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ABSTRACT: Combinatorial high-throughput optical screen-
ing method was developed to find the optimum composition
of highly active Pd-based catalysts at the cathode of the hybrid
Li−air battery. Pd alone, which is one-third the cost of Pt, has
difficulty in replacing Pt; therefore, the integration of other
metals was investigated to improve its performance toward
oxygen reduction reaction (ORR). Among the binary Pd-based
catalysts, the composition of Pd−Ir derived catalysts had
higher performance toward ORR compared to other Pd-based
binary combinations. The composition at 88:12 at. % (Pd: Ir)
showed the highest activity toward ORR at the cathode of the
hybrid Li−air battery. The prepared Pd88Ir12/C catalyst showed a current density of −2.58 mA cm−2 at 0.8 V (vs RHE), which
was around 30% higher compared to that of Pd/C (−1.97 mA cm−2). When the prepared Pd88Ir12/C catalyst was applied to the
hybrid Li−air battery, the polarization of the cell was reduced and the energy efficiency of the cell was about 30% higher than that
of the cell with Pd/C.
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■ INTRODUCTION

Theoretically, the Li−air battery has a higher energy density
than that of a Li-ion battery,1 since the capacity is provided by
the inexhaustible O2 from air that is supplied to the cathode,
continuously. Therefore, the Li−air battery has been
investigated as a highly potential candidate among the
rechargeable batteries for the use in electric vehicles.2 Within
the two main Li−air battery systems, there are issues such as
the deposition of insoluble discharge product (Li2O2) on the
porous cathode,3 the decomposition of an organic electrolyte,4

and the protection of the Li metal anode from moisture.5 To
overcome these drawbacks, the hybrid system composed of the
organic electrolyte in the anode side (oxidation of Li to Li+)
and the aqueous electrolyte in the cathode side (reduction of
oxygen in the presence of Li+) was manufactured.6,7 Because of
the slow kinetics of oxygen reduction reaction (ORR), the
electrocatalyst at the cathode reaction plays a vital role in
determining the battery performance such as power density,
cycling capability, and energy efficiency.8−10 A diverse selection
of materials have been used as a cathode catalyst and these
materials can be classified into the following four groups: noble
metal based catalysts,9,11−13 carbonaceous material,14,15 tran-
sition metal oxides,16−18 and inorganic−organic compo-
sites.19−21

It has been reported that Pt and Pt-based catalysts have been
intensively studied as an electrocatalyst due to their high

stability and superior electrocatalytic performance.12,22−31

However, the scarcity and the cost of Pt encourage the search
for alternative catalysts. Among the noble metals, Pd shows a
relatively good performance toward ORR.22 Pd alone has a
lower ORR performance than that of Pt in the field of fuel cells;
therefore, Pd-based catalysts have been investigated through the
interaction with other transition metals to improve the ORR
performance.23−27

Pd-based catalysts can be prepared through various
combinations and compositions; thus, time and labor force is
of great need. A methodology called the combinatorial high-
throughput screening was applied to overcome this issue.
Combinatorial high-throughput screening has been introduced
in the field of fuel cells in the late 1990s as a highly potential
methodology to find optimized compositions among various
combinations of catalysts.28−31 Since then, many groups
reported the use of this method to find optimum compositions
of catalyst having outstanding performance toward
ORR.29,30,32−40 In our group, this methodology was used to
investigate various optimized catalysts in the field of fuel
cells.22,29−31,41 However, this experiment was targeted to hybrid
Li−air battery, therefore, the entire combinatorial system was
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performed in the presence of Li+, similar to that of the cathode
in the hybrid Li−air battery (overall reaction 4Li + O2 + 4H+ →
4Li+ + 2H2O, acidic media), distinct from fuel cell (overall
reaction 2H2 + O2 → 2H2O). Moreover, many combinations
and compositions of Pd with other transition metals were
investigated at different Li+ concentrations, we chose the
optimum composition of Pd-based catalysts through combina-
torial high-throughput screening, and the selected composition
was prepared into single catalyst for a thorough characterization
of its performance in the hybrid Li−air battery.

■ RESULTS AND DISCUSSION

To investigate the performance trend of ORR activity within
the Pd-based catalysts in combinatorial array, the optical
screening method was performed. The images from optical
screening analysis for the combinatorial array of Pd-based
catalysts are shown in Figure 1a and Supporting Information
Figure S1. A constant potential of 0.8 V (vs RHE) was applied
to the combinatorial array in optical screening for 2 h, and the
brightness of each spot was assessed. Spots emitting higher
brightness represent that the catalysts have relatively higher
ORR performance compared to the other catalyst spots. The
brightness between spots was difficult to be differentiated with
the naked eye in the fluorescence images. For a clearer
comparison in brightness between the catalyst spots, the

brightness of each spot was measured using photoshop and
represented in a 2D-graph as shown in Figure 1b.
The red color defines higher catalytic activity toward ORR

compared to the blue color regions, as described in the scale of
the figure. Catalyst spots at the combinations of Pd−Pt emitted
higher brightness compared to other spots. From previous
report by Lim et al.,13 the ORR performance of Pd−Pt based
catalysts demonstrated outstanding activity toward ORR
compared to other Pd-transition metal combinations, and this
is consistent with the results of the optical screening analysis of
the combinatorial array. Not only the combinations of Pd−Pt,
but the catalyst spots of Pd−Ir combinations also exhibited
bright light at compositions 94:6, 88:12, 81:19, 73:27 at. % (Pd:
Ir). Also, the results from optical screening in electrolytes at
different Li+ concentrations showed a similar trend as shown in
Supporting Information Figures S2 and S3. To verify the
reliability of the results from optical screening, multielectrode
half-cell test was performed and shown in Supporting
Information Figure S4, which had a similar tendency of ORR
performance compared to that of optical screening. The
composition of 88:12 at. % (Pd: Ir) emitted the highest
brightness among the Pd−Ir combinations, which was also
supported by the results from multielectrode half-cell test. The
selected composition was prepared into single catalyst for
further characterization.

Figure 1. (a) Images from optical screening for Pd based array at a constant potential of 0.8 V (vs RHE); before (left) and after 2 h (right). (b)
Degree of brightness of catalyst spots.

Figure 2. (a) XRD patterns of the prepared catalysts: Pd/C and Pd88Ir12/C. (b) Magnified intense Pd peaks of the prepared catalysts between 38 to
42°.
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The XRD results of the prepared catalysts Pd/C and
Pd88Ir12/C, are shown in Figure 2. The diffraction peak
assigned to the structure (002) was found near 25°.42 The
prepared catalysts show three peaks assigned for the metallic
structure (111), (200), and (220). The (111) peak of the
Pd88Ir12/C catalyst was located at a higher 2θ value (40.4°)
compared tothat of the Pd/C catalyst (40.0°). This could
correlate with the incorporation of a lower d space crystal
structure of Ir (d111 = 2.217) than that of Pd (d111 = 2.246),
suggesting the formation of alloy in the Pd88Ir12/C
catalyst.43−45 From the TEM images (Supporting Information
Figure S5), the metal particle size between the prepared
catalysts Pd/C (2.5 nm) and Pd88Ir12/C (2.8 nm) were similar.
As the results implied similar metal particle size between the
prepared catalysts, this proposed other factors might have
altered the electrochemical properties between the prepared
catalysts.

XPS analysis of Pd/C and Pd88Ir12/C was performed to
determine the oxidation states of Pd and Ir at the surface of the
catalysts. The XPS results suggested the dominant phase of Pd
in the catalysts were metallic Pd when the XPS-Pd3d were
deconvoluted by Pd0, PdO and PdO2. The dominant phase of
Ir was also analyzed to be metallic Ir by the deconvolution of
the Ir4f peak by Ir0 and IrO2. The small amounts of oxides for
Pd and Ir found in the XPS data could be due to the exposure
of oxygen on the catalyst surface. From Figure 3a, the XPS-Pd3d
results showed the binding energies at 335.1 and 335.3 eV for
Pd/C and Pd88Ir12/C, respectively. The binding energy of Pd in
Pd88Ir12/C catalyst had an upshift by 0.2 eV compared to that
of Pd/C. This upshift in XPS-Pd3d peak suggests the electron
modification in the Pd88Ir12/C catalyst. This shift in binding
energies is in accordance to the electron affinities of Pd (54 kJ/
mol) and Ir (112 kJ/mol), which means Pd has electron
donating properties compared to Ir.46,47

Figure 3. (a) XPS-Pd3d and (b) XPS-Ir4f spectroscopy of the prepared catalysts: Pd/C and Pd88Ir12/C.

Figure 4. Linear sweep voltammetry ORR curves in 0.1 M HClO4 with different Li+ concentrations for (a) Pd/C and (b) Pd88Ir12/C.

Figure 5. Linear sweep voltammetry curves in 0.1 M HClO4 + 0.05 M LiNO3 for Pd/C and Pd88Ir12/C (a) ORR performance and (b) OER
performance.
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After the contents of the prepared catalysts were verified by
physical characterization, the electrochemical test proceeded.
The prepared catalysts from the optical screening were
examined to investigate the catalytic performance through
linear sweep voltammetry (LSV). In the half reaction of the
cathode, oxygen reduction evolution reactions follow the
reaction pathway without the Li+, O2 + 4e− + 4H+ ↔ 2H2O.
However, Li+ do exist at the side of the cathode in a hybrid Li−
air battery. Therefore, LiNO3 (Li salt) was added in the
electrolyte to verify the catalytic performance of the prepared
catalysts in the presence of Li+. Figure 4 shows the ORR
performance of Pd/C and Pd88Ir12/C catalysts in 0.1 M HClO4

with different Li+ concentrations as indicated by the figure
caption. Both catalysts have a tendency that the diffusion
limited current density decreased with increasing Li+

concentrations. This is attributed to the lower rate of oxygen

diffusion in the acidic electrolyte containing more Li+.48

However, each catalyst did not indicate a noticeable variation
of onset potential with increasing Li+ concentrations. Also, the
oxygen evolution reaction (OER) performance of prepared
catalysts in 0.1 M HClO4 with different Li+ concentrations
shows a similar tendency with the ORR performance in
Supporting Information Figure S6. In Figure 5, the catalytic
performance of the prepared catalysts was compared in the
presence of Li+, 0.1 M HClO4 + 0.05 M LiNO3. The Pd88Ir12/C
catalyst has a slightly higher onset potential in ORR than that of
Pd/C. At 0.8 V (vs RHE), Pd/C shows a current density of
−1.96 mA cm−2, whereas Pd88Ir12/C shows a current density of
−2.58 mA cm−2. In the case of OER, the Pd88Ir12/C catalyst
shows a higher current density (3.60 mA cm−2) at 1.6 V (vs
RHE) compared to that of Pd/C (0.61 mA cm−2).
Furthermore, the ORR and OER performances of the prepared

Figure 6. (a) Tafel plots, (b) mass activity at 0.8 and 1.6 V (vs RHE) in 0.1 M HClO4 + 0.05 M LiNO3 for Pd/C and Pd88Ir12/C.

Figure 7. Cell voltage profiles at different current densities ranging from 0.02 to 2 mA/cm2 for (a) Pd/C and (b) Pd88Ir12/C during discharge and
charge.

Figure 8. (a) Cell voltage profiles at a current density of 1 mA/cm2 for Pd/C, Pd88Ir12/C during discharge (lower parts) and charge (upper parts).
(b) Polarization curves at different current densities ranging from 0.02 to 2 mA/cm2 for Pd/C and Pd88Ir12/C during discharge and charge.
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catalysts were estimated by Tafel plot in Figure 6a. Mass
activities toward ORR and OER at 0.8 and 1.6 V (vs RHE)
were obtained by Tafel plot. As shown in Figure 6b, the
Pd88Ir12/C has higher values of mass activity compared to that
of Pd/C in both cases.
To investigate the polarization of the hybrid cell with the

prepared catalysts, cell voltage was examined under constant
current density during discharge and charge. Figure 7 shows the
voltage profiles for Pd88Ir12/C and Pd/C, at different current
densities ranging from 0.02 to 2 mA cm−2. Although the voltage
gap between discharge and charge is very small at low current
densities for both catalysts, Pd88Ir12/C indicates a smaller
voltage gap than that of Pd/C at over 0.2 mA cm−2. Also, the
voltage profiles of Pd88Ir12/C and Pd/C at a current density of
1 mA cm−2 are compared in Figure 8a. After 10 min, Pd88Ir12/C
had only 0.66 V gap between the discharge and charge potential
compared to that of Pd/C (0.87 V). The cell with Pd88Ir12/C
showed a charging potential at around 4.1−4.2 V, which was
approximately 0.1 V lower than that of the cell with Pd/C. The
cell with Pd88Ir12/C demonstrated a higher discharging
potential and this can be deduced from the alloying with Ir,49

which altered the electron configuration of Pd. The upshift in
XPS-Pd3d of Pd88Ir12/C catalyst implies the energy decrease in
the d-band center, reducing the oxygen active site adsorption
energy. This alternation in the adsorption of oxygen molecules
to the Pd88Ir12/C catalyst could have affected the discharge and
charge performance.
Wang et al.50 reported hybrid Li−air battery system using

graphene-supported CoMn2O4 spinel nanoparticles as catalyst
in alkaline media. They showed a 0.3 V gap with a current
density of 0.025 mA cm−2 compared to a 1.0 V gap in
carbonate-based Li−air battery (nonaqueous system). How-
ever, we found the voltage gap to be less than 0.1 V at the same
current density (0.025 mA cm−2) in Figure 7. Although,
Pd88Ir12/C was applied at a current density of 0.5 mA cm−2

which is much higher compared to that of previous reports, the
prepared catalyst demonstrated a similar value of voltage gap
(0.35 V) between discharge and charge. Moreover, comparing
with other previously reported values, the voltage gap of 0.35 V
at 0.5 mA cm−2 was much lower compared to Yoo et al.7 (0.56
V at 0.5 mA cm−2) and Zhou et al.51 (0.7 V at 0.5 mA cm−2).
Figure 8b shows how much the hybrid Li−air battery is

polarized after 10 min. It could be observed that both catalysts
have a tendency which the values of voltage variation were
increased with increasing applied current density. However,
Pd88Ir12/C indicates that the voltage variation is much lower
than that of Pd/C, at the measured current densities. This is
consistent with the results mentioned above in Figures 7 and 8.
Therefore, the hybrid prepared with Pd88Ir12/C had a lower
polarization than that with Pd/C.
In conclusion, this study investigates for the first time, the

application of combinatorial high-throughput screening method
to find the optimized Pd-based catalyst in the hybrid Li−air
battery. Though Pd is one-third the cost of Pt, Pd alone
struggles to substitute Pt; hence, various combinations and
compositions with other metals were investigated toward ORR.
From the results obtained by the combinatorial high-
throughput screening of the Pd-based binary library, the
composition at 88:12 at. % (Pd/Ir) had a trend to emit the
brightest light among the catalysts. The ORR and OER
performances of the prepared catalyst at the chosen
composition were measured and the Pd88Ir12/C catalyst showed
a current density of −2.58 mA cm−2 at 0.8 V (vs RHE), which

was 30% higher than that of Pd/C (−1.97 mA cm−2).
Furthermore, Pd88Ir12/C catalyst showed a current density of
3.60 mA cm−2 at 1.6 V (vs RHE), which was six times higher
than that of Pd/C (0.61 mA cm−2). A single cell operated for
10 min at 1 mA cm−2 with Pd88Ir12/C at the cathode, had a
smaller voltage gap (0.66 V) between the charge and the
discharge which had a 30% higher energy efficiency compared
to that of a cell prepared with Pd/C (0.87 V). In this
experiment, the results from combinatorial high-throughput
screening method facilitated the search for highly active
catalyst; therefore, this method could be further applied in
the field of Li−air battery.

■ EXPERIMENTAL PROCEDURES
The carbon spots in the combinatorial library were prepared by
spraying a prepared carbon ink on a polytetrafluoroethlyene
(PTFE) treated carbon paper (Toray TGPH-090, 20 wt %
PTFE). Each spot had a diameter of 4 mm and 6 mm apart
from each other as the design scheme as shown in Figure 9.

The carbon ink was prepared by a mixture of Ketjen black (0.1
g), deionized (DI) water (120 μL), 5 wt % Nafion ionomer
solution (970 μL), and isopropyl alcohol (5 mL). The loading
of carbon alone in each spot was estimated to 0.15 mg.
Calculated amounts of catalyst precursor solutions were
dropped at each spot with loading adjustment of metal on
carbon to 40 wt %. Ruthenium chloride (RuCl3), palladium
chloride (PdCl2), nickel nitrate (Ni(NO3)2·6H2O), iridium
chloride (IrCl3), cerium nitrate (Ce(NO3)3·6H2O), cobalt
chloride (CoCl2·6H2O), and chloroplatinic acid (H2PtCl6)
were used as metal precursors for the selected metals. After
calculated amounts of metal precursor solutions were loaded,

Figure 9. Design of Pd-based combinatorial library.
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the combinatorial library was dried at room temperature
overnight. Then the precursors in the catalyst spots were
reduced by immersing the library in 0.2 M NaBH4 solution for
2 h. After reduction, the library was washed and dried.
The prepared combinatorial library was used as a working

electrode in the analysis of optical screening.29 Optical
screening requires an electrolyte with the properties of a UV
sensitive pH indicator. From previous reports, fluorescein Na
salt was used as the pH indicator to investigate the ORR
performance of the catalyst spots in combinatorial library.34,36

Other indicators other than fluorescein Na salt, were also
examined for its practicability in optical screening in the
presence of Li salt (Supporting Information Table S1.). Out of
the possible indicator candidates fluorescein Na salt was
selected as the most viable. NaNO3 was selected to reduce the
conduction resistance in the electrolyte. The prepared electro-
lyte consisted of 100 μM fluorescein Na salt and 0.2 M NaNO3
with a pH adjusted to 4 and purged with oxygen. Additionally,
LiNO3 as a Li salt added in the electrolyte to verify the ORR
performance of the prepared catalysts in the presence of Li+.
Optical screening was carried out inside a homemade glovebox
with a UV light source and a camera as shown in Figure 10. A

constant potential of 0.8 V (vs RHE) was applied to the
combinatorial library (the working electrode) under UV light.
In previous report, the catalyst spots with higher ORR
performance consume H+ faster than other catalyst spots with
low ORR performance, consequently, the pH of the electrolyte
will increase because of the consumption of H+.28 The used
electrolyte is excited under UV light when the pH is higher
than 4.5.31 Therefore, electrolyte near the catalyst spots that
have higher ORR performance would emit light faster.
In the electrochemical tests, including the combinatorial

library and the single catalysts, a platinum wire (ALS Co.,
002233) and an Ag/AgCl electrode (ALS CO., 012167) were
used as the counter and the reference electrodes, respectively.

All electrochemical tests were carried out using an electro-
chemical analyzer (CH Instruments, Inc. CHI700D). The
multielectrode half-cell method is similar to the three electrode
half-cell test, consisting of a working, a counter and a reference
electrode as shown in Figure 10. In this methodology, the
prepared combinatorial library was used as working electrode.
To measure the ORR performance of each catalyst spots, a
PTFE mask with 66 holes (each hole on each catalyst spot on
the combinatorial library) of 5 mm diameter and 10 mm depth
is used for electrolyte isolation. The counter and reference
electrodes were put into each hole. This process was repeated
for each and every spot on the library. The ORR performance
of catalyst spots was analyzed by linear sweep voltammetry
between 1.04 to 0.7 V (vs RHE) at an oxygen purged 0.1 M
HClO4 electrolyte with different concentrations of Li salt (0,
0.01, 0.05 M LiNO3).
Single catalysts were prepared with respect to the results

from optical screening. To maintain similarities within the
preparation of the catalysts, single catalysts were also prepared
by the impregnation with NaBH4.

34,35 Ketjen black (0.1 g) was
dispersed in a mix solution of 200 mL of DI-water and 100 mL
of isopropyl alcohol (IPA). Calculated amounts of the chosen
metal precursor solutions were added to the solution and
stirred for 30 min. The NaBH4 was 10-fold mole of the total
metal precursor added in 100 mL of DI-water and mixed to
catalyst solution. The mixed solution was stirred for 2 h and
filtered. The product was washed several times with DI-water
and dried overnight in a vacuum oven at 70 °C. Pd/C was also
prepared using the same method for comparison.
The electrochemical properties of the prepared catalysts were

analyzed using a three-electrode beaker cell equipped with a Pt
wire counter-electrode (ALS Co., 002233), an Ag/AgCl
reference electrode (ALS Co., 012167), and a rotating ring
disk electrode (ALS Co., 011162). Electrochemical analyzer
(CHI700D, CH Instruments Inc.) and a rotator (RRDE-3A,
ALS Co.) were used. The working electrodes were prepared
using the thin film electrode method. The catalysts (10 mg)
were dispersed in ink solution of 1 mL (DI-water (15), 5 wt %
Nafion in water (4), and isopropyl alcohol (1); the number in
parentheses indicates the volumetric ratio) followed by
sonication, respectively. Then, each catalyst inks (5 μL) were
dropped onto the glassy carbon of a rotating ring disk electrode
(RRDE). The catalyst inks were dried at room temperature.
100 cycles of the cyclic voltammetry (CV) was conducted in
deaerated 0.1 M HClO4 electrolyte in order to activate the
catalysts with a 40 mVs−1 scan rate from 0.074 to 1.294 V (vs
RHE). The data from the last cycle was selected for
comparison. The ORR experiments were proceeded in an O2
saturated variable concentration of Li salt in 0.1 M HClO4
electrolyte with a 5 mVs−1 scan rate and 900 rpm rotating
velocity from 1.114 to 0.374 V (vs RHE). Additionally, the
OER experiments were proceeded from 1.1 to 1.849 V (vs
RHE).
The prepared catalysts were applied to hybrid Li−air cell

which consists of Li metal|LiPF6 in 1:1 of ethylene carbonate
(EC)/dimethyl carbonate (DMC)|LTAP solid electrolyte|1 M
LiNO3 in 0.01 M HClO4|cathode. Cathode consisted of the
prepared catalysts, Ketjen black, PTFE (weight ratio of
40:50:10, respectively). The nonaqueous electrolyte
(EC:DMC) was used with a glass-fiber separator at the side
of the anode, the aqueous electrolyte (0.01 M HClO4 with 1 M
LiNO3) was used at the side of the cathode. These electrolytes
were separated by a Li-ion solid electrolyte (LTAP) from

Figure 10. Scheme of optical screening method (upper) and
multielectrode half-cell method (lower).
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OHARA, Inc., Japan. The hybrid Li−air cell was tested at
various current densities, ranging from 0.02 to 2 mA cm−2.
Physical characterizations of the single catalysts were

performed by X-ray diffraction (XRD) and X-ray photoelectron
spectroscopy (XPS). XRD patterns were acquired using a D/
MAX-2500 (RIgaku) operating a 40 kV and 300 mA, with step-
scan patterns between 10 to 70° (2θ range) with 0.01° step size
and 1° min−1 scan speed. XPS analysis were tested using a
Sigma Probe (Thermo VG Scientific) equipped with a
microfocused monochromator X-ray source.
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