectrode half-cell method and
the optical screening method, were used. Then, the selected
compositions were synthesized to single catalysts for further
characterization.

■ RESULTS AND DISCUSSION
The prepared Pd−Ir−Ce combinatorial library was analyzed by
X-ray diffraction (XRD) to verify the synthesis of the catalysts
in each spot. Unfortunately, the peaks from metals did not
come into view definitely because of very intense peaks from
the carbon paper, which is used for the support of the
combinatorial library (Supporting Information, Figure S1).
Among the metals, only Pd peaks came into view (Supporting
Information, Figure S2) and peaks of Ce and Ir were difficult to
define. Thus, the crystalline structure of the prepared catalysts
will be discussed later in the single catalyst discussion.
Magnifying the XRD patterns (Supporting Information, Figure
S2) from the range of 39.2 to 40.6°, it could be seen that the
intensity of the Pd (111) peak diminished as the amount of Pd
in the composition was decreased. Moreover, this verified that
the composition of Pd was in accordance to the tendency in
amount of the preparation.
The ORR analysis of the prepared Pd−Ir−Ce combinatorial

library was characterized by the multielectrode half-cell method
and optical screening method. In the multielectrode half-cell
method, the current values for each of the 70 spots in the
combinatorial array, analyzed at 0.72 V (vs. RHE), were
organized in Supporting Information, Figure S3 and
represented in a 2-D color graph as shown in Figure 4a. The
red represents high performance and blue represents low
performance toward ORR, as shown in the scale bar to the right
of the 2-D graph. Pd-rich regions exhibited more red color than
on Ce- or Ir-rich regions, meaning that catalyst compositions
with higher performance toward ORR were near the Pd-rich
regions. The spot for Pd and Pt had a current value of 0.78 and
1.39 mA, respectively, at 0.72 V (vs. RHE). Overall, six spots
with the compositions 75:0:25 (1.21 mA), 77:6:17 (1.21 mA),
81:19:0 (1.21 mA), 70:13:17 (1.21 mA), 79:12:9 (1.24 mA),
and 88:12:0 (1.24 mA) of Pd:Ir:Ce (at. %) had the relatively
high performance toward ORR. The composition having the
highest performance was the 79:12:9 at. % (Pd:Ir:Ce), with
value of the current of about 1.24 mA. On the contrary, regions
with the Pd percentage of about less than 50% started to show a
drastic decrease in the performance toward ORR compared to
Pd/C.
In the optical screening method, fluorescence images of the

library were taken when a constant potential at 0.72 V (vs.
RHE) was applied. Spots emitting brighter light represent
catalysts with higher performance toward ORR. The image
from optical screening for the Pd−Ir−Ce array is shown in the
Figure 4b. In optical screening, the region with Pd-rich

Figure 1. Scheme of the multielectrode half-cell method.

Figure 2. Scheme of the optical screening method.
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compositions in the array exhibited brighter light compared to

the Ce- or Ir-rich regions, which were in accordance with the

result from multielectrode half-cell test. Catalyst spots

exhibiting the bright light were at compositions 75:0:25,

77:6:17, 81:19:0, 70:13:17, 70:20:9, 79:12:9, and 88:12:0 at. %

(Pd:Ir:Ce), and especially the composition of 79:12:9 indicated

the brightest light among the spots. However, all Pd-based

catalysts exhibited less brightness compared to the Pt metric.

Figure 3. (a) Scheme of the compositions of combinatorial arrays for the Pd−Ir−Ce array. The ratios are expressed in Pd: Ir: Ce at. %. (b)
Coordinates for each spot of the Pd−Ir−Ce array (x − y = line - order). Four Pt metric catalyst spots were included at the bottom left-hand corner as
a reference to the performance of the prepared catalyst spots.

Figure 4. Combinatorial high-throughput screening of Pd−Ir−Ce library: (a) multielectrode half-cell test organized in a 2-D graph at a potential of
0.72 V (vs. RHE) and (b) optical screening test image at a constant applied potential of 0.72 V (vs. RHE). The selected compositions are labeled
within the figures.

Figure 5. (a) XRD patterns of the prepared Pd-based single catalysts: Pd/C, PICH, and PICL. Triangles “▲” were used to label CeO2 in the PICH
and PICL catalysts. (b) Magnified Pd(111) peak of the prepared Pd-based catalysts at the range of 37 to 43°.
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To verify the certification of reliability, the Pd−Ir−Ce array was
examined by two different combinatorial methods (multi-
electrode half-cell test and optical screening), and they show
similar results in ORR performance of the prepared array.
For the specific evaluation and characterization of the Pd−

Ir−Ce catalyst, the composition 79:12:9 at. %, which shows the
highest ORR activity from the combinatorial methods, was
selected for the preparation into a single catalyst. Moreover, to
examine the validity, one other catalyst composition with lower
ORR performance than Pd/C was chosen (52:28:20 at. %).
The single catalysts Pd79Ir12Ce9/C and Pd52Ir28Ce20/C will be
named as PICH (Pd−Ir−Ce-High performance) and PICL
(Pd−Ir−Ce-Low performance), respectively, according to their
performance.
The XRD results of Pd/C, PICH, and PICL catalysts are

organized in Figure 5. From the XRD patterns of the prepared
catalysts, a broad peak referring to the graphite (002) facet near
25° was found for the Vulcan carbon support.40 Moreover, clear
defined peaks at around 40.1°, 46.8°, and 68.1° are assigned to
the (111), (200), and (220) planes of the crystalline face cubic
center (FCC) Pd lattice, respectively.41 From the results, all
three Pd peaks from the prepared catalysts did not have a
definitive peak shift with respect to Pd/C (Figure 5), suggesting
that alloying of Pd with other metals was not performed. In
both PICH and PICL, new peaks (indicated by triangles in
Figure 5a) at around 28.6°, 33.1°, and 56.4° came into view and
were indexed to be of CeO2.

42 However, clear peaks for Ir were
not found. This could be due to the peak overlaps between
iridium or iridium oxide peaks with that of Pd or CeO2 XRD
patterns.41−44 From the magnification of the Pd (111) peak
(Figure 5b), the PICL (with higher Ir content than PICH)
tends to have a higher shoulder (indicated by a red circle in
Figure 5b) compared to Pd/C or PICH, which could be due to
the convolution of other peaks with intense Pd peaks (40.1°),
such as Ir (40.7°) or IrO2 (40.4°); therefore, it requires other
characterizations for further statements.
X-ray photoelectron spectroscopy (XPS) analysis was

performed to determine the oxidation states of Ce, Ir, and Pd
of the prepared catalysts. In the case of Ce in PICH and PICL,
XPS-Ce3d results reveal dominant peaks at 882.1 eV, which are
assigned to CeO2 as shown in Figure 6a.45 These results
coincide with the results from XRD. In Figure 6b, XPS-Ir4f
results for PICH and PICL show the peaks at 61.7 and 60.7 eV,
respectively. The binding energy at 60.7 eV is assigned for Ir0

and 61.7 eV is assigned for IrO2, deducing the state of Ir to be
different in each of the prepared catalysts: IrO2 for PICH and
Ir0 for PICL.46,47 However, the reason for the difference in the
oxidation state of Ir is unclear. Further study is required to

determine the reason for the difference in the oxidation state of
Ir in the prepared catalysts.
The performances toward ORR depending on the

composition of the Pd-based catalysts were compared using
the single catalysts, and the result is shown in Figure 7. For

comparison, results for Pd/C and Pt/C were included using the
same methodology as the prepared Pd−Ir−Ce catalysts were
examined. The onset potentials of the prepared catalysts were
0.95 V for Pd/C, 0.97 V for PICH, 0.94 V for PICL, and 1.03
for Pt/C. The results from electrochemical characterizations of
the prepared catalysts were organized in Table 1. The values of
current density of the prepared catalysts at a potential of 0.85 V
(vs. RHE) were collected to compare the ORR performance.
The current densities were in the order of PICL (−0.30 mA/
cm2) < Pd/C (−1.02 mA/cm2) < PICH (−1.50 mA/cm2) <
Pt/C (−2.94 mA/cm2). Pd/C shows a much lower ORR
activity compared to that of Pt/C; however, PICH shows a
significantly improved ORR performance compared with that
of Pd/C. PICL shows lower ORR activity than that of Pd/C in
the single catalyst evaluation, and this result is in accordance
with that of the combinatorial results. The tendency toward the
ORR activity of the prepared catalysts was similar to the
tendency found from the combinatorial high-throughput
method.
The mass activities of Pd/C, PICH, and PICL at 0.85 V (vs.

RHE) were calculated and that of Pt/C was included for
comparison. The mass activities derived from the kinetic
current density, based on only Pd or Pt amounts, were Pd/C
(−8.85 mA/mgof Pd), Pt/C (−42.50 mA/mgof Pt), PICH
(−27.57 mA/mgof Pd), and PICL (−5.43 mA/mgof Pd). The
mass activity of PICH catalyst was about 3.1 times higher than

Figure 6. (a) XPS-Ce3d and (b) XPS-Ir4f spectroscopy of the prepared catalysts: PICH and PICL.

Figure 7. ORR results of the prepared Pd-based single catalysts in 1 M
HClO4 electrolyte: Pd/C, PICL, PICH, and Pt/C.
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that of Pd/C; however, it still shows lower activity than that of
Pt/C. The order of mass activities based on Pd or Pt amounts
was in the order of PICL < Pd/C < PICH < Pt/C. However, as
Ir is also a noble metal, the presence of this metal could not be
discarded; therefore, the mass activity based on both Pd and Ir
was calculated for the ternary catalysts. As shown in Table 1,
the mass activities of the prepared catalysts were calculated
when both Pd and Ir were considered, and they were PICL
(−2.17 mA/mgof Pd and Ir) and PICH (−19.30 mA/
mgof Pd and Ir). The performance of PICH catalyst was about 2
times the mass activity of Pd/C. The order of performance was
verified to be PICL < Pd/C < PICH < Pt/C, and in both cases,
the mass activities of PICH were higher than that of Pd/C.
It is proposed that the enhanced ORR activity of PICH is

due to the electron-modification of Pd active sites. Figure 8

shows XPS-Pd3d results of the prepared catalysts. The binding
energies of Pd for Pd/C, PICH, and PICL were found at 335.0,
335.5, and 335.2 eV respectively. The Pd binding energies of
the PICH catalyst are up-shifted by 0.5 eV compared to that of
Pd/C, respectively. This upshift of the XPS-Pd3d peak indicates
the electron modification of the Pd particles. Moreover, Lewera
et al. reported the enhancement of ORR activity of Pt, via TiO2
and WO3 decoration, was due to the increased electron density
of Pt.48 Zhang et al. mentioned that the strong metal−metal
oxide interaction between Pd and WO3 causes the electron
modification of Pd particles, which was shown by the shift of
XPS-Pd3d peak of Pd-WO3/C.

49 Our previous study also
revealed enhancement of ORR activity through the modifica-
tion of electron densities of noble metals via strong metal−
metal oxide interaction, which changed the bonding strength
between the reactants and the active sites (noble metals).50 The
peak shifts of XPS-Pd3d for PICH, shown in Figure 8, could
indicate a strong metal (Pd)−transition metal oxide (IrO2 or
CeO2) interaction.
The upshift from the XPS-Pd3d in PICH implies a decrease in

energy of the d-band center, which would reduce the oxygen-
active site adsorption energy. This decrease in adsorption of
oxygen molecules to the Pd particles could have had an effect

on the increase in ORR activity. Even though PICL also
indicates a 0.2 eV upshift of binding energy in XPS-Pd3d;
however, it shows a lower ORR activity compared to that of
Pd/C, and this might be due to the sluggish electron transfer to
the active site induced by increased amount of CeO2, which
acted as an insulator. A similar phenomenon has been observed
in previous studies,50 where the decoration of metal particles
with metal oxide increased the ORR activity, but the presence
of excess metal oxide prohibited the facile electron transfer
resulting in the decrease of ORR activity.
In conclusion, a total of 66 different combinations of Pd-

based ternary catalysts were investigated as non-Pt catalysts for
ORR in acid media using combinatorial high-throughput
methods. By using two different high-throughput methods,
multielectrode half-cell test and optical screening, the perform-
ance of various compositions were evaluated simultaneously
and confirmed for their validity. The chosen composition with
the highest performance toward ORR in the Pd−Ir−Ce
combinatorial array was the 79:12:9 at. %. From the single
catalyst analysis, optimized Pd−Ir−Ce catalyst demonstrates a
2 times higher mass activity compared with that of Pd/C. XPS
results reveal that electron modification of Pd induced by a
strong metal (Pd)−transition metal oxide (IrO2 or CeO2)
interaction is responsible for improved ORR activity of the Pd−
Ir−Ce catalyst. In the selection of optimum composition for
highly active Pd-based catalysts, combinatorial methods proved
to support each other in the evaluation for the performance of
the catalysts toward ORR. Such methodologies would be very
useful for the future when vast variations of different
combinations and compositions are analyzed to find the
optimum choice.

■ EXPERIMENTAL PROCEDURES
In the combinatorial array 66 spots were imprinted on a
polytetrafluoroethylene (PTFE) treated carbon paper (Toray
TGPH−090, 20 wt % PTFE) by spraying a carbon ink using a
spray and a designed stainless-steel mask with the adequate
dimensions.3,13,38,39 Each carbon spot had a diameter of 4 mm
and a mass of 0.15 mg. The carbon ink was prepared by a
mixture of Vulcan XC-72R (0.1 g), deionized (DI) water (120
μL), 5 wt % Nafion ionomer solution (970 μL), and isopropyl
alcohol (5 mL, IPA, Aldrich). The carbon ink is necessary
because the carbon paper is treated with PTFE, so it is
hydrophobic. Without the added carbon ink support, the metals
would not be well dispersed. The use of carbon ink also helps
prepare the catalysts on the inked spots in the combinatorial
array to be as similar as possible to the bulk powder catalysts.
Moreover, the use of the carbon ink helps ensure that the
catalyst spots all have the same area, making comparison of
absolute currents more valid. After imprinting the carbon spots
on the carbon paper, the catalyst precursor solutions were
dropped using a pipet at each carbon spot. For the various
compositions of the catalyst spots, the metal precursors were
prepared in solutions. Palladium nitrate (Pd(NO3)2·xH2O,

Table 1. Electrochemical Properties of the Prepared Catalysts

sample metal loading (wt %) Pd:Ir:Cea (at. %) Pd:Ir:Ceb (at. %) Eonset (V) Jc (mA/cm2) Jk
c (mA/cm2) M.A.c,d (mA/mg)

Pt/C 40.0 1.03 −2.94 −11.50 −42.50
Pd/C 38.5 0.95 −1.02 −1.43 −8.85
PICH 35.1 79:12:9 84:10:6 0.97 −1.50 −2.48 −19.30
PICL 37.6 52:28:20 52:29:19 0.94 −0.30 −0.32 −2.17

aStoichiometric value. bObtained from ICP analysis. cCalculated at 0.85 V (vs RHE). dMass activity based on noble metals.

Figure 8. XPS-Pd3d spectroscopy of the prepared catalysts: Pd/C,
PICH, and PICL.
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Aldrich), iridium chloride (IrCl3·3H2O, Aldrich), and cerium
chloride (CeCl3·7H2O, Aldrich), were used as metal precursors.
After the loading of appropriate catalyst solutions on each
carbon spot, the library was dried at room temperature. The
total metal loading on carbon was adjusted to 40 wt %. Then
the metal precursors on the combinatorial library were reduced
using 0.2 M NaBH4 solution. To compare the ORR
performance of the Pd-based catalyst spots, 4 additional
catalyst spots of commercial Pt/C (40 wt %) from E-tek
were included on the left bottom corner of the combinatorial
library. A calculated amount Pt/C was also sprayed using a Pt/
C ink. The Pt/C ink was prepared by a mixture of commercial
Pt/C (40 wt %, 0.17 g, E-tek), deionized (DI) water (120 μL),
5 wt % Nafion ionomer solution (970 μL), and isopropyl
alcohol (5 mL, IPA, Aldrich). The combinatorial libraries were
characterized by both the multi electrode half-cell method,3 and
the optical screening method.39 In all the electrochemical tests
including combinatorial and single catalyst study, a platinum
wire (ALS Co., 002233) and an Ag/AgCl electrode (ALS CO.,
012167) were used as counter and reference electrodes,
respectively. All electrochemical tests were done using an
electrochemical analyzer (CH Instruments, Inc. CHI700D). In
this paper, all the potential scales have been converted to
reversible hydrogen electrode (RHE) for convenience.
The Multielectrode half-cell method is similar to the three

electrode half-cell test, consisting of a working, a counter, and a
reference electrode. In this methodology, the prepared
combinatorial library was used as working electrode. For the
activation of the combinatorial library, 30 cycles of cyclic
voltammetry (CV), at a range between 0 to 0.798 V (vs RHE),
was conducted in deaerated 1 M HClO4 electrolyte with a 15
mV/s scan rate. To measure the ORR activity of each catalyst
composition, a PTFE mask with 70 holes (each hole on each
catalyst spot on the combinatorial library) of 5 mm diameter
and 10 mm depth is used for electrolyte isolation. To measure
the ORR activity of each composition, the counter and
reference electrodes were put into each hole. This process
was repeated for each and every spot on the library. The ORR
was analyzed by a single linear sweep between 1.04 to 0.14 V
(vs. RHE) at an oxygen purged 1 M HClO4 electrolyte with a 5
mV/s scan rate. The total time to conduct all the LSV of the
catalyst spots was 210 min (in the case of this experiment).
However, this factor can be altered depending on the range of
the LSV analysis. For example, if the needed current value is at
around a specific potential, for example, at 0.75 V (vs RHE),
the range of screening can be shortened from 1.04−0.14 V to
1.04−0.59 V (vs RHE). This would shorten the total time of
analysis from 210 min to half its time (105 min). In conclusion,
the total time of analysis can be altered depending on the range
of LSV.
In optical screening, the combinatorial array was used as the

working electrode in a three electrode half-cell test. The
electrolyte was prepared with 100 μM fluorescein sodium salt
(Aldrich) and 0.2 M NaNO3 (Aldrich). Fluorescein was
selected as the pH indicator for the evaluation of ORR
performance of the catalyst spots in the combinatorial array
according to previous reports.13,39 NaNO3 was included as a
conduction supporting agent, which reduces the conduction
resistance in the electrolyte. This solution was adjusted to pH
of 4 using HClO4 and NaOH solutions. The solution was
purged with pure oxygen for 2 h before usage. Optical
screening was then carried out inside a homemade glovebox,
which contains a UV light source and a camera, where images

could be taken in a dark environment. For the activation of the
combinatorial library, 30 cycles of CV at a range between 0 to
0.798 V (vs RHE) were conducted in deaerated 1 M HClO4
electrolyte with a 15 mV/s scan rate, same as in the
multielectrode half-cell method. A homemade mask with the
same dimensions as the PTFE mask from the multielectrode
half-cell was prepared for optical screening using Bakelite
material. This optical screening mask was made to decrease the
diffusion and mixture between the electrolytes on each spot.
Using the potentiostat/galvanostat system in the electro-
chemical analyzer, a constant potential of 0.72 V (vs. RHE)
was applied onto the combinatorial array under UV light. The
applied potential (0.72 V vs. RHE) was chosen as the potential
at which the ORR performance results from the two
combinatorial methods were to be compared. Images were
taken under UV light to excite the fluorescence emitted by the
indicator, and the image taken after 15 min was selected for
analysis. If the brightness is too difficult to differentiate between
the spots with the naked eye, then a program like Adobe
Photoshop can be used to more accurately identify the spots
emitting brighter light.
XRD patterns of the combinatorial array were acquired using

a Combinatorial microbeam XRD (Bruker-AXS) operating a 40
kV and 40 mA, with step-scan patterns between 17.7 to 78.7°
(2θ range) with 0.1° step size and 2°/min scan speed.
The chosen compositions from the Pd−Ir−Ce combinatorial

array, PdxIryCez/C, were synthesized by an impregnation
method using NaBH4 reduction, which is a similar method to
the preparation of the combinatorial array (Method 2.1). The
same metal precursors were used in the synthesis. The carbon
support (Vulcan XC-72R, 0.1 g) was dispersed in a mixture of
200 mL of DI-water and 100 mL of IPA, using an
ultrasonicator. Then the calculated amounts of the metal
precursors were added to the solution and stirred for 30 min.
The calculations were fixed in atomic percent of the metal
being loaded, and the values were Pd:Ir:Ce = 79:12:9 and
52:28:20 (at. %). The chemical reduction of the metal
precursors was performed by adding calculated amounts of
NaBH4 (the mole of total metal precursors ×10) dissolved in
100 mL of DI-water into the solution. This mixture was then
stirred for 2 h for the reduction of metal precursors. The
mixture was then, filtered, washed with DI-water, and dried in
an oven at 80 °C overnight. Pd/C was also prepared using the
same method for comparison and reference. In all the prepared
catalysts, the metal loading was adjusted to 40 wt % of the total
catalyst mass. Pt/C (40 wt %, E-tek) was also used for
comparison and reference.
Physical characterizations of the single catalysts were

performed by transmission electron spectroscopy (TEM),
XRD, and XPS. TEM images were taken with a JEM2100-F
(Jeol Ltd.) operated at 200 kV. XRD patterns were acquired
using a D/MAX-2500 (RIgaku) operating a 40 kV and 300 mA,
with step-scan patterns between 20 to 80° (2θ range) with
0.01° step size and 1°/min scan speed. XPS analysis were tested
using a Sigma Probe (Thermo VG Scientific) equipped with a
microfocused monochromator X-ray source.
Electrochemical properties were analyzed using a three-

electrode-type beaker cell equipped with a counter electrode, a
reference electrode, and a rotating disk electrode (ALS Co.,
011169, diameter = 3 mm), using a rotator (ALS Co., RRDE-
3A). The working electrodes were prepared by the thin-film
electrode method. The catalysts (10 mg, carbon supported
samples) were dispersed in ink solution (1 mL; DI-water (15),
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5 wt % Nafion in water (4), and isopropyl alcohol (1); the
number in parentheses indicates the volumetric ratio) followed
by sonication, and then the catalyst inks (5 μL) were dropped
onto a glassy carbon of a rotating ring disk electrode. The
catalyst inks were dried at room temperature. Thirty cycles of
the CV experiments were conducted in deaerated 1 M HClO4
electrolyte for activation of the catalysts with a 15 mV/s scan
rate from 0 to 0.798 V (vs. RHE). The ORR experiments were
conducted in O2 saturated 1 M HClO4 electrolyte with a 5 mV/
s scan rate and 2000 rpm rotating velocity from 1.04 to 0.14 V
(vs. RHE). Kinetic current from the ORRs was derived from
the following equation:

= +
J J J
1 1 1

k d (1)

where J is a current from ORR in LSV experiments, Jk is a
kinetic current, and Jd is a diffusion current. The mass activity of
the catalyst was calculated from the kinetic current at 0.85 V (vs
RHE).
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