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ABSTRACT: We report the intrinsic oxygen reduction
reaction (ORR) activity of polycrystalline palladium, plati-
num, ruthenium, gold, and glassy carbon surfaces in 0.1 M
LiClO4 1,2-dimethoxyethane via rotating disk electrode
measurements. The nonaqueous Li+-ORR activity of these
surfaces primarily correlates to oxygen adsorption energy,
forming a “volcano-type” trend. The activity trend found on
the polycrystalline surfaces was in good agreement with the
trend in the discharge voltage of Li-O2 cells catalyzed by
nanoparticle catalysts. Our findings provide insights into
Li+-ORR mechanisms in nonaqueous media and design of
efficient air electrodes for Li-air battery applications.

Rechargeable Li-air batteries have the potential to provide
3�5 times the gravimetric energy density of conventional

Li-ion batteries.1�3 To make Li-air batteries practical for com-
mercial applications, many issues4,5 still need to be addressed,
including low electrolyte stability, poor round-trip efficiency, rate
capability, and cycle life.

Research efforts toward better understanding of the oxygen
reduction reaction (ORR) mechanism and the design principles
of highly active ORR catalysts are critical to improve the dis-
charge performance, which directly affects the deliverable gravi-
metric energy and power of Li-air batteries.4,6 Nanometer-scale
catalysts based on precious metals (Au, 2.8 VLi at 100 mA
g�1

carbon or 0.04mA cm�2
geo;

7 Pd, 2.87 VLi at 0.12mA cm�2
geo

8)
are reported to have higher discharge voltages than metal oxides
(e.g., α-MnO2, 2.75 VLi at 70 mA g�1

carbon;
2 Fe2O3, 2.6 VLi at 70

mA g�1
carbon

9). However, it is difficult to correlate reported
geometric and carbon-mass-normalized currents of these cata-
lysts to the intrinsic ORR activity such as true-surface-area-
normalized ORR currents and ORR catalyst-mass-normalized
currents of these catalysts. This is because the catalyst particle
sizes and catalyst loadings can be significantly different among
these studies. Further complication arises from the fact that
carbonate-based electrolytes used in these studies2,7�9 are un-
stable against ORR reaction intermediates such as superoxide
(O2

�) and form species such as lithium carbonate instead of
lithium peroxide or oxides expected for Li+-ORR.10�16 The
parasitic reactions between the ORR intermediates and the
carbonate-based solvents can greatly influence the discharge
voltages and hamper the development of highly active catalysts
for Li+-ORR in stable electrolytes necessary for rechargeable
Li-air batteries.

In this study, we have performed systematic ORR studies on
four different polycrystalline metal catalysts, palladium (Pd),
platinum (Pt), ruthenium (Ru), and gold (Au), as well as glassy
carbon (GC) via rotating-disk electrode (RDE) in 0.1 M LiClO4

in 1,2-dimethoxyethane (DME). Previous studies on ORR
electrocatalysis in aqueous electrolytes have shown that the
activity can be governed by the oxygen binding to the catalyst
surface.17�20 In this report, the activity trend for Li+-ORR on
these surfaces is correlated with oxygen adsorption energy, which
can serve as a predictive tool for the design and screening of
highly active catalysts. In addition, the activity trend obtained on
these polycrystalline surfaces translates well to that of high-
surface-area thin-film catalysts supported on GC electrode via
RDE and early discharge voltages of the Li-O2 cells.

DME was used as the solvent to study the ORR activity, as it
is reasonably stable during ORR, unlike carbonate-based sol-
vents.6,10,21,22 The stability of DME in the operation window in
this study (3.1 to 2.0 VLi) is within the stable window of DME
reported by Aurbach et al. (4.5 to 1.0 VLi on Pt).23 In addition,
Figure S1 in the Supporting Information (SI) shows that there is
no significant reaction current associated with Pt, oxygen, and
DME in the potential range of 3.1 to 2.0 VLi, and the O2/O2

�•

redox couple is stable and reversible on Pt electrode in
DME. Furthermore, it does not poison Pt for ORR, and DME
has minimal interactions with the Pt surfaces (Figure S2), unlike
PC shown in our previous work.24 All the RDE measurements
reported herein were collected from a three-electrode cell
with O2-saturated 0.1 M LiClO4 ion DME (Novelyte USA, H2O
<20 ppm) in a water-free glovebox (H2O < 0.1 ppm, O2 < 1%).

Figure 1. Background- and IR-corrected specific ORR polarization
curves of polycrystalline Pd, Pt, Ru, Au, and GC surfaces in O2-saturated
0.1 M LiClO4 in DME at 100 rpm and 20 mV s�1.
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All electrodes were vacuum-dried at 75 �C for at least 12 h,
followed by direct transfer from the vacuum oven to the water-
free glovebox without exposure to the ambient. Detail experi-
mental conditions for all RDE measurements and electrode
preparation can be found in the SI.

The real-surface-area-normalized ORR current densities
of the five bulk surfaces, termed specific activity (is,μAcm�2

real), are
shown in Figure 1, which was obtained after background and
IR corrections (SI and Figure S3). The real surface area of
each bulk surface was estimated from electrochemical measure-
ments (details in the SI).

The Li+-ORR activity was found to be Pd > Pt > Ru ≈ Au >
GC. As these surfaces exhibited similar Tafel slopes of∼150 mV
per decade up to 2 μA cm�2

real (not shown), the dashed line in
Figure 1 inset shows that the intrinsic activity for each surface can
be assessed by the potential to achieve a given specific ORR
current density. For Pd, Pt, Ru, Au, and GC, the specific activity
of 2 μA cm�2

real can be reached at a potential of 2.80 ((0.02),
2.72 ((0.02), 2.65 ((0.01), 2.60 ((0.03), and 2.57 ((0.01) VLi,
respectively. It should be noted that this specific current at
the scan rate of 20 mV s�1 corresponds to the self-poison-
ing of less than 10% of one monolayer solid LiO2 formation
(200 μC cm�2

real),
21 and the background-current correction less

than 50% of the total ORR current (Table S1).
The intrinsic Li+-ORR activities of the five surfaces exhibit a

volcano shape as a function of the oxygen adsorption energy
relative to that of Pt (per oxygen atom relative to an atom in the
gas phase),25,26 as shown in Figure 2. The activity increases from
GC to Au, followed by Pt, and peaks at Pd as the oxygen
adsorption energy increases. A further increase in the oxygen
adsorption energy on Ru results in a decrease in the activity
compared to the peak (Pd), forming a so-called “volcano-type”
relationship. This volcano dependence suggests that the strength
of oxygen binding on the catalyst surface greatly influences the
ORR activity, at least in the present case of submonolayer
coverages with discharge product. It should be noted that the
ORR potential for GC in Figure 2 is lower than those typically
found for carbon in the Li-O2 cells. This difference can be
attributed at least in part to the fact that the specific current of
2 μA cm�2

real, which is constrained by ORR surface poisoning

and background current correction, is much higher than those
typically used in the Li-O2 cells (∼0.1�0.2 μA cm�2

carbon)
2,7,9,27

To bridge the intrinsic Li+-ORR activity trends on the bulk
surfaces to the discharge voltages of Li-O2 cells, the activities of
high-surface-area catalysts supported on Vulcan carbon (VCwith
40% metal catalyst loading, Premetek, USA; SI pp S4�S6)
were examined subsequently using RDE measurements. The
weight percent of metal loading is defined as the weight of
metal normalized to the weight of metal and carbon (metal/
metal + C). We used a method developed recently28,29 for
the quantitative evaluation of the activities of high-surface-
area catalysts dispersed as thin films on a GC RDE, where
mass-transport resistances were negligible. Figure 3 shows the
background- and IR-corrected ORR current densities of Pd/C,
Pt/C, Ru/C, Ru/C, Au/C, and VC thin films normalized to
carbon weight. It should be noted that current densities shown
here are comparable to those typically used in the Li-O2 cells
(∼100�500 mA g�1

carbon).
2,7,9 For Pd/C, Pt/C, Ru/C, Au/C,

and VC, the ORR activity of 100mA g�1
carbon can be reached at a

potential of 2.95, 2.86, 2.84, 2.76, and 2.74 VLi, respectively. This
is in agreement with the fact that, at∼100mA g�1

carbon, theORR
voltage on carbon estimated from the RDE data in Figure 3 is
∼2.7 VLi, very consistent with those reported in a large number
of Li-air cell studies.2,7,9 With further consideration of estimated
true surface area of each catalyst (SI pp S5�S6), the specific
ORR current densities (Figure S4) of high-surface-area catalysts
are in reasonable agreement with the activity trend of bulk
surfaces shown in Figure 2. It should be noted that the specific
current range evaluated for these high-surface-area catalysts
(Figure S4) is comparable to those used typically in Li�O2 cells
(∼0.1�0.5 μA cm�2

catalyst).
2,7,27

We further show that the ORR activity trends found on bulk
surfaces and high-surface-area catalysts fromRDEmeasurements
can be translated well to the discharge voltage trends of Li-O2

cells. All the Li-O2 cells were tested in the water-free glovebox. All
the air electrodes and separators (Celgard, C480) were vacuum-
dried at 75 �C for at least 12 h prior to being transferred into an
Ar-filled, water-free glovebox (H2O < 0.1 ppm, O2 < 0.1 ppm).
The electrodes and the separators were kept in the vacuum
oven and directly transferred to the glovebox without exposure
to the ambient. The Li-O2 cell consists of lithium foil, two
Celgard separators, and 150 μL of O2-saturated 0.1 M LiClO4

in DME as the electrolyte. The composition and weight of the
O2 electrode are available in the SI (p S7). To minimize the
self-poisoning effect, the initial discharge voltage profiles were
used to access the activities of the catalysts as shown in Figure 4;

Figure 2. Nonaqueous Li+-ORR potentials at 2 μA cm�2
real as a

function of calculated oxygen adsorption energy, ΔEO (per oxygen
atom relative to an atom in the gas phase),25 relative to that of Pt. The
oxygen adsorption energy on GC is estimated from the oxygen adsorp-
tion energy on graphite.26 Error bars represent standard deviations of at
least three independent measurements.

Figure 3. Background- and IR-corrected ORR polarization curves
of Pd/C, Pt/C, Ru/C, Au/C, and VC thin films on GC (0.05
mgcarbon cm

�2
disk) in O2-saturated 0.1 M LiClO4 in DME at 900 rpm

and 5 mV s�1.
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full discharge profiles are shown in Figure S5. The initial
discharge voltages of the Li-O2 cells were compared to those
found in the high-surface-area thin-film RDE at 100 mA g�1

carbon

(Figure 3) as shown in Figure S6, confirming a good agreement
between the two methods.

The observed volcano-type ORR activity trend on these
surfaces is in agreement with the mechanism we proposed
previously24 (Figure S7) and several previous studies.12,30�32

In nonaqueous electrolytes, the first electron reduction most
likely proceeds by the formation of superoxide species such as
O2

� and LiO2. Recently, Peng et al.12 have provided direct
evidence that O2 is reduced to O2

� on Au and then reacts with
Li+, forming LiO2 as an intermediate. On surfaces with weak
binding with oxygen, such as Au and GC, LiO2 may dispro-
portionate12 or undergo a second electron reduction to form
Li2O2, which has been detected in the discharged porous
electrodes with carbon6,10,33 and Au/C6 electrodes from Li-O2

cells. On surfaces with increasing binding energy with oxygen,
such as Pt and Pd (moving left for the right branch of the volcano
in Figure 2), it is proposed that the kinetics of the second electron
reduction is enhanced to form Li2O +Oadsorbed,

24 similar to what
has been established for the ORR on Pt and Pt alloy metals in
aqueous electrolytes,19 where Oadsorbed subsequently undergoes
additional two-electron reduction to form Li2O.

24,34 On further
increasing the binding energy of oxygen on surfaces such as Ru,
adsorbed oxygen species may bind very strongly on the surface to
hamper subsequent electron transfer, leading to reduced ORR
activity (left volcano branch). It is interesting to note that the
nonaqueous Li+-ORR activity trend observed in this study is
well-correlated to that for alkaline ORR, as shown in Figure S8.
Further studies involving in situ differential electrochemical mass
spectrometry and surface-enhanced Raman spectroscopy10�12

are needed to verify the proposed mechanism.
In summary, we show that the Li+-ORR activity is in order of

Pd > Pt > Ru≈ Au > GC on bulk surfaces. Such a trend can be
translated well to that of high-surface-area thin-film catalysts
supported on GC electrodes and early discharge voltages of
Li-O2 cells. Oxygen adsorption energy on the surface can
greatly influence Li+-ORR activities and form a volcano
dependence, which may be used to design highly active
ORR surfaces and electrodes with high discharge voltages
for Li-air batteries.
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