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ABSTRACT: a-MnO, nanowires modified with dispersed poly(3,4-ethylenedioxythio-
phene)-protected Au and Ag nanoclusters (Au—MnO, and Ag—MnO,) were used for
the first time as hybrid oxygen electrocatalysts for nonaqueous lithium—oxygen batteries.
The Au—MnO, and Ag—MnO, hybrid catalysts surpassed the performance of pristine a-
MnO, nanowires in full-cell tests in the following order: Au—MnO, > Ag—MnO, >
pristine a-MnQO,. Specifically, cells with the Au—MnO, catalyst could reduce the
discharge/charge overpotentials at 100 mA g71 to 0.23/1.02 V and deliver discharge/
charge capacities of 5784/5020 mAh g~". They could also be cycled for at least 60 times
at the depth of discharge of 1000 mAh g™'. The good full cell performance
demonstrated the effectiveness of Au/Ag nanoclusters in promoting oxygen electro-
catalysis on @-MnO,; forming discharge products with more reactive morphologies. It is
therefore worthwhile to explore the use of Au and Ag nanoclusters in other catalyst
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systems for oxygen electrocatalysis in nonaqueous solutions.
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1. INTRODUCTION

Electric vehicles and grid-scale load balancing require energy
storage systems much higher in specific energy than what can
be provided by lithium-ion batteries, the most advanced
rechargeable batteries available today.! Li—O, batteries
(LOBs) are considered as a promising alternative owing to
their exceedingly high theoretical specific energy. When only
the weight of lithium is considered, and oxygen is supplied from
the surrounding air, a nonaqueous LOB can deliver a specific
energy of 11 680 Wh kg™, which is close to that of gasoline
(13000 Wh kg_l).z’3 The sluggish kinetics of the oxygen
evolution reaction (OER) and the oxygen reduction reaction
(ORR) in the air electrode, however, can severely undermine
the practical performance resulting in low actual capacity, low
round-trip energy efliciency, and poor cycle life. The limitation
is in principle solvable by using an effective catalyst system.
Many catalyst systems have been examined including noble
metals and their derivatives, '® transition metal oxides,'*™"*
carbon materials,” % and metal nitrides.””*® Among them, the
noble metals have shown the best intrinsic activities for ORR
and OER in aqueous and nonaqueous solutions. LOBs with
PtAu nanoparticles (NPs) as the cathode catalyst could be
charged at a relatively low voltage (an average of ~3.6 V vs Li*/
Li) and achieved a round-trip energy efficiency of 73% (at a
current density of 100 mA g0, ')-' The charge voltage could
be reduced even further, to as low as 3.17 V vs Li*/Li by using
Ru NPs.® The use of noble metals is, however, unsustainable in
view of their natural scarcity, which leads to excessively high
costs.

One way to increase the utilization of noble metals is to
reduce them to even smaller than NPs. Nanoclusters (NCs) are
ultrasmall NPs (<2 nm) containing, typically, several to a few
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hundred atoms, which make them closer to molecules than
NPs. NCs also tend to adopt different atomic packing than
their bulk or nanoparticle counterparts. For example, Au and
Au NPs normally still exhibit a face centered cubic structure,
whereas a typical cluster such as Au,(SR),3 (~1 nm in size)
contains a 13-atom Au,; icosahedral core and a 12-atom
Aup,(SR),g shell. The small size results in strong quantum
confinement effects, and the energy levels in nanoclusters are
even more discretized than their nanoparticle counterparts.””
Consequently, there have been reports on NCs possessing
much higher catalytic activities than bulk or NPs in oxygen and
water-splitting reactions.**™* For example, although bulk Au
and large Au NPs have not shown any OER or ORR activity,
Au NCs display ORR activity in 0.1 M KOH when their size is
smaller than 1.7 nm and the limiting current continues to
increase with decreasing NCs size.””>® The catalytic activity has
been attributed to the large fraction of low coordination
number surface atoms, which promote facile O, adsorption and
hence reduce the activation barrier in ORR.* Ag NCs with a
size of 0.7 nm are also more catalytic active towards ORR than
3.3 nm Ag NPs in 0.1 M KOH.** While these studies have
demonstrated higher activities of noble metal NCs relative to
their nanoparticle counterparts for oxygen electrocatalysis in
aqueous solution, there has yet to be a study to confirm the
activities of NCs in nonaqueous solution where LOBs are
operating. There are probably two reasons for the lack of
studies on oxygen electrocatalysis by noble metal NCs in
nonaqueous environment. The first reason is the degradation or
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Figure 1. High resolution TEM images of (A) Au—MnO, and (B) Ag—MnO,. The insets are histograms of NC size distributions.

a total loss of catalytic activity due to the propensity for NC
aggregation during the electrode preparation for a nonaqueous
environment. Second, most conventional NCs are prepared
with thiol capping groups. The bonding of sulfur to the NC
surface, which is needed for NC stabilization, is also a cause of
catalyst deactivation.>®

One possible way to address the application issues of noble
metal NCs is to stabilize them on a suitable catalyst support
and to select the capping agent prudently. It would even be
better if the catalyst support is also catalytically active. a-MnO,
nanowire (NW) could be such a support, as it has the best
performance among MnO, catalysts for the LOBs. Its good
performance is due to its unique 2 X 2 tunnel structure that can
concurrently accommodate Li* and 0,2~ ions."® In addition,
there have been studies (in aqueous solution) that showed
enhanced ORR and OER performance when Au NPs are
combined with MnO,.>*~*” The local interaction between Au
NPs and MnO, was postulated to be the cause.>” Similarly,
hybrids of Ag NPs with Mn,O, also demonstrated enhanced
ORR and OER activities in alkaline solution.*®** It should be
emphasized again that all of these studies were carried out in an
aqueous environment. Nonaqueous LOBs have the added
problem of insoluble discharge products. The cathode catalyst
must also contain sufficient porosity to prevent the blockage of
catalyst active sites. A catalyst support formed by NWs can
provide the porous skeleton for the cathode to accommodate
the solid discharge products.

This is a report of our design and preparation of NC-based
catalysts for ORR and OER in nonaqueous LOBs. The hybrid
catalyst was prepared by anchoring poly(3,4-ethylenedioxythio-
phene) (PEDOT)-capped noble metal NCs on a-MnO, NWs.
Au NCs and Ag NCs were chosen in this study as the model
system in view of their relatively low cost among the noble
metals, and their demonstrated catalytic activities in aqueous
systems. EDOT served the dual function of a reducing agent
and a capping agent. EDOT is a weak reductant. It is also much
bulkier in size compared with common thiol capping agents,
and hence the protected NCs would have more free and
accessible surface sites even after capping with PEDOT (vide
infra). The Au/Ag NC-MnO, NW cathode catalysts were also
tested in a full LOB cell setup. The hybrid catalysts delivered
good full-cell performance, including lower charge and
discharge overpotentials, higher capacity, and greater cycle
stability than the pristine MnO, NWs.
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2. RESULTS AND DISCUSSION

In this study, the Au and Ag clusters were synthesized under
the assistance of a sulfur-containing heterocyclic compound,
EDOT. EDOT served as the reducing agent for the Au and Ag
precursors as well as a weak capping agent for the metal
nanoclusters formed. The Au and Ag NCs were attached to the
sulfur atom in the thiophene ring of the EDOT. Because the
lone pair electrons of sulfur are conjugated to the thiophene
ring, the coordination power of sulfur to the surface metal
atoms of the NCs was significantly weakened. During the NC
preparation, the reduction of the noble metal precursor also
oxidatively polymerized EDOT into a conducting polymer
(PEDOT). The overall electrical conductivity of the NCs was
improved as a result, which should benefit the charge transfer
during discharge and charge reactions. The PEDOT molecule is
bulkier than most sulfur-containing capping agents (e.g,
alkanethiols). The size of PEDOT, and the weaker bonding
of sulfur in PEDOT to the metal surface atoms, should increase
the accessibility and availability of more NC surface atoms for
O, diffusion and adsorption. The use of EDOT as the reductant
has been reported in the literature.***" Only NPs were formed
because the relatively weak coordination power of the sulfur
atom in PEDOT could not restrain growth of the metal nuclei
in the early stages. In this study, Au(III) and Ag(I) ions were
preadsorbed on the a-MnO, NWs. The immobilization of gold
and silver precursors limited the growth of Au and Ag species
formed during (heterogeneous) reduction, thereby allowing
NCs to be formed with PEDOT as the capping agent.

Figure 1 shows the typical transmission electron microscopy
(TEM) images of as-synthesized Au—MnO, and Ag—MnO,
catalysts. The MnO, NW surface was uniformly decorated with
Au and Ag NCs with relatively narrow size distributions. The
average size of the Au NCs (the black dots on the surface of the
MnO, NWs in Figure 1A) was ~0.9 nm, with a standard
deviation of 0.2 nm. By comparison, the Ag NCs were larger in
size (~1.7 nm on the average) and broader in size distribution
(standard deviation of 0.5 nm). Most of the Ag NCs were in
the 1.5 to 2.0 nm size range, but there were a few 2—5 nm Ag
NPs. The larger Ag NPs were also oval rather than spherical in
shape (Figure 1B). This was distinctively different from the case
of Au NCs where no NC agglomeration was observed. The
difference in shape and size of the Au and Ag NCs could be due
to their different affinity for the capping agent. It may be
concluded that PEDOT is a good capping agent for the Au
NCs and is not as effective in protecting the Ag NCs.
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Figure 2. Elemental maps of Au, Mn, S, and O for (A) Au—MnO, and (B) Ag—MnO,.

The elemental distributions in Au—MnO, and Ag—MnO,
were assayed by scanning transmission electron microscopy
(STEM, Figure 2). The resulting elemental maps confirmed the
uniform dispersion of Au NCs and Ag NCs in the MnO, NWs.
The S/Au and S/Ag ratios were, however, different for the
PEDOT-protected Au and Ag NCs (Figure 2). The higher S/
Au ratio confirms the stronger affinity between Au and PEDOT
resulting in greater protection of the Au NCs by PEDOT, and
consequently, lesser NC aggregation than in the case of
PEDOT-protected Ag NCs.

High resolution X-ray photoelectron spectroscopy (XPS)
was used to analyze the surface compositions and electronic
interactions in Au—MnO, and Ag—MnO, (Figure S3,
Supporting Information). The two Au XPS peaks at 83.5 and
87.2 eV correspond well with the binding energies of Au 4f,/,
and Au 4f;/, electrons, respectively.””** The Au 4f,, peak
could be deconvoluted into two component peaks assignable to
the reduced Au(0) clusters (83.5 eV) and Au(I) ions (84.3 eV).
In the Ag 3d region of Ag—MnO,, the two peaks with binding
energies at 367.5 and 373.6 eV are assignable to Ag(0) 3d;,,
and Ag(0) 3d;),, respectively.”** The Ag 3d peaks could also
be further deconvoluted. For example, the Ag 3ds/, peak could
be deconvoluted into two component peaks associated with
Ag(I) (367.5 eV) and Ag(0) (368.2 eV).¥ The Mn 2p3/; peak
at 642.0 eV and the Mn 2p, /, peak at 653.7 eV confirm that Mn
existed as MnO, (Figure S4A, Supporting Information).*
However, a comparison of the Mn 2p;,, peaks of a-MnO,
NWs, Au—MnO,, and Ag—MnO, revealed some binding
energy shifts among them (Figure S4B, Supporting Informa-
tion). The binding energy of Mn 2p;/, was 641.4 eV in Au—
MnO, and 641.8 eV in Ag—MnO,. These values represent
down shifts of 0.62 and 0.22 eV from the MnO, NWs (642.0
eV), respectively. The binding energy shifts of the Mn 2p
region suggest electron migration from the metal NCs to the
manganese oxide and hence the existence of metal—support
interaction between MnO, NWs and noble metal NCs. Metal—
support interaction between noble metals and MnO, has
previously been reported for Au NPs in CO oxidation.*® From
the magnitudes of the shift, the interaction was apparently
stronger in Au—MnO,. The wt % values of Au and Ag species
in the hybrids, as measured by the relative integrated peak
intensifies, were 13.4% and 11.6%, respectively. The smaller
number of the latter is yet another indication of a weaker
metal—support interaction.
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The catalysts were tested in Li—O, full cells using 1 M
LiCF;SO; solution in TEGDME as the electrolyte. The test
window of 2.2 to 4.4 V was set, to avoid electrolyte
decomposition.*® Figure 3 shows the first cycle discharge—
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Figure 3. Full-cell discharge—charge curves with different cathode
catalysts: (A) a-MnO, NWs; (B) Au—MnO,, and (C) Ag—MnO,.
The current density used in the measurements was 100 mA g~

charge curves of three cells at the current density of 100 mA
g~!, which differed only in the cathode catalyst used (a-MnO,
NWs, Au—MnO,, and Ag—MnO,). The performance of the a-
MnO, NW catalyst was similar to that reported by Bruce and
co-workers."> On the other hand, cells with Au—MnO, or Ag—
MnO, cathode catalyst showed higher capacities and smaller
voltage gaps. Specifically, discharge and charge capacities were
5§759 and 5020 mAh g~ for the Au—MnO, cell, 4903 and 4800
mAh g~ for the Ag—MnO, cell, and only 2182 and 2286 mAh
g! for the a-MnO, NW cell. The discharge and charge
capacities of the Au—MnO, cell were therefore ~2.6 and ~2.2
times those of the @-MnO, NW cell. Furthermore, at the
specific capacity of 1000 mAh g, the charge—discharge
voltage gap was 1.24 V for the Au—MnO, cell, 1.29 V for the
Ag—MnO, cell, and a much higher 1.42 V for the a-MnO, NW
cell. The addition of noble metal NCs to a-MnO, was able to
reduce the charge—discharge voltage gap by as much as 180
mV. The activation overpotentials in discharge were about the
same for all three cells; and hence the reduced voltage gaps
were due mainly to the improvement of OER kinetics in the
presence of Au and Ag NCs. It should be mentioned that the
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cells in this study were fully discharged and charged in the tests.
The Au—MnO, cell compared favorably to previous studies
where noble metal catalysts were evaluated under similar
testing conditions (e.g., ~2.6 nm Pd NPs on carbon):® namely,
a higher capacity (5759 vs ~2700 mAh g~ for the Pd—C
catalyst) and a lower OER voltage (3.73 vs 42 V at 250
mAh.g™" for the Pd—C catalyst).6 Furthermore, the addition of
Au and Ag NCs also increased the round-trip efficiency. The
round-trip efficiencies calculated based on 1st cycle measure-
ments were 68.8%, 67.8%, and 65.5% for Au—MnO,, Ag—
MnO, and a-MnO, NWs, respectively. It should be mentioned
that many round-trip efficiencies of lithium—oxygen cells in the
literature were tested at 5—15% of the full cell capacity only*”*®
Based on these observations, the effectiveness of the three
catalysts at 100 mAh g™ may be ranked in the following order:
Au—MnO, > Ag—MnO, > a-MnO, NWs. The first cycle
discharge products were characterized by XPS (Figure SS,
Supporting Information), and Li,O, was the only discharge
product detected for all three electrodes.*”°

The rate performance of cells with Au—MnO, or Ag—MnO,
cathode catalyst was then compared (Figure 4). The trend of
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Figure 4. Discharge—charge curves of cells with Au—MnO, and Ag—
MnO, cathode catalysts at different current densities in the 2.2 to 4.4
V voltage window.

increasing discharge and charge polarizations with increased
current density was the same for the two cells. At the same
current density, the Au—MnO, cell always provided a higher
capacity than the Ag—MnO, cell. For the depth of discharge
(DOD) of 1300 mAh g™, the charge—discharge voltage gaps
were 1.32 Vat 100 mA ¢!, 1.49 Vat 200 mA g~ ', and 1.85 V at
500 mA g~ for the Au—MnO, cell. The corresponding values
for the Ag—MnO, cell were 1.43, 1.57, and 1.98 V. It may
therefore be concluded that the Au—MnO, catalyst had higher
ORR and OER catalytic activities. Other than a smaller charge—
discharge voltage gap, the Au—MnO, cell also delivered 18%,
31%, and 15% more capacity than the Ag—MnO, cell at the
current density of 100, 200, and 500 mA g™/, respectively. All of
these are testimony of the higher catalytic activities of the Au—
MnO, catalyst for oxygen electrocatalysis.

For stability evaluation, cells with Au—MnO,, Ag—MnO,,
and a-MnO, NW cathode catalysts were cycled at a current
density of 100 mA g™' to a capacity of 1000 mAh g~* (Figure
S). The voltages at the end of discharge and charge were
recorded and compared. Among the three cells, the cell with
Au—MnO, cathode catalyst had the best cycling performance;
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showing little variation in capacity over 60 cycles. The end-of-
discharge voltage was nearly constant throughout the cycling
(at 2.7 V) but there was a graduate increase in the end-of-
charge voltage with cycling. The end-of-charge voltage was
lower than 4.4 V for the first 30 cycles but increased to 4.5 V in
the 40th cycle and to 4.62 V in the 60th cycle. Different from
the Au—MnO, cell, the Ag—MnO, cell cycled less stably, the
end-of-charge and end-of-discharge voltages were 4.40 and 2.73
V in the 10th cycle and increased to 4.59 and 2.41 V by the
15th cycle. The a-MnO, cell had the worst stability; showing
severely increasing polarizations during cycling. The end-of-
discharge and end-of-charge voltages were as high as 2.68 and
4.41 V, respectively, even in the 2nd cycle. These values
escalated to 1.42 and 4.72 V by the 6th cycle, with the latter
close to the electrolyte decomposition voltage (4.78 V).
Therefore, at the same current density, the cell with Au—
MnO, catalyst outperformed the cells with the other two
catalysts in terms of cycle stability.

The performance of the Au—MnO, catalyst was also
benchmarked against the best of @-MnO,-based hybrid catalysts
in the literature. Both higher specific capacity and greater cycle
stability were shown under comparable conditions in the full
cell test (5759 mAh g™" at 100 mA g™* vs 2304 mAh g™' at 60
mA g~'; over 60 cycles at a depth of discharge of 1000 mAh g™
vs 25 cycles at DOD of 600 mAh g™").%'

To gain some insights into the discharge and charge
processes, several electrodes were fabricated, discharged and
charged at 100 mA g_1 to representative end points (2.2, 4.0,
42, and 4.4 V), dismantled from the cell, and had their
morphology examined (Figures 6—8). Figure 6A shows that, at
the end of discharge to 2.2 V, the entire surface of the Au—
MnO, electrode was covered with a leaf-like Li,O, solid with
the longer diameter being ~400 nm. No NW structure could be
seen. The Li,O, layer became thinner after charging 4.0 V,
exposing some of the underlying wire-like morphology (Figure
6B) as a result of the partial decomposition of Li,O,. When the
charge potential was raised to 4.2 V, most of the Li,O, solid
coating disappeared, revealing more NWs with smoother
surfaces. This is indication of the almost complete decom-
position of Li,O, at this higher voltage (Figure 6C). Finally, all
solid discharge product completely disappeared with full
restoration of the NW architecture after charging to 4.4 V
(Figure 6D). Because prevailing views consider Li,0O,
formation as the only reversible reaction in the Li—O, cathode,
the complete disappearance of the solid discharge product
suggests Li,O, instead of Li,O as the main reaction product. It
should be empathized that the decomposition of the discharge
product on the surface of the Au—MnO, catalyst was almost
complete at 42 V.

The morphology evolution of the Ag—MnO, catalyst was
likewise followed at preselected discharge and charge voltages.
The Ag—MnO, surface was covered with a porous continuous
solid Li,O, after discharge to 2.2 V. The solid deposit, which
was thicker than the reaction product on Au—MnQO,, which had
a knobby appearance consisting of many interlinked spherical
particles (Figure 7A). The solid product was thinner and less
knobby at 4.0 V but the Ag—MnO, surface was still fully
covered (Figure 7B). The amount of irregular solids on the
electrode surface decreased significantly at 4.2 V, resulting in
the reappearance of the NW morphology. Despite the
disappearance of the spherical particles, many parts of the
electrode surface were still covered by a thin film (Figure 7C).
The solid deposit was only completely removed after charging

DOI: 10.1021/acsami.5b00039
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Figure S. Cycle stability of cells with different cathode catalysts. (A) Au—MnO,, (B) Ag—MnO,, and (C) MnO, NWs. The measurements were
performed at a current density of 100 mA g™ to a DOD of 1000 mAh g

to 4.4 V. The total disappearance of the solid deposit signified
the complete decomposition of the discharge product (Figure
7D). However, a higher voltage (4.4 V) was required in this
case relative to product decomposition on Au—MnO,.

The cell with the pristine -MnO, NW cathode exhibited a
similar discharge product morphology as the Ag—MnO, cell
(Figure 8A). The discharge product consisted of thick
agglomerates of spherical particles with pores between them.
The solid layer was still quite thick even after charging to 4.0 V
(Figure 8B). Thinning of the solid layer occurred after charging
to 4.2 V, but the surface of the NWs was still fully covered with
a solid deposit (Figure 8C). The solid product, however,
disappeared completely after charging to 4.4 V with full
restoration of the NW appearance. Similar to the Ag—MnO,
catalyst, the complete decomposition of the discharge product
also required a higher charge voltage of 4.4 V. In summary,
Figures 6—8 show that 4.4 V was a high enough voltage to
restore the catalyst original morphology. The discharge product
morphology varied most noticeably at 4.2 V due to the different
extents of Li,O, decomposition. Nearly all of the solid Li,O,
was decomposed on the Au—MnO, electrode. Slightly more
than half of Li,O, was decomposed on the Ag—MnO,
electrode, and only a small fraction of Li,O, was decomposed
on the @-MnO, NW electrode.
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There are three likely reasons for the good performance of
the Au—MnO, and Ag—MnO, catalysts. First, Au and Ag
clusters improve the ORR kinetics during discharge. The large
number of uncoordinated surface atoms in Au and Ag clusters
is a hotbed of catalytically active sites. Indeed, the experimental
measurements in this study show that Au/Ag NCs deposited
on a MnO, MW surface benefits the OER kinetics the most.
Second, the hybrid surface is covered with the capping agent
PEDOT, a conducting polymer that could facilitate the charge
transfer in ORR/OER by lowering the resistance to electron
transport. Last but not least, the Au and Ag clusters could also
affect the morphology of the reaction product during discharge.
The formation and decomposition of discharge products is
closely associated with Li" and O, transfer processes, which
determine the cathode capacity and cycling performance. The
morphology evolution measurements revealed that Au clusters
tend to promote the formation of leaf-like discharge products,
which are easier to decompose during charging; and hence are
more able to provide a higher capacity, higher round-trip
efficiency and a longer cycle life. The Ag clusters, although not
as good as the Au clusters, are still more effective in
decomposing the discharge products than pristine a-MnO,
NWs.

DOI: 10.1021/acsami.5b00039
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Figure 6. SEM images of the morphology of Au—MnO, in discharge—charge operations at 100 mA g~'. (A) At the end-of-discharge (2.2 V), (B)
after charging to 4.0 V, (C) after charging to 4.2 V, and (D) after charging to 4.4 V. (The scale bar is S00 nm.)

Figure 7. SEM images of the morphology of Ag—MnO, discharged and charged at 100 mA g'. (A) After discharging to 2.2 V, (B) after charging to
4.0 V, (C) after charging to 4.2V, and (D) after charging to 4.4 V. (The scale bar is 500 nm.)

3. CONCLUSIONS

PEDOT-protected Au/Ag NC-MnO, NW hybrids were
evaluated for their effectiveness in ORR and OER in
nonaqueous electrolyte. Performance testing was carried out
in lithium—oxygen test cells using the Au/Ag—MnO, as the
cathode catalysts and benchmarked against the a-MnO, NW

5493

catalyst (the best of MnO, catalysts). The Au/Ag—MnO,,
especially the Au—MnO, catalyst, performed very well relative
to the pristine @-MnO, NWs. The cell with the Au—MnO,
catalyst could provide discharge and charge capacities of 5759
and 5020 mAh g~', and a voltage gap of 1.36 V at a current
density of 100 mA g~'. It also showed better rate performance
and good cycle stability. The cell with the Au—MnO, as

DOI: 10.1021/acsami.5b00039
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Figure 8. SEM images of the morphology of -MnO, NWs discharged and charged at 100 mA g™' to (A) 2.2V, (B) 4.0V, (C) 42V, and (D) 44 V.

(The scale bar is 500 nm.)

cathode catalyst could also run steadily for at least 60 cycles at
100 mA g~'. The good full cell performance with the Au/Ag—
MnO, catalyst is postulated to be due to the effectiveness of
Au/Ag clusters in promoting the ORR/OER kinetics and the
morphology of the discharge products on a-MnO, NWs. In
addition, the conducting property of the PEDOT capping agent
also contributed to kinetic enhancements by lowering the
resistance to electron transport in the charge transfer processes
at the cathode.

4. EXPERIMENTAL SECTION

Chemicals. Manganese acetate, polyvinylidene fluoride (PVDE),
N-methyl-2-pyrrolidone (NMP), tetraethylene glycol dimethyl ether
(TEGDME), lithium trifluoromethanesulfonate (LiCF;SOs3), acetoni-
trile, hydrogen tetrachloroaurate rehydrates (HAuCl,-3H,0O), silver
nitrite (AgNO;), 3,4-ethylenedioxythiophene (EDOT), manganese
sulfate monohydrate (MnSO,-H,0), ammonium sulfate
((NH,),S0,), and ammonium persulfate ((NH,),S,05) were
purchased from Sigma. Ketjen Black (Ketjen Black International,
ECP600JD) was supplied by MTL All chemicals were used as received.

Characterization. Field-emission transmission electron micros-
copy (FETEM) and electron diffraction were performed on a JEOL
JEM-2010 microscope operating at 200 kV accelerating voltage.
Samples for TEM analysis were prepared by dispensing a drop of the
dilute catalyst dispersion in ethanol on an amorphous carbon-coated
TEM copper grid. High resolution field-emission scanning electron
microscopy (FESEM) was carried out on a JEOL JSM-6700F
microscope operating at S kV accelerating voltage. Samples for
FESEM analysis were prepared by dispensing several drops of the
dilute catalyst dispersion in ethanol on a clean silicon (111) substrate.
X-ray diffraction (XRD) patterns were recorded by a Bruker GADDS
XRD powder diffractometer using a Cu Ka source (1 = 1.5418 A) at
40 kV and 30 mA. Samples for XRD analysis were prepared in exactly
the same way as the samples for FESEM analysis. X-ray photoelectron
spectroscopy (XPS) analysis was carried out on a Kratos Axis Ultra
DLD spectrometer. All binding energies were corrected by referencing
the C 1s emission from adventitious carbon to 284.5 eV.
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Electrode Preparation and Battery Tests. A catalyst ink was
prepared by dispersing the catalyst of interest, Ketjen black and PVDF
(in a 3:6:1 weight ratio) in NMP followed by overnight stirring. A
measured amount of the ink was dispensed on a carbon disc (1.1 cm in
diameter and 146 um in thickness) and dried in a vacuum at 100 °C
for 8 h. The catalyst loading on the carbon disc was ~0.4—0.6 mg. The
test batteries were (2032 button cells from MTI with perforations on
the cathode casing) assembled from a catalyst-loaded carbon disc
cathode, a Li metal pellet anode, a Whatman GF/B glass microfiber
filter paper separator, and a 1 M LiCF;SO; in TEGDEM electrolyte.
Cell assembly was carried out in an Ar-filled glovebox where O, and
moisture levels were below 1 ppm each. The perforations on the
cathode casing were used for oxygen perfusion. After assembly, the
coin cell was placed in a glass bottle fitted with a gas inlet and outlet.
The bottle was sealed, removed from the glovebox, and purged with
flowing pure O, (Soxal, 99.8%, H,O < 3 ppm) at 1 atm for at least 15
min. The bottle was then sealed again. Battery testing was carried out
on a Neware CT-3008 battery tester. Test cells were typically rested
for 12 h before any electrochemical measurement. Current density was
normalized by the combined weight of catalyst and Ketjen black
carbon; and the cutoff voltages for discharge and charge were set at 2.2
and 4.4 V, respectively. Battery cycling was carried out at a current
density of 100 mA g™' to a depth of discharge 1000 mAh g™'. The
voltages at the end of discharge and charge were recorded.

For the examination of morphology evolution during discharge and
charge, the catalyst ink composition was changed to 8:1:1 by weight. A
Ni foam disc (1.1 cm diameter) replaced the carbon disc because the
carbon fibers in the carbon paper were similar to MnO, NWs in
appearance. After we tested with the desired conditions, the battery
cell was disassembled and the Ni form disc was submerged in
acetonitrile for at least 2 h. The Ni foam disc was then dried in a
glovebox and examined by FESEM.

All capacity calculations reported in the following were based on the
combined weight of catalyst and Ketjen black carbon. All electrode
potentials in this study were referenced to Li*/Li.

Synthesis of @-MnO, NWSs. The synthesis of -MnO, NWs was
based a previously reported method.*” In brief, manganese sulfate
monohydrate (MnSO,-H,0, 8 mmol), ammonia sulfate ((NH,),SO,,
24 mmol), and ammonium persulfate ((NH4),S,05 8 mmol) were
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dissolved in deionized water (DI water) at room temperature to form a
clear solution. The solution was transferred to a Teflon-lined stainless
steel autoclave and heated at 120 °C for 12 h. The resultant black
precipitate was filtered off, washed with DI water thrice, and then
vacuum-dried at 80 °C overnight.

Synthesis of Au Cluster-a-MnO, NW (Au—MnO,) and Ag
Cluster-a-MnO, NW (Ag—MnO,) Hybrids. Au—MnO,. 2 mL of 40
mM a-MnO, NWs (on a Mn atom basis) was mixed with 2 mL of 10
mM HAuCl, under moderate stirring (~500 rpm). Adsorption was
allowed to continue for hours before the mixture was centrifuged at
5000 rpm for 5 min. The recovered solid residue was redispersed in 4
mL of ultrapure water, and added with 4 mL of 20 mM EDOT
solution in S0% v/v water/ethanol mixture. The reduction reaction
was carried out under stirring (~500 rpm) for 20 h. The final product
was recovered from the reaction mixture by centrifugation (5000 rpm
for S min).

Ag—MnO,. The same procedure for the preparation of Au NCs on
MnO, NWs was followed except that 2 mL of 10 mM HAuCl, was
replaced with 2 mL of 10 mM AgNO;.
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