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A bifunctional solid state catalyst with enhanced
cycling stability for Na and Li–O2 cells: revealing
the role of solid state catalysts†
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Solid state catalysts play a critical role in peroxide alkali metal–O2 cells. However, the underlying mechanism

behind the catalytic activity remains controversial due to the different nature of oxygen reduction and

evolutions reactions (ORR, OER) in non-aqueous cells compared to those in classic aqueous based reactions.

In the present study, we reveal a detailed spectroscopic and electrochemical picture of the mechanism of

catalytic activity in Na– and Li–O2 cells. We demonstrate that ORR and OER catalytic activity in alkali metal–

O2 cells primarily originates from the stabilization of O2
� intermediates on the catalyst surface during the

electrochemical reaction. Monitoring the electronic state of the solid state catalyst during the ORR and OER

revealed a dynamic interaction occurring between the catalyst and the discharge product. The morphology

and composition of discharge products is also illustrated to be influenced by solid state catalysts. The findings

of the present study suggest that catalysts with a higher oxygen-bonding capability may exhibit a higher

catalytic activity in alkali metal–O2 cells.

Broader context
Alkali metal–oxygen (Li– and Na–O2) batteries have attracted a great deal of attention over the past decade. The high theoretical energy density of these battery
systems which is comparable with that of gasoline makes them desirable candidates for potential applications in electrical transportation. However, multiple
basic challenges associated with the working mechanisms of alkali metal–oxygen cells limit their cycle life and hinder them from further development. The
large overpotential required for charging the cells with a peroxide discharge product is among the major challenges facing the alkali metal–oxygen batteries. An
extensive amount of effort has been devoted to develop and employ solid-state catalysts in order to reduce the charging overpotential and improve the cycling
stability of the cells. Nevertheless, a little is known about the mechanism of the catalytic activity in these cells which makes it a controversial topic in the field.
The present study reveals detailed spectroscopic evidence toward the working mechanisms of solid-state catalysts in alkali metal–oxygen cells. The obtained
results suggest a correlation between the ability of the catalyst surface for stabilizing superoxide (O2

�) intermediates with the catalytic activity.

Introduction

Alkali metal (Li and Na)–O2 cells are considered as the next
generation of electrochemical energy storage technology with
potential applications for electrical transportation.1–5 The high
energy density produced by alkali metal–O2 cells is based on
coupling a high energy alkali metal (negative electrode) with a

breathing oxygen electrode (positive electrode). The resulting
reaction, known as an oxygen reduction reaction (ORR), produces
superoxide (O2

�) ions which combine with alkali metal ions, from
the negative electrode, to form a solid metal oxide complex as
the discharge product.4,6 The superoxide then further reduces
(chemically or electrochemically) to peroxide (O2

2�) in Li–O2 cells
and produces lithium peroxide (Li2O2) as the major discharge
product of the cell.7 In the case of a Na–O2 cell, however, the larger
radii of the sodium ion stabilizes the superoxide intermediate and
result in the formation of either sodium superoxide (NaO2) or
peroxide (Na2O2) as the product of the cell.8–13 The formed solid
discharge products of the cells are then forced to decompose back
to molecular oxygen and alkali metal during the charge cycle.
However, the oxygen evolution reaction (OER) in the air electrode
of alkali metal–O2 peroxide cells requires a large overpotential,
thereby significantly reducing the energy efficiency of the cell.1–3,5
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The large charging overpotential in Li� and Na–O2 peroxide
cells originates from various factors including the irreversible
electrochemistry of the O2/O2

2� redox pairs,6 poor electric
conductivity of the discharge product,14–20 instability of the
electrolyte and the air electrode,21,22 and formation of insulating
parasitic products during the discharge and charge cycles of the
cells.10,23,24 On the other side, Li– and Na–O2 cells with super-
oxide discharge products exhibit a lower charging overpotential
compared to their peroxide counterparts.4,12,13,25 The low charging
overpotential observed in superoxide cells stems from the reversible
electrochemical reaction of the O2/O2

� redox pair. In contrast,
peroxide cells undergo a multi-step ECC mechanism during the
discharge cycle, followed by a single-step decomposition reaction
during the charge cycle.6 This large overpotential required to
reverse the products produced in peroxide cells typically results
in a significantly diminished cycle life.2,9,26 Critical components of
the cell, such as the electrolyte and the air electrode, are unstable at
high positive potentials and produce insulating parasitic side
products in an oxidative decomposition process. Accumulation of
parasitic side products at the electrode/electrolyte interface further
increases the charging overpotential of the cell, resulting in capacity
failure.10,24 Meanwhile, the cycle life of superoxide cells is also
limited to a few tens of cycles.27–29 Chemical instability of the
oxygen-rich discharge product against the cell electrolyte and/or
mechanical detachment of the micrometer-sized crystalline super-
oxide product at the early stage of the charge process often results
in a limited cycle life of the superoxide cells.27,30,31

Solid state catalysts have been widely employed in peroxide
cells to reduce the charging overpotential and improve the cycle
life of cells.32–35 However, the mechanism behind the catalytic
activity in these alkali metal–O2 cells is still a point of controversy.
On one side, formation of the very first layers of the solid products
during the discharge cycle is argued to hinder the catalytic activity
very quickly.36 On the other side, solid state catalysts have been
proven to enhance the electro/chemical performance of the per-
oxide cells.32–35 Multiple interpretations have been proposed as the
potential mechanism behind the function of solid state catalysts in
Li–O2 cells. Bruce et al. showed that the catalytic activity in
nanoporous gold and TiC based air electrodes is based on the
suppression of side reactions occurring due to the air electrode and
electrolyte degradation.32,33 Nazar et al. attributed the advanced
performance of mesoporous pyrochlore catalysts to the presence of
defect sites with oxygen vacancies on a conductive nanoporous
network.34 Shao-Horn et al. also proposed that the Pt–Au nano-
particles boost the sluggish kinetics of the ORR and OER in non-
aqueous electrolytes.35 In addition, catalysts may alter the chemical
composition, size, structure, density and electronic conductivity of
the metal oxide discharge products in alkali metal O2 cells by
stabilizing various oxygen–metal intermediates during the ORR.5,37

Recently, growth of a stable LiO2 phase on iridium nanoparticles
further highlighted the role of catalysts in controlling the chemical
composition of the discharge product in Li–O2 cells.4 Similarly,
catalytic activity is also expected to enhance the electrochemistry of
Na–O2 superoxide and peroxide cells.

In the present paper, we reveal detailed spectroscopic evidence
toward the mechanism governing the catalytic function in Na– and

Li–O2 peroxide cells. Herein, a 3D structured air electrode with
bifunctional catalytic activity was synthesized and employed in
Na– and Li–O2 peroxide cells. The air electrode was composed
of light weight graphene foam as a macroporous framework,
facilitating rapid oxygen and metal ion transportation into and
from the air electrode. Nitrogen doped carbon nanotubes
(NCNTs) were also synthesized on the graphene foam substrate
to increase the active surface area of the air electrode. Additionally,
a mesoporous Mn3O4 network combined with atomically deposited
Pd nanoclusters as ORR and OER catalysts was mounted on the
carbonaceous framework. We show that the catalytic activity in
alkali metal–O2 cells is a result of the dynamic interaction occurring
between the catalyst and the discharge product. Besides, the
observed synergetic effect between Mn3O4 and Pd is shown to
originate based on an electron exchange between the noble metal
and the metal oxide.

Results and discussion

The air electrode designed in this study is based on the 3D
structure of Ni foam as the underlying skeleton. This 3D
skeleton exhibits a macroporous structure which serves for fast
oxygen and ion transportation into the air electrode. However,
large void mass of the Ni foam dramatically decreases the
specific capacity of the air electrode. Therefore, Ni foam was
employed as both a template and CVD catalyst simultaneously
to synthesize graphene. The Ni foam was then removed through
an etching process, leaving hollow and light-weight graphene
foam (Gr). The resultant Gr foam maintained the underlying 3D
structure of the Ni foam following Ni removal, while decreasing
the electrode mass (Fig. S1, ESI†). Nonetheless, Gr foam pre-
sents a limited surface area due to its macroporous structure.
To increase the surface area of the electrode, nitrogen doped
carbon nanotubes (NCNTs) were synthesized on the Gr foam.
A modified spray pyrolysis chemical vapor deposition (SPCVD)
method was employed to synthesize NCNTs.10 As depicted in
Fig. 1a–c, the Gr foam is uniformly covered by randomly
oriented NCNTs. The random orientation of the NCNTs provides
increased void volume, exposing ample surface area for catalyst
deposition as well as electrolyte accessibility and accommodation
of discharge products. In the next synthesis step, Mn3O4 with a
mesoporous structure was synthesized on the Gr/NCNT electrode
using a chemical precipitation method. The obtained electrode
is denoted as Gr/NCNT/MnO throughout the text. Mesoporous
Mn3O4 not only serves as an ORR catalyst, but also increases the
active surface area of the air electrode and provides appropriate
pore sizes for accommodation of discharge products.9 The
microstructure of the Gr/NCNT/MnO electrode (Fig. 1d–f) shows
uniform deposition of mesoporous Mn3O4 all over the NCNT
surface.

Subsequently, an ultrathin Pd film was deposited on the
Gr/NCNT/MnO surface using atomic layer deposition (ALD).
The thickness of the Pd film can be precisely controlled by
controlling the number of ALD cycles employed. Cycle numbers
of 50, 100 and 150 were applied to the final air electrode which
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is denoted as Gr/NCNT/MnO/Pd-(50C, 100C or 150C) through-
out the text. To further clarify the synergetic effect between
Mn3O4 and Pd, control air electrodes without Mn3O4 were also
synthesized and are denoted as Gr/NCNT/Pd-(50C, 100C or 150C).
Detailed synthesis procedures as well as physicochemical
characterization of the electrode materials are provided in the
ESI† (Fig. S1–S11). X-ray absorption spectroscopy (XAS) was
employed to confirm the chemical state of Mn3O4 as well as the
formation of Pd on Mn3O4. The normalized Mn K-edge X-ray
absorption near-edge structure (XANES) spectra of Gr/NCNT/
MnO and Gr/NCNT/MnO/Pd are compared to the standard
sample of Mn3O4 in Fig. 2a. All XANES spectra display a weak
pre-edge absorption peak which can be attributed to a forbidden
1s dipole transition to the unoccupied 3d orbitals.38 The main
absorption edge of synthesized Mn3O4, correlated with the Mn
1s - 4p transition, appears at a slightly higher energy compared
to the standard sample, indicating a higher oxidation state for
the synthesized Mn3O4.

In addition, no changes can be seen in the XANES spectra of
Gr/NCNT/MnO before and after Pd deposition, suggesting that
the Mn3O4 substrate is stable during the ALD process. However,
a distinct change can be seen between the O K-edge spectra of
Gr/NCNT/MnO and Gr/NCNT/MnO/Pd electrodes (Fig. 2b). The
standard Mn3O4 sample as well as Gr/NCNT/MnO exhibit a
feature around 531 eV. This excitation is split into two peaks
due to the ligand field and has been attributed to the electron
transition from core O 1s orbitals to 2p–3d hybridized Mn
orbitals (t2g and eg symmetry bands).39 Meanwhile, the broad
feature around 534 eV is related to unoccupied oxygen p states
mixed with the manganese 4sp band. The O K-edge spectra of
MnO2, Mn2O3 and Mn3O4 standard samples are also depicted
in Fig. S12 (ESI†) for comparison. In the case of the Gr/NCNT/
MnO/Pd electrode, however, the pre-edge feature (t2g) is followed
by an intense and broad feature which overlaps the eg peak.
Appearance of this broad feature after Pd deposition is a result of

overlapping of O 2p with Mn 3d and Pd 4d orbitals. In fact, the
O K-edge XANES results illustrate that O 2p orbitals bridge
between Mn 3d and Pd 4d orbitals. Further, similar features
appear in the O K-edge spectra recorded under the FLY mode
(Fig. S13, ESI†), confirming that both mesoporous Mn3O4 and Pd
nanoclusters are composed of thin layers with a uniform surface
and bulk properties.

The normalized Pd K-edge XANES spectra of Gr/NCNT/Pd
and Gr/NCNT/MnO/Pd electrodes, along with Pd foil are pre-
sented in Fig. 2c. Gr/NCNT/Pd shows the same characteristic
features as the Pd foil, indicating that the ALD Pd nanoparticles
on the NCNT surface exhibit a similar oxidation state, as well as
a local structure, compared to bulk Pd. The Gr/NCNT/MnO/Pd
electrode also demonstrates the same adsorption edge as Pd
foil, confirming the presence of metallic Pd at the zero-valence
state on the Mn3O4 surface. However, in contrast to the Pd
nanoparticles on NCNTs, the local structure of the deposited Pd
on Mn3O4 is obviously different from the bulk Pd (evident from
the features in the multiple scattering region). Fig. 2d shows
the Fourier transform K3-weighted extended X-ray absorption
fine structure (EXAFS) spectra of the electrode materials. The
simulated results for Pd and PdO crystals are also shown for
comparison. The feature around 2.6 Å, existing for all electro-
des, represents the Pd–Pd bond. In addition, comparing the
EXAFS data of Gr/NCNT/Pd with Pd foil confirms the metallic
nature of Pd nanoparticles on NCNTs. In contrast, the R-space
analysis of Gr/NCNT/MnO/Pd shows a significant decrease in
the relative intensity of Pd–Pd along with an additional feature
at 1.5 Å which can be correlated with a Pd–O bond.40,41 Mean-
while, the Pd–Pd feature appearing at 2.6 Å (compared with the
Pd–Pd in PdO crystals at 3 Å) contradicts the formation of PdO.
The low intensity of the Pd–Pd peak implies low coordination of
Pd atoms, indicating that the Pd layer on Mn3O4 is composed of
nanoclusters.41 In addition, the presence of the first shell Pd–O
peak in the EXAFS spectra of the Gr/NCNT/MnO/Pd electrode

Fig. 1 SEM micrographs of Gr/NCNT (a–c) and Gr/NCNT/MnO (d–f) electrodes with different magnifications.
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illustrates the presence of an oxygen layer within the vicinity of
the Pd layer, bridging between the Pd and Mn atoms. To
determine the structural parameters of Pd on various substrates,

the experimental data were fitted using a non-linear least-
squares curve fitting procedure (Fig. S14, ESI†). The obtained
structural parameters from curve fitting are presented in Table 1.

Fig. 2 Normalized Mn (a) and TEY O (b) K-edge XANES spectra of standard Mn3O4, Gr/NCNT/MnO and Gr/NCNT/MnO/Pd electrodes; (c) normalized Pd
K-edge XANES spectra of standard Pd foil, Gr/NCNT/Pd and Gr/NCNT/MnO/Pd electrodes; (d) Fourier transform K3-weighted EXAFS spectra of standard
Pd foil, Gr/NCNT/Pd and Gr/NCNT/MnO/Pd electrodes alongside with simulated results for Pd and PdO crystals; (e) schematic diagram for Pd ALD
growth mechanisms on NCNT and Mn3O4 surfaces.
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The comparison of the Pd–Pd coordination number (CN) for
Gr/NCNT/Pd with Pd foil indicates that the Pd nanoparticles on
the NCNT surface are slightly oxidized. In the case of Gr/NCNT/
MnO/Pd, however, the Pd–Pd CN is significantly decreased while
the Pd–O CN is increased, confirming the formation of planar
nanoclusters of Pd on the Mn3O4 surface.

The XAS results alongside SEM, TEM and XRD illustrate that
the structure of Pd deposited on Mn3O4 is different from the Pd
nanoparticles on the NCNT surface. This structural difference
originates from the distinct ALD growth mechanisms on these
surfaces. The half-reaction of Pd on the surface of a substrate
has preferential deposition toward high-energy defect sites on a
non-uniform substrate like NCNT, resulting in nucleation of
Pd. With increasing number of ALD cycles, the initially formed
nucleation sites grow in size to form islands of Pd on the NCNT
surface. This island growth regime is also known as the
Volmer–Weber mechanism. In contrast to NCNTs, Mn3O4

provides a more uniform surface which leads to formation of
Pd nanoclusters on the oxide surface.42 Increasing the ALD
cycles on the Mn3O4 surface results in planar expansion of Pd
nanoclusters. These nanoclusters may grow and coalesce
together after multiple ALD cycles to form a continuous film.
Based on the XAS analysis, formation of Pd nanoclusters on

Mn3O4 is highly likely. The Pd deposited on Mn3O4 demon-
strates a significantly lower Pd–Pd CN than Pd nanoparticles on
NCNTs (see Table 1). This low Pd–Pd CN suggests that Pd
nanoclusters on Mn3O4 have a thickness of a few atomic layers.
The ALD growth mechanisms on NCNTs and Mn3O4 surfaces
are also schematically outlined in Fig. 2e.

The electrochemical responses of the prepared electrodes
were examined in both Na– and Li–O2 cells. The discharge/
charge curves of the prepared electrodes in Na– and Li–O2 cells
are presented in Fig. 3a and b, respectively (see also Fig. S15,
ESI†). Gr/NCNT electrodes exhibit the typical discharge/charge
behavior seen for carbonaceous materials with large charging
overpotentials occurring for both cells.2,10 A noticeable increase
in the discharge potential of both Na– and Li–O2 cells can be
seen for Gr/NCNT/MnO electrodes. This increase in discharge
potential is greater in Li–O2 cells. Similar electrocatalytic effects
for Mn3O4 on the ORR in alkaline solutions43–45 as well as Li–O2

cells46 have been reported previously. The presence of surface
defects and hydroxyl (–OH) functional groups on the surface of
manganese oxide facilitates the adsorption of oxygen onto the
reaction sites and decreases the ORR activation energy. More-
over, the redox reaction involving Mn species is also believed to
contribute to the high electrocatalytic activity of manganese
oxide.47 The charging overpotential in both Na– and Li–O2 cells
is also diminished by either the addition of mesoporous Mn3O4

or Pd nanoparticles onto the NCNT surface. The discharge/
charge curves of Gr/NCNT/Pd electrodes with various ALD cycles
in both Na– and Li–O2 cells are also depicted in Fig. S16 (ESI†).

The mechanism behind the catalytic activity of noble metals,
transition metals and metal oxides toward the OER of alkali
metal–O2 cells is not fully understood.5,37 However, the catalytic
behavior observed here could be attributed to the multiple
factors. The poor electric conductivity of alkali metal oxides as

Table 1 The structural parameters obtained from curve fitting depicted in
Fig. S14 (ESI)

Pd–Pd
coordination

Pd–O
coordination

Pd–Pd
Debye–Waller
factor (Å2)

Pd–O
Debye–Waller
factor (Å2)

Gr/NCNT/
MnO/Pd

3.581 2.188 7.52 � 10�3 4.91 � 10�3

Gr/NCNT/Pd 9.56 0.332 6.14 � 10�3 4.92 � 10�3

Pd foil 12 — 5.41 � 10�3 —

Fig. 3 Discharge/charge curves of Gr/NCNT, Gr/NCNT/MnO, Gr/NCNT/Pd-150C and Gr/NCNT/MnO/Pd-150C electrodes in Na– (a) and Li–O2 (b) cells
under a current density of 0.1 mA cm�2; the cycling performance of the Gr/NCNT/MnO/Pd-150C electrode in Na– (c) and Li–O2 (d) cells.
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discharge products for Na– and Li–O2 has been considered as
one of the reasons for the large charging overpotential observed
in these cells.14,15,18,19 The increased active surface area in the
case of Gr/NCNT/MnO and Gr/NCNT/MnO/Pd electrodes decreases
the thickness of the insulating discharge products on the electrode
surface by providing ample room for deposition of discharge
products. Therefore, mesoporous Mn3O4 decreases the charging
overpotential of the cells by enhancing both charge and mass
transfer through the discharge product layer.48 In addition, the
formation of an insulating carbonate-based parasitic product,
as a result of the oxidative reaction of discharge products of
Na– and Li–O2 with carbonaceous air electrodes, has been
shown to significantly increase the charging overpotential of
the cell.10,22,23 The shielding effect of the catalyst layer over the
NCNT surface may also contribute toward reducing the over-
potential by preventing the formation of insulating carbonate
species at the air electrode/discharge product interface.

Meanwhile, a different electrocatalytic mechanism is responsible
for decreasing the charge overpotential for Gr/NCNT/Pd electrodes.
The presence of Pd nanoparticles on the carbon surface is believed
to enhance the electronic transport across the electrode/electrolyte
interface and hence decrease the charging overpotential of the cell.40

Interestingly, the Gr/NCNT/MnO/Pd electrode displays a significant
decrease in charging overpotential for both Na– and Li–O2 cells,
while maintaining the high discharge potential observed for
Gr/NCNT/MnO. Evidently, Gr/NCNT/MnO/Pd demonstrates a
bifunctional catalytic performance in alkali metal–O2 cells by
improving both the discharge and charge potentials.35 Quantita-
tively, Gr/NCNT/MnO/Pd reduces the charging overpotential of
Na– and Li–O2 cells by 1.0 and 0.8 V, respectively, compared to
Gr/NCNT electrodes. The decrease in overpotential observed for
Gr/NCNT/MnO/Pd is greater than the summation of the reduction in
overpotential seen for Gr/NCNT/MnO and Gr/NCNT/Pd electrodes,
indicating a synergetic effect occurring between Mn3O4 and Pd
(see Fig. S17, ESI† for discharge/charge curves of Gr/NCNT/MnO/
Pd electrodes with various ALD cycles).

The cycling performance of the Gr/NCNT/MnO/Pd-150C
electrode in Na– and Li–O2 cells is depicted in Fig. 3c and d,
respectively, while the corresponding chronopotentiaograms
are shown in Fig. S18 (ESI†). The prepared electrode maintains
a low overpotential for 100 consecutive discharge and charge
cycles. The difference between discharge and charge potentials
of the cells starts to increase during the last 20 cycles. This is
most likely related to degradation of the negative electrode.27,40

In addition, decomposition of the cell electrolyte by oxidative
discharge products formed in the cells may also produce
carbonate-based parasitic side-products and result in increased
overpotential.10,21,23,24 The cycling performance of Gr/NCNT/Pd
and Gr/NCNT/MnO/Pd electrodes with various Pd ALD cycles in
both Na– and Li–O2 cells is also presented in Fig. S19 and S20
(ESI†) for comparison. The advanced catalytic performance of
Gr/NCNT/MnO/Pd originates from two basic characteristics of
the electrode: (1) high surface area of mesoporous structured
Mn3O4 and (2) bifunctional and synergistic catalytic activity
of Mn3O4/Pd toward ORR and OER. The high surface area of
the Mn3O4 provides an increased number of reaction sites for

oxygen molecules during the ORR. Surface defects and hydroxyl
functional groups on the surface of the metal oxide aid in
facilitating oxygen adsorption onto the air electrode. Therefore,
Mn3O4 serves as an ORR catalyst by reducing the activation
energy of the reaction as well as improving mass transfer
kinetics at the electrode surface. In addition, the mesoporous
structure of Mn3O4 is ideal for accommodating the discharge
products of Na– and Li–O2 cells.9,49 Furthermore, Pd nanoclusters
on the surface of Mn3O4 improve the charge transfer at the
electrode/product interface.

In order to explore the mechanism behind the electrocatalytic
activity in alkali metal–O2 peroxide cells, the discharge products
of Na–O2 cells on various electrodes were examined using the
XAS technique. XAS provides both selectivity and sensitivity
toward multiple metal oxide phases that may be present in the
discharge products of Na–O2 cells.10 The normalized O K-edge
XANES spectra of the various discharged electrodes were
recorded using surface sensitive total electron yield (TEY) as
well as bulk sensitive fluorescence yield (FLY) modes for both
Na– and Li–O2 cells, as shown in Fig. 4. A single feature
centered at 534 eV for the TEY O K-edge spectra of the
discharged electrodes in Na–O2 cells (Fig. 4a) is related to the
excitation of the 1s electrons to empty 3su (s*) molecular
orbitals of Na2O2, indicating the presence of a peroxide discharge
product in these cells. In the case of the Gr/NCNT/MnO/Pd
electrode, however, a feature at 530 eV is present which can
be related to the excitation of 1s electrons to semi-filled 1pg (p*)
molecular orbitals of superoxide molecules.10 The second feature at
534 eV is related to the 1s-s* transition in superoxide compounds
which may overlap with s* orbitals present in peroxide. Never-
theless, the small energy difference between s* molecular orbitals
of superoxide and peroxide phases cannot be distinguished here.
A similar conclusion can also be obtained from the FLY spectra
obtained for discharged electrodes (Fig. 4b). However, a small
feature at 530 eV is present in the Gr/NCNT/MnO spectra,
indicating the presence of a superoxide phase at the bulk of
the product on the Mn3O4 surface. For Li–O2 cells, both peroxide
and superoxide peaks can be observed at relatively lower energies.
The observed negative shift in XAS peaks from Na–O2 to Li–O2

products confirms that the feature around 530 eV is related to the
superoxide phase in the discharge products rather than the
underneath Mn3O4. In addition, an increased amount of super-
oxide phase was detected on the surface of the Gr/NCNT/MnO
electrode (Fig. 4c and d). It should also be noted that formation of
superoxide rather than peroxide as the discharge product of the
cells results in a decrease of the exchanged electron number.

Formation of superoxide products on the Gr/NCNT/MnO/Pd
electrode is in good agreement with the low overpotential
observed during the charge cycle of Na– and Li–O2 cells (Fig. 3a
and b). Accordingly, the electrocatalytic activity of Pd nanoclusters
on Mn3O4 can be correlated with the strong oxygen bonding
present at the catalyst surface.50 Pd nanoclusters not only
facilitate the reduction of O2 to O2

�, but also aid in stabilizing
superoxide radicals. The O2

� ion then combines with Na+ or Li+

to form adsorbed NaO2 or LiO2 films as discharge products of
the cells. Conversion of discharge products of peroxide Li–O2
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cells into an oxygen-rich superoxide phase on the catalyst surface
has also been reported recently.4 To confirm the proposed role of
catalysts in alkali metal–O2 cells, the Gr/NCNT/MnO/Pd electrode
was also examined by XAS during the first electrochemical
discharge/charge cycle in Na–O2 cells. Normalized Mn and Pd
K-edge XANES spectra of the Gr/NCNT/MnO/Pd electrode at the
end of the 1st discharge and 1st discharge and charge cycle in a
Na–O2 cell are compared with those of pristine electrodes in
Fig. 5a and b. The Mn K-edge XANES spectra of the electrodes
demonstrate a positive shift following cell discharge, illustrating
partial oxidation of Mn3O4 during the discharge process. At the
same time, Pd K-edge XANES spectra exhibit a slight negative shift
with cell discharge. This likely stems from electron reception from
adsorbed O2

� ions on the Pd surface. Following the initial
discharge/charge cycle, a reverse trend can be seen to some extent
in which Pd exhibits a slight positive shift compared to the
discharged electrode, while Mn3O4 is slightly reduced. The
reverse trend of oxidation/reduction is observed for Mn3O4 and
Pd during discharge/charge cycling, confirming mutual electron
exchange occurring between two species. During the discharge
cycle, electrons are shuttled between the Mn 3d orbitals and the Pd
4d orbitals to reduce oxygen at the electrode surface. As a result, Mn
is partially oxidized at the end of the discharge cycle while Pd is
slightly reduced. Reverse migration of electron density takes place
during the charging process, resulting in partial oxidation of Pd
and reduction of Mn at the end of charge. Such an electron transfer
between Mn3O4 and Pd nanoclusters explains the synergetic effect
observed in the catalytic activity of the electrodes.

To further confirm the electron exchange between Mn3O4

and Pd nanoclusters, the Pd K-edge XANES spectra of the

Gr/NCNT/Pd control electrode were also recorded at the end of
the 1st discharge and 1st discharge/charge cycle in a Na–O2 cell
(Fig. S21, ESI†). The Gr/NCNT/Pd electrode demonstrates
a similar absorption edge at different discharge and charge
cycles, suggesting that electron exchange is not occurring
between the Pd nanoparticles and the carbon surface. However,
Pd nanoparticles on NCNTs exhibit a structural change in the
EXAFS spectra, probably due to the adsorption of oxygen onto
the Pd surface. The Pd K-edge XANES spectra of Gr/NCNT/MnO/
Pd electrodes before and after 100 discharge/charge cycles in
Na–O2 cell (terminated after the charge cycle) are depicted in
Fig. 5c. The cycled electrode displays a very close Pd absorption
edge before and after cycling in the cell. However, the R-space
analysis of the EXAFS spectra (Fig. 5d) illustrates that the relative
intensity of the Pd–O over Pd–Pd peak increases with cycling (see
also Fig. 2d). The structural parameters of Pd following multiple
charge/discharge cycles in Na–O2 cells were also obtained by
fitting the experimental data (Fig. S22, ESI†) and are compared
with data obtained for the pristine Gr/NCNT/MnO/Pd electrode
in Table S2 (ESI†). The fitting results indicate that the Pd–O
coordination number increases following cell cycling. The
increase in the Pd–O coordination number with cycling indicates
that Pd nanoclusters interact with the discharge products of the
cell during discharge and charge cycles. The results also confirm
the dynamic role of solid state catalysts in the electrochemical
reaction of Na–O2 cells.

The morphology of the discharge products in alkali metal–O2

cells has also been used to derive information pertaining to the
mechanism of electro/chemical reactions occurring within cells.51–53

The discharge product morphology in Li– and Na–O2 cells using

Fig. 4 Normalized O K-edge XANES spectra of the discharged electrodes on Gr/NCNT, Gr/NCNT/MnO, Gr/NCNT/Pd-150C and Gr/NCNT/MnO/Pd-150C
electrodes recorded under the both surface sensitive TEY (a and c) and bulk sensitive FLY (b and d) modes for both Na– (a and b) and Li–O2 (c and d) cells.
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various air electrodes following discharge to 1.0 mA h cm�2 is
shown in Fig. S23 and S24 (ESI†), respectively. The products
formed in Li–O2 cells using the Gr/NCNT electrode are observed
to be composed of toroidal particles with a diameter of 1 mm.
A similar morphology can be seen for the Gr/NCNT/Pd electrode.
However, the diameter of the toroidal particles found on this
electrode is on the order of 100 nm. Gr/NCNT/MnO and
Gr/NCNT/MnO/Pd electrodes, however, display a formation of
a very uniform product within the mesopores of the electrode.
Similar amorphous phase products were also observed for
Na–O2 cells using air electrodes composed of Gr/NCNT/MnO
and Gr/NCNT/MnO/Pd (Fig. S24, ESI†). Two distinct growth
mechanisms have been proposed for the formation of Li2O2 in
Li–O2 cells. On one side, the surface-mediated electrochemical
mechanism forms a conformal surface coating with thicknesses
dictated by charge transport through the product film.53 On the
other side, the solution-mediated growth mechanism involves
partial dissolution of O2

� in non-aqueous electrolytes and
produces micron-sized Li2O2 toroids.4,52,53 The latter growth
mechanism is also suggested to be responsible for the formation
of cubic NaO2 discharge products in Na–O2 cells.13,54 Direct
observation of product growth on various electrode surfaces
here indicates that the growth mechanism is switched from a
solution-mediated one on NCNTs to a surface-mediated mechanism
on Mn3O4 and/or Pd surfaces. The increased active surface area
given by Mn3O4 greatly increases the nucleation sites available
for the ORR. In addition, elevated oxygen bonding toward the
surface of Mn3O4 and Pd contributes to stabilize the O2

� inter-
mediate and decreases its solubility into the electrolyte. As a
result, the morphology of the discharge products changes from
micron-sized toroids on NCNTs to a conformal film on Mn3O4

and Pd surfaces. The observed changes in the morphology of
the discharge products are in precise accordance with the
transformation in the chemical composition of the products
in Li– and Na–O2 cells.

The presented spectroscopic data provide insightful evidence
toward the mechanism governing the electrocatalytic activity of
solid-state catalysts in alkali metal–O2 cells. The catalytic activity
during the ORR mainly involves the ability of the catalyst surface
to absorb molecular oxygen and reduce the activation energy
required for the ORR. In the case of the Gr/NCNT/MnO/Pd
electrode employed in this study, Pd nanoclusters deposited
on high surface area mesoporous Mn3O4 provide a strong
interaction between the active surface and molecular oxygen
and therefore facilitate the reduction reaction by forming a
chemisorbed oxygen layer. However, atomically deposited Pd
nanoparticles on the NCNT substrate do not show a significant
ORR activity. The increased ORR catalytic activity observed for
Pd on Mn3O4 originates from both structural and electronic
configurations. The relatively uniform surface of Mn3O4 results
in the formation of planar Pd nanoclusters with a high surface
area, providing an increased number of active reaction sites. The
XAS results demonstrated that the Pd nanoclusters formed on
the Mn3O4 surface contain a few atomic layers of Pd located
in the vicinity of oxygen rich environments. In addition, the
O K-edge XANES results confirmed the interaction of O 2p with
both Mn 3d and Pd 4d orbitals. Thus, the formation of planar
Pd nanoclusters on mesoporous Mn3O4 enables the electron
exchange between d orbitals of Pd and Mn3O4. As a result, the
electron density in Pd 4d orbitals decreases due to the O 2p
bridging effect between Mn 3d and Pd 4d orbitals. The reduced
electron density in Pd 4d orbitals facilitates the chemisorption of

Fig. 5 Normalized Mn (a) and Pd (b) K-edge XANES spectra of the Gr/NCNT/MnO/Pd-150C electrode at the end of 1st discharge and 1st discharge and
charge cycle in a Na–O2 cell; (c) normalized Pd K-edge XANES spectra of the Gr/NCNT/MnO/Pd-150C electrode before and after 100 discharge/charge
cycles in Na–O2 cells (terminated after the charge cycle); (d) Fourier transform K3-weighted EXAFS spectra of the Gr/NCNT/MnO/Pd-150C electrode
before and after 100 discharge/charge cycles in Na–O2 cells.
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molecular oxygen onto the Pd surface. Accordingly, the synergetic
effect seen between Pd and Mn3O4 can also be correlated with the
electron exchange between these metallic d orbitals. The catalytic
mediated discharge/charge reaction mechanism in Na– and Li–O2

cells is schematically outlined in Fig. 6.
The OER catalytic activity, however, relies on the ability of the

catalyst to stabilize the superoxide intermediate. XAS examination
of the discharge product in Na–O2 cells using the Gr/NCNT/MnO/
Pd air electrode revealed that the product of the cell is mainly
composed of superoxide species. However, the product formed in
the cells using Gr/NCNT and Gr/NCNT/Pd air electrodes was
mainly the peroxide phase. In addition, a significant transforma-
tion in the morphology of discharge products was also observed
alongside the corresponding changes in the chemical composi-
tion of the products on various electrode surfaces. The observed
changes in the growth mechanism of the products are also in
agreement with the increase of oxygen bonding availability of the
electrode surfaces from NCNTs to Mn3O4 and Pd. Therefore,
changes in the chemical composition as well as the morphology
of the discharge products are both contributing factors in reducing
the charge overpotential of alkali-metal cells. Recent studies
have demonstrated that trace amounts of electrolyte additives
such as water may act as an electrochemical mediator and
enhance the discharge capacity of alkali metal–O2 cells.13,53,55

However, these soluble additives may also impose destructive
influences on the cyclability of cells by reacting with the
discharge products and increasing the occurrence of the non-
Faradaic side-reactions. Employing solid state catalysts with the
capability of stabilizing superoxide discharge products eliminates
the side effects of soluble additives, while maintaining the
advantages of superoxide cells.

Conclusion

A hierarchical 3D structured carbonaceous air electrode was
developed in this study. The air electrode was then decorated
with mesoporous Mn3O4 as an ORR catalyst, followed by atomic
layer deposition of Pd nanoclusters as OER catalysts. The pre-
pared bifunctional catalyst displayed a synergetic effect between
Pd nanoclusters and mesoporous Mn3O4 for the OER in both
Na– and Li–O2 cells, performing more than 100 consecutive

cycles. Detailed XAS studies on both the solid-state catalyst as
well as the discharge products of the cells revealed a correlation
between the composition of cell products and the electronic
state of the underlying catalyst during the ORR and OER. The
observed catalytic activity was accordingly explained based on
the ability of the catalyst surface to stabilize the O2

� intermediate.
In addition, the influence of solid state catalysts on the morphology
of discharge products by imposing a distinct growth mechanism
during the discharge reaction was also verified. We suggest, based
on the presented results here, that solid state catalysts with higher
oxygen-bonding capability may exhibit premier catalytic activity in
alkali metal–O2 cells.
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