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Sea Urchin Shaped «-MnO,/RuQ, Mixed Oxides Nanostructure
as Promising Electrocatalyst for Lithium-Oxygen Battery
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a~MnO,/RuO, mixed oxides in the form of sea urchin shaped nanostructures were synthesized in the weight ratio of 82:18 via
a simple hydrothermal method. The synthesized «—MnO,/RuO; urchin nanostructure was constructed with several straight and
radially grown nanorods, and composed of homogeneously distributed MnO, and RuO; nanoparticles. When the a—MnO,/RuO,
nanostructure was applied for air cathode catalyst, it displayed superior cyclic performances of lithium air battery with stable specific
capacity, decreased overpotential and good retention rate. The a—MnO,/RuO, urchin nanostructure exhibited excellent bifunctional
electrocatalytic activity for oxygen reduction reaction (ORR) and oxygen evolution reaction (OER). Linear sweep voltammetry
study confirmed that the a—MnO,/RuO; nanostructure possesses catalytic performance comparable to that of commercial Pt/C for
the ORR, while it exhibits lower onset potential and higher limiting current than those of commercial Pt/C for the OER.
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Lithium air battery has been considered the most promising can-
didate for the future power sources like electric vehicles, since the-
oretical energy density of the battery is about 10 times higher than
that of available lithium—ion battery."> One of the critical challenges
that still prevent the implementation of the Li-air batteries is the huge
energy loss for achieving a reversible Li—O, electrochemical process.
The energy loss arises from the large potential difference between the
measured and the thermodynamically determined reversible potential
(Brey =2.96 'V, vs. Li/Li*).>* The discharge process of Li—O, batteries
leads to the formation of solid Li, O, on cathode surface (ORR upon
discharge, O, (g) 4+ 2Li+ + 2e~ — LiyO,(s)) and the decomposi-
tion of the solid Li, O, requires higher potentials during the recharge
process (OER upon recharge, Li,O1(s) — 2Li+ + O(g) + 2¢7).° In
addition, sometimes by-products are also formed in the air cathode
due to the reaction between electrolyte and the diffused oxygen which
require further energy to be decomposed on recharge. The energy
loss can be suppressed by smoothing out the discharge/recharge pro-
cesses based on oxygen reduction and evolution catalysts used in the
air cathode.

Presently, various electrocatalysts like precious metals such as Pt,
Au, Pd, Ru and metal oxides like MnO,, Co30,4, CuO, Fe;0;, etc.,
are being incorporated into the carbon cathodes for lithium-air bat-
tery application.”® Carbon and carbon based nanostructured materials
have also been widely investigated as effective electrocatalysts for the
ORR in Li-O, batteries.’"'> The catalytic activity of those proposed
electrocatalysts are still under discussion and their performance is far
from satisfactory due to the formation of insoluble solid products. To
overcome this challenge, optimization of the catalyst composition and
morphology control of the catalyst and cathode materials for oxygen
reduction and evolution reactions are necessary.

Manganese oxides (MnOy) have attracted much attention because
of their prominent advantages such as abundance, low cost, non—
toxicity and high catalytic activity toward ORR in alkaline media.'3~!>
Cao et al.!’” have studied the catalytic activities of MnO, with dif-
ferent crystalline structures to be in the sequence of f—MnO, < A—
MnO; < y-MnO, < a—MnO; & §~MnO,. The high catalytic activity of
o—MnO; is attributed to the combined effect of their intrinsic tunnel
(interspace in the stack of [MnOg] octahedron) size and electrical
conductivity. Moreover, nanostructured a—MnQO,, like nanospheres
or nanowires, is found to exhibit superior catalytic activity due to
their size and high specific surface area which can facilitate the pres-
ence of appropriate Mn,O, active sites at the relevant potentials to
enhance ORR.!'®'® Even though a-MnO, has been vastly regarded
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as the best suitable ORR catalyst, the poor OER kinetics presents
the need to explore the possibility of various other MnO, based
bifunctional electrocatalysts. Nanostructured Mn-based oxides such
as one-dimensional MnO, nanostructures, MnO,—conductive matrix
nanocomposites, metal deposited Mn-based oxides etc., display su-
perior electrochemical performance. For example, MnOy combined
with a variety of elements (e.g., Pt, Pd, Ni, Mg, Ca) have been al-
ready reported to exhibit superior catalytic activity than both pristine
metals.!*?® Bimetallic nanoparticle like Au-Pd supported on MnO,
catalysts have been reported with better catalytic activity for ORR
and OER. Moreover, Mn-based oxides like spinel Co,Mn;_,Oy, and
perovskite CaMnOj along with various nanostructures have also been
reported to exhibit high catalytic activity both in ORR and OER of the
metal—air batteries.'>?° Therefore, Mn-based mixed oxides catalysts
could exhibit sustainable prospects for bifunctional electrocatalytic
activity. Having MnO, as one of the best ORR catalyst, the next
task would be to find appropriate OER catalyst to make Mn-based
bifunctional mixed oxides catalyst.

Due to the unique characteristics such as high metallic conduc-
tivity, catalytic activity and the electrochemical redox properties,
ruthenium-based nanoparticles catalysts have been actively explored
in various chemical and electrochemical oxidation reactions.?!~2
Byon et al.”’ reported the improved performance of lithium air bat-
teries by the dispersion of RuO, nanoparticles on carbon nanotube
(CNT). The battery showed a high round-trip efficiency (ca. 79%),
with discharge and charge overpotential of 0.21 and 0.51 V, respec-
tively. This excellent performance was ascribed to the RuO, layer
coated on the CNTs which effectively prevented direct contact be-
tween the CNTs and the discharge products Li,O,, and thus prevent/
reduce the formation of insoluble solid side products which might
induce large polarization or charge failure. Wang et al.”® explored Ru
nanocrystals as OER catalyst for Li-O, batteries and reported lowest
charge-discharge over potential of about 0.37 V. Similar results were
also reported by Shao-Horn et al.? according to which the hydrous
RuO, nanoparticles of ~6 nm exhibited excellent OER activities in
both acidic and alkaline solutions, as well as better stability. While
a-MnO, is most active for ORR, RuO, seems to be most active for
OER. So in this study, the main idea is to combine both a-MnO, and
RuO; catalysts as bifunctional catalyst for air cathode.

As mentioned earlier, both optimization of composition and mor-
phology control of the catalysts are necessary to enhance the electro-
catalytic activity. So we design a 3 dimensional (3D) nanostructured
bifunctional catalyst. The 3D nanostructure might be able to provide
large surface area and large pores to facilitate the gas—phase oxy-
gen and liquid—phase electrolyte diffusions. 3D structure can also
accommodate the reversible formation and decomposition of insolu-
ble discharge products, reduce the diffusion resistance of oxygen and
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electrolyte, enhance the ion transportation and maintain very smooth
electron pathways in the charge/discharge reactions. In this point of
view, mixed oxides (manganese oxide and ruthenium oxide) 3D struc-
ture is a suitable option to be bifunctional electrocatalysts in the air
cathode.

In this work, therefore, we have synthesized unique 3D nanostruc-
ture of sea urchin shaped 0—MnQO, and RuO, mixed oxides by simple
low temperature hydrothermal technique. The unique nanostructured
mixed oxides are expected to provide large surface area and excel-
lent accessibility to the reactive species as well as possess relatively
high catalytic activities for both ORR and OER. Even though this
combination has been investigated for various purposes, to the best of
our knowledge, this is the first report on the synthesis of sea urchin
shaped a—MnO,/RuQO; nanostructure. This work mainly focuses on
the investigation of the catalytic performance of the a—MnO,/RuO,
nanostructure to address the overpotential issues of the OER reac-
tion in Li-O, cells. We demonstrate urchin shaped mixed oxides with
unique combination of MnO, support and Ru-based nanocrystals
which exhibit superior bifunctional catalytic activity and reduces the
overpotential. The synthesized catalyst is found to be better than only
a—MnO, and the commercial Pt/C.

Experimental

Synthesis of RuO/0—MnO, mixed oxides.— 0—MnO,/RuO,
mixed oxides was synthesized in the ratio of 82 : 18 using hydrother-
mal method. All chemicals (Sigma—Aldrich) were of analytical grade
and used as received without further purification. The detail descrip-
tion of the synthetic process is given in our previous report.'* To pre-
pare a—MnO,/RuO; (82 wt% a—MnO, /18 wt% RuO,) mixed oxides,
0.34 ¢ MnS0,4.H,0, 0.54 g of K,S,0s, 2 mL of H,SO,4 and 0.078 g of
RuCl,.H,0 were added into 40 ml of deionized water under stirring
condition for 30 minutes. Then the mixed solution was transferred to
Teflon-lined stainless steel autoclave and kept in a preheated electric
oven at 110°C for 6 hours. The autoclave was then cooled down to
room temperature and the brown precipitate was obtained. The prod-
uct was centrifuged and washed with deionized water several times
and then dried at 60°C for 8 hours in air.

Structure characterization.— The phase structures of the as—
prepared sample was determined by powder x—ray diffraction, (XRD,
Shimadzu XRD-6000) using a CuKa (A = 1.54059 A) target in the 20
range of 10~100°. The morphology of as—prepared sample was ex-
amined with field emission scanning electron microscopy (FESEM,
JSM-6700F) and high resolution transmission electron microscopy
(HRTEM, JEM-2010, JEOL). The chemical composition of the sam-
ple was investigated with inductively coupled plasma mass spectrome-
ter ICP-MS, Agilent 7500a, Agilent Technologies). Also x-ray pho-
toelectron spectroscopy (XPS) was utilized to study the chemical
composition of the synthesized sample. XPS analysis was performed
with a thermo scientific Ko x-ray source. The Brunauer—Emmett—
Teller (BET) technique was used to characterize specific surface area.
The BET surface areas analysis of the carbon materials was obtained
using a nitrogen adsorption instrument (BEL SORP Bell Japan Inc.).
All the samples were degassed for 3 h at 300°C under vacuum before
surface area measurements.

Lithium air battery studies.— For lithium air battery studies, the
air cathodes were prepared by mixing as—prepared a—MnO,/RuO,
mixed oxides and Ketjen black (EC 600 JD) conductive carbon in the
weightratio of 1:2 with teflonized acetylene black (TAB) binder (60%)
in isopropyl alcohol. The mixture was prepared into a fine pellet of
about 1 cm diameter and the pellet was pressed on a Ni mesh current
collector with a diameter of 1.2 cm. Thus prepared electrode was then
dried in vacuum overnight at 100°C and used as air cathode in Li air
battery. Lithium air battery performance was studied in a Swagelok
type cell fabricated with the prepared air cathode, Li metal anode,
and LiTFSI (TEGDME) (1:1) electrolyte. The Swagelok type cell

was assembled in argon filled glove box under room temperature and
purged with oxygen before cycle performance. The charge—discharge
profiles of the cells were measured using BTS 2000 (Japan) system
under 1 atm O, atmosphere.

Electrochemical characterization.— Electrocatalytic activity of
the sample was evaluated by measuring oxygen reduction reaction
(ORR) and oxygen evolution reaction (OER) polarization curves. The
electrochemical studies were carried out using a computer controlled
potentiostat (CHI 760D, CH Instrument) equipped with a typical three
electrode cell. In the test cell, Pt wire and Hg/HgO were used as the
counter and reference electrodes, respectively. Prior to the electro-
chemical measurement, O, was bubbled directly into the cell for at
least an hour.

To prepare a working electrode for electrochemical studies, the
as—synthesized sample was mixed with carbon powder (Cabot Vulcan
XC-72) in the weight ratio of 3:7 to ensure sufficient electronic con-
ductivity. 10 mg of the mixture was dispersed ultrasonically in 150
of diluted nafion alcohol solution (5 wt%) dissolved in isopropyl al-
cohol (IPA), and about 13.5 wL of the suspension was pipetted onto
a glassy carbon substrate. The linear sweep voltammetry (LSV) em-
ployed a rotating ring glassy carbon disk electrode (RRDE, 5.61 mm
in diameter) for the glassy carbon substrate. To measure the ORR
and OER polarization curves, the LSV were recorded in the oxy-
gen saturated 0.1 M KOH solution at a scan rate of 5 m s~! with
a disk rotation rate of 1600 rpm. The ORR and OER polarization
curves were obtained in the potential ranges of 0.3 ~ —0.8 V and
0.3 ~ 1.0 V, respectively.

Results and Discussion

Structural characterization.— Figure la shows the XRD spec-
trum, (b) nitrogen adsorption—desorption isotherms and (c) ICP anal-
ysis, for a—-MnO,/RuO, mixed oxides. All the XRD peaks can be
indexed to two phases of 0—MnO, tetragonal crystalline (I4/m space
group) and tetragonal RuO,.The lattice constants of «—MnO, and
RuO, were calculated from the XRD spectrum (Fig. 1a) using Riet-
vald method and are found to be a=b =9.83°A and ¢ = 2.87°A; and
a="b =4.50°A, c = 3.12°A, for a-MnO, and RuO,, respectively.
These values are in very good agreement with the data given in JCPDS
cards (JCPDS 44-0141 and JCPDS 40-1290).'*% Peaks located at 2
0 = 18, 28, 37, 57, 61 and 69 correspond to the (200), (310), (211),
(600), (521) and (541) planes of a—MnQO,, while the peaks appeared
at2 6 = 27, 35, 54, 58 and 67 represent the (110), (101), (211), (220)
and (112) planes of RuO,. The high intensity of the peaks at 2 § = 28°
(310) and 37° (211) shows the crystallinity of the synthesized oxides.
XRD pattern in Fig. 1a shows the very defining peak positions of the
metal oxides, a—MnO, and RuO,, which indicates that the synthesized
mixed—oxides are composed of homogeneously distributed MnO, and
RuO; nanoparticles. The crystal size of the sample was calculated us-
ing the Scherrer equation 1 as given below with peaks at 2 6 = 28°
and 12° for RuO, and a—MnO,, respectively.31 The mean crystal sizes
of RuO, and a—MnO, are about 15 and 29 nm, respectively.

D 0.89% {

" B(20) cos (0) t
Table I shows the BET specific surface area of the synthesized o—
MnO,/Ru0O, mixed oxide to be 53.10 m? g~! which is slightly higher
than a—MnO, urchin (50 m? g~!). The desorption—adsorption isotherm
is very useful to find out the porosity and the type of isotherm of the
sample. As it can be seen in Fig. 1b the isotherm of the mixed ox-
ide exhibits the characteristics of type IV, and the hysteresis loop
is an indicative of mesoporosity. The closure at P/P, ~0.45 indi-
cates the presence of small mesopores. There is a vertical shift in the
location of hysteresis loop to higher volumes of nitrogen gas adsorp-
tion, indicating the enhanced porosity in the sample. It is believed
that these mesopores can deliver a shorter ion transport pathway and
more triple-phase (solid—liquid—gas phases) regions required for oxy-
gen reduction. The pore size distribution was derived using the BJH
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Figure 1. (a) XRD spectrum, (b) nitrogen adsorption—desorption isotherms and (c) ICP analysis for a—MnO,/RuO, mixed oxides.

(Barrett—Joyner—Halenda) method. Pore size distribution pattern of
the mixed oxide was illustrated from the nitrogen theoretical database
and its corresponding experimental data is shown in inset of Fig. 1b.
The pore size distribution curve shows that the pore size is scattered
between 10-12 nm. The average pore diameter of the mixed oxide is
found to be 9-10 nm.

In order to confirm the composition of manganese, ruthenium
and oxygen in the synthesized mixed oxides, the inductively cou-
pled plasma mass spectrometry analysis was performed and given in
Figure 1(c). The ICP measurement for the synthesized MnO,/RuQO,
mixed oxides shows that our synthesized mixed oxides are composed
of 48.wt% of Mn, 11 wt% of Ru and 40.8 wt% of oxygen. These values
are almost comparable to those of the stoichiometric weight percent
of Mn, Ru and O in our synthesized MnO,/RuO, mixed oxides which
are 50.9, 13.4 and 35.5 wt%, respectively.

The morphology of the synthesized a—MnO,/RuQO;nanostructure
was examined by FESEM, transmission electron microscope (TEM),
selected area electron diffraction (SAED) and TEM energy disper-
sion spectroscopy (EDS) mapping analyses and their results are
summarized in Figure 2. Figure 2b shows the morphology of the
0a—MnO,/RuO,mixed oxides. The a—MnO,/RuO,mixed oxides are
formed like sea urchin—shaped nanostructures with 2.5-3.0 wm diam-
eter, which consists of several straight and radially grown nanorods
with uniform diameter of 50 nm. For comparison, FESEM image of
pure a—MnQO, is also given in Fig. 2a. The FESEM image clearly
shows the formation of a—MnQO, sea urchin—shaped nanostructures
with 2-2.5 wm diameter. It is seen that the diameter of the sea urchin—

shaped nanostructures slightly increases with the addition of RuO,
to o—MnQO,. Although (not shown in this manuscript), it was ob-
served that with the increase of ruthenium oxide content in the nanos-
tructure, not only the roughness of the sea urchin was increased but
also the diameter of the nanorods originating from urchin increased
approximately from 30 to 50 nm. The TEM images in Fig. 2¢c of
0a—MnO,/RuO; clearly show the formation of nanourchins by the
radially aligned nanorods. Furthermore, the detailed structural infor-
mation was provided by the apparent lattice fringes of o—MnO,/RuO,.
HRTEM image of Fig. 2d, reveals the interlayer spacing of 0.48 nm
and 0.32 nm, confirming the distance of (200) planes of a—MnO,
and (111) planes of RuO,, respectively. From HRTEM analysis and
SAED pattern (inset of Fig. 2d), it is clear that the preferential growth
direction of the a—MnQO,/RuQO, nanostructure was along the (200)
direction. The TEM results are quite consistent with the XRD pat-
tern which shows the successful formation of a—MnQO,/RuO, mixed
oxide nanourchins. In order to identify the homogeneous distribution
of RuO, and MnO;, in the a—MnO,/RuO, sea urchin—shaped nanos-
tructures, the TEM-EDS analyses were performed as shown in the
Figure 2e—(h). The mapping of each element shows uniform distribu-
tion of Mn, Ru, and O throughout the sea urchin nanostructures. This
clearly confirms the homogenous distribution of RuO, and MnO,in
the mixed oxide.

For in—depth chemical composition analysis of a—MnO,/RuO,
sea urchin, XPS analysis was performed and the spectra are as shown
in Fig. 2i-2k. XPS survey clearly indicates the existence of man-
ganese, ruthenium and oxygen in the nanostructure (Figure 2i). From

Table I. BET data and ORR- OER properties of the samples.

For ORR For OER
Sample Specific surface area m? g~! Onset Potential V Limiting Current mA Onset Potential V Limiting Current mA
a-MnO; (Urchin) 50.19 —0.11 0.77 0.65 —0.95
-MnO7/RuO; (Urchin) 53.10 —0.03 0.87 0.60 -3.0
Commercial RuO; 8.06 —0.15 0.67 0.66 —1.81
Commercial 30 wt% Pt/C 160" —0.03 0.9 0.78 —222

“Value obtained from Premetek Company
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Figure 2. (a, b) FESEM images; (c, d) TEM images (SAED pattern-inset image of d); (e—h) TEM-EDS mapping, and (i—k) XPS spectra of «—MnO,/RuO; mixed

oxides.

Mn 2p3/2 spectrum (Figure 2j), the main peak located at 642.2 and
645 eV can be assigned to Mn (IV) from MnO,.%>33 Fig. 2k shows
the high resolution scans of the Ru 3p region for a-MnO,/RuO, sea
urchin. The deconvolution of the Ru 3p region of RuO, nanoparticles
shows the presence of Ru and RuO, components.** The Ru 3p3/2
signal could be deconvoluted into two peaks at 463.8 and 466.5 eV,
respectively. A main peak centered at 463.8 eV can be assigned to Ru
(IV) oxide (RuO,).*>3¢ The peak centered at 466.5 eV can be assigned
to R,O; - xH,0. From XPS spectra, the major chemical composition
for the mixed oxide nanostructure was found to be composed of fully
oxidized Ru** and Mn** states, which also confirmed that the final
composition of the sea urchin structures was o—MnO,/RuQO,. Conse-
quently, all the above mentioned experiments clearly identifies that
the synthesized a—MnO,/RuO, sea urchin nanostructure is composed
of homogeneously distributed MnO, and RuO, nanoparticles.

Lithium air battery characteristics.— The Li—O, battery was con-
structed using the synthesized a—MnO,/RuQO; nanostructure catalyst,
and the charge—discharge performance of the batteries was evaluated
in Swagelok type cells. Figure 3a shows the charge—discharge curves
of Li-O, battery measured at 0.1 mA cm™2. The a—MnO,/RuO,
exhibits rather stable specific capacities of about 3500-5500 mAh
¢! with low overpotential even after three cycles. The first two cy-
cles exhibit 95% capacity retention on charging. On the contrary,
the discharge capacity of the only KB electrode without any cata-
lyst decreases dramatically down to 1095 mAh g~! after three cycles
(Fig. 3a). It is worthwhile to notice the difference in overpotential
between a—MnO,/RuO, catalyzed cell and KB cell as well. The bet-
ter result might be attributed to the unique properties of the electrode
such as porosity and nanostructure as well as chemical reactivity of the
a—MnO,/RuO, catalyst, which facilitate the favorable formation and
decomposition of the discharge product and improve the reversibility
of the O, electrode.

In the charge-discharge curves, the discharge curves show stable
plateaus and the charging curves slopes without any apparent plateaus.
Generally, Li,O, formed during discharge process decomposes into
2Li and O, on charging process. In our case, the main discharge prod-
uct Li, O, is formed on discharge which can be confirmed from XRD
(Fig. 5a). However additional by-product LiOH is also observed in
the XRD spectra. Recently Wang et al. also reported similar type of
charge-discharge curves.?® According to the authors, the formation
of LiOH is due to the reaction of Li,O, with the structural water
content in Mn—Ru oxides. There were no other side products ob-
served. During the discharge the electrode surface should have been
covered with the discharge products. According to Wang et al.,”® the
first low charge plateau is associated with the decomposition of Li, O,
whereas the second higher plateau from 3.5 V might be associated
with the decomposition of the by-products, in this case LiOH. Nev-
ertheless, the charge plateau for the MnO,/RuQ, catalyst seems to be
lower than the Li-air cell without any catalyst owing to their catalytic
activity.

Inspired by the enhanced performance of the electrocatalyst in
capacity retention and suppressing the overpotential, we further ex-
amined the efficiency of the catalyst on the rate performance of Li-O,
cells at different current densities. It can be seen that the Li—O, cells
with a—=MnO,/RuO, electrodes exerts stable and high discharge ca-
pacity (Fig. 3b) under all investigated current densities (0.1, 0.2 and
0.3 mA cm™2). This enhanced rate capability could also be reasonably
attributed to the synergistic effect of the catalytic activity and unique
urchin structure of the a—MnO,/RuO; catalysts.

To obtain complete stable cycling without any fade in the ca-
pacity we also investigated the cell with a limited depth of dis-
charge. Considerable cycling performance can be improved by lim-
iting the depth of discharge.’”*® The cycle life and efficiency of
the battery were analyzed with a fixed capacity of 500 mAh g~!
at0.1 mA cm~2, as given in Fig. 3c. The cycling data shows a uniform
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Figure 3. The charge—discharge curves of a—MnO,/RuO; catalyzed Li—O, battery measured at (a) 0.1 mA cm™2, (b) at different current densities, (c) with limited
depth of discharge, and (d) charge—discharge potentials as a function of cycle number.

discharge—charge up to 50 cycles with low over potential. Generally
the charge overpotential slowly increases during prolonged cycling
and the capacity slowly fades. But in this case even after 50 cycles
the charge potential is maintained at 4 V with overpotential of 1~1.2
V maintained throughout the cycling. In other words, there was no
significant increase in charge potential upon cycling. Therefore even
after 50 cycles, the cycling profile with 500 mAh g~! maintains steady
round trip efficiency.

We extracted charge and discharge potentials from Fig. 3¢ and plot-
ted them as a function of cycle number in Fig. 3d. For comparison, the
overpotential of the a—MnO, catalyst was also gathered from charge
and discharge curves measured with a limited depth of discharge (500
mAh g=! at 0.1 mA cm™2). As it can be seen from Fig. 3d, the o—
MnO,/RuQ; catalyst is highly stable up to 50 cycles and there is no
significant change in overpotential. But it is seen that the a—MnO,
urchin nanostructure is stable only up to 25 cycles with increasing
overpotential during discharge and charge process. The results clearly
indicate that the a—MnO,/RuO, catalyst outperforms the a—MnO,
catalyst with its cycle life and rate capability. This enhanced cycle
properties could be attributed to the unique combination of MnO, and
RuO; in sea urchin nanostructure.

From the cell test of the lithium air battery using the o—MnO,/RuO,
nanostructure it can be seen that the a—MnQO,/RuQO, exhibits rather
stable specific capacities with low overpotential and good capacity
retention even at higher current densities.

Electrochemical behavior of o-MnO,/RuO, sea urchin
nanostructures.— In order to see why the lithium air battery

with a—MnO,/RuQO; nanostructure catalyst exhibit better battery
performance, we investigated the electrochemical properties of the
a—MnO,/RuO; nanostructure for ORR and OER in KOH aqueous
solution. LSV was employed to study the electrocatalytic activity of
the synthesized a—MnO,/RuO, nanostructure toward ORR. LSV was
measured in a cathodic reduction region (0.3 ~ —0.8 V vs. Hg/HgO)
in O, saturated 0.1 M KOH at a scan rate of 5 mV s~! with the
electrode rotation rate of 1600 rpm, as shown in Fig. 4. The catalytic
activity of a catalyst to the reaction could be qualitatively estimated
from the onset potential and limiting current measured in LSVs. For
comparison, ORR was also performed on a—MnO,, commercial 30
wt% Pt/C and RuO; under the same analytic conditions. For each of
the investigated materials, the measured onset potentials and limiting
currents for ORR are summarized in Table I. The onset potential
of a—MnO,/Ru0, is —0.03, which is more positive than a—MnO,
and commercial RuO, respectively. Similar results have been
observed for the limiting current of a—MnO,/RuO, catalyst, which is
significantly higher than 0«—MnO, urchin and the commercial RuO,.
Although the onset potential and limiting current of a—MnO,/RuO,
sample are little lower than commercial Pt/C, the significant positive
shift of onset potential and the higher values of limiting current in
a-MnO,/Ru0O, in comparison with a—MnO, and commercial RuO,
explicitly shows that the a—MnO,/RuQO, urchin nanostructure is
catalytically more active. The overall electrochemical reaction of the
lithium—air battery can be expressed as,

2(LlJr + ef) + 02 =2 LizOz [2]

during which ORR takes place on discharge process (forward reac-
tion), followed by OER on charging (reverse reaction). In order to
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Figure 4. LSV curves measured in the cathodic reduction region (—0.8~0.3
V vs. Hg/HgO) and anodic potential up to 1.0 V vs. Hg/HgO in O, saturated
0.1 M KOH at a scan rate of 5 mV s~! and 1600 rpm for ORR and OER.

attain higher battery performance, both the ORR and OER need to
progress as rapid as they can. Various electrochemical evaluations
have proven that the a—~MnQO,/RuQO; nanostructure is one of the most
active catalysts for the ORR. Therefore we examined whether the
a—MnO,/RuO; nanostructure is also an effective catalyst for the de-
composition of the discharge product, Li,O,.

The synthesized MnO,/RuQ, nanostructure exhibits superior per-
formance in OER than all other samples including commercial Pt/C.
To evaluate the ability to catalyze OER, we measured the polarization
curves on the LSV during the anodic potential scan up to 1.0 V vs.
Hg/HgO as shown in Figure 4. The measurements were recorded in O,
saturated 0.1 M KOH at a scan rate of 5 mV s~! with the electrode rota-
tionrate of 1600 rpm. Again, for comparison, OER was also performed
on o—MnO,, commercial 30 wt% Pt/C and RuO, under the same an-
alytic conditions. Interestingly, the synthesized MnO,/RuQO, nanos-
tructure exhibits a superior performance in OER than all other samples
including commercial Pt/C. That is, the a—MnO,/RuO;nanostructure
exhibits lower onset potential and higher limiting current than those of
commercial Pt/C and Ru/C which displays its bifunctional catalytic
behavior. The onset potential of the electrode with a—MnO,/Ru0O,
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catalyst is 0.60 V, which is lower than the electrode prepared with
commercial Pt/C and RuO,, respectively. This identifies that the o—
MnO,/RuO;nanostructure is an excellent OER catalyst which can be
employed as a promising bifunctional catalyst in the air cathode of
Li-O, battery.

In order to identify that the 0—MnO,/RuO, nanostructure is also
an excellent OER catalyst in the Li-O, battery, we examined and
compared the catalytic activities of Li,O, decomposition over the
catalysts using Swagelok type cells. The discharge-charge cycling
was carried out over air cathode (i) without any catalyst, (ii) with Pt/C
catalyst and (iii) our synthesized a-MnO,/RuO, mixed oxide catalyst.
The surface composition and morphology of the air electrodes were
investigated before and after discharge and charge processes using
XRD and SEM, respectively. Figure 5a shows the XRD spectra which
were measured before and after discharge/charge during the first cycle
for air cathodes (i) without any catalyst, (ii) with Pt/C catalyst and (iii)
our synthesized a-MnO,/RuO, mixed oxide catalyst. A broad carbon
(2 6 = 23°, 44°), TAB (260 = 17°), and Ni (26 = 43.5°, 47.6° and
51°) peaks are observed from all the XRD spectra. For air cathode
(i) without any catalyst, the XRD spectrum before discharge cycling
shows characteristic peaks for KB without any other impurity. After
the first discharge, the XRD peaks shows the formation of Li,O,
at 26 = 32°, 35° and 58° as discharge product. It is clearly seen
that, the same Li,O, peaks remain on the electrode surface even
after charging process as observed after the discharge, indicating the
poor decomposition of Li,O,. For the Pt/C catalyzed cathode (ii),
the XRD spectrum before discharge shows characteristic peaks for
Pt and carbon without any other impurity. After the first discharge,
the XRD peaks clearly shows the formation of Li,O, at 26 = 32°,
35° and 58°. After charging, it exhibits weak intensities of the Li, O,
peaks, indicating the remaing of partially non-decomposed Li,O,. In
the case of the a-MnO,/RuO, mixed oxide catalyzed air cathode (iii),
a-MnO, and RuO, related peaks are observed in the XRD spectrum
before discharge. For reference, the inset Fig. 5a gives the JCPDS
files of a-MnO, and RuO,.** After discharge, the XRD peaks clearly
shows the formation of Li,O, at 26 = 26 = 32°, 35° and 58° with a
trace of LiOH at 20 = 32.4° and 35.6°. Interestingly, after charging
the Li, O, peaks are completely disappeared from the XRD spectrum,
indicating the complete decomposition of Li,O,. Thus from Figure 5a
, it is clear that our synthesized a-MnO,/RuO, mixed oxide catalyst
is better than Pt/C catalyst for the decomposition of Li, O, on the air
cathode.

Figure 5b shows the SEM images which were taken before and after
discharge/charge during the first cycle for air cathodes (i) without any

(b) SEM (x100,000)

efo1

@
KB
(No catalyst) 5

(iii)

0-MnO,/RuO.

(82:18)

Figure 5. (a) XRD spectra and (b) SEM images of air cathodes (i) without any catalyst, (ii) with Pt/C catalyst and (iii) our synthesized a-MnO,/RuO; mixed

oxide catalyst measured before and after discharge/charge.
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Table II. Electrochemical properties of the catalysts.

ORR E(V) atI = 0.5 mA

OER E(V) atI = —1.0 mA Oxygen Electrode

Onset Potential V

Limiting Current mA

Onset Potential V Limiting Current mA A (OER-ORR) E(V)

a-MnO; (Urchin) —0.11 0.77
a-MnO,/RuO; (Urchin) —0.03 0.87
Commercial RuO; —0.15 0.65
Commercial Pt/C 0.02 1.09

catalyst, (ii) with Pt/C catalyst and (iii) our synthesized a-MnQO,/RuO,
mixed oxide catalyst. From the SEM images taken before discharge,
it can be seen that all the air cathodes (i) without any catalyst; (ii) with
Pt/C catalyst and (iii) our synthesized o-MnO,/RuO, mixed oxide
catalyst shows a smooth surface with not much noticeable differ-
ences. After the first discharge, the air cathode without any catalyst
(i) shows agglomerations all over the cathode surface which indi-
cates the formation of Li, O, (see Fig. 5b). The air cathodes with Pt/C
and a-MnO,/RuO, mixed oxide catalyst also shows the formation
of agglomerations on the cathode surface though the configuration
of the agglomeration is slightly different. After charging, however,
quite different surface morphologies are observed from the electrode
surfaces with and without catalysts. The air cathode (i) without any
catalyst shows almost similar agglomeration to remains, indicating
only poor decomposition of Li,O,. But the air cathode with Pt/C ex-
hibits scattered agglomerations over the cathode surface, indicating
the residue of partially non-decomposed Li,O,. It is interesting to see
that the air cathode with a-MnO,/RuO, mixed oxide catalyst presents
almost similar cathode surface to that of the original one before dis-
charge/charge cycle indicating the almost complete decomposition of
Li,0O;. This explains that the a-MnO,/RuQO, mixed oxide is an effec-
tive OER catalyst for the decomposition of solid discharge product
Li,0,.

This is in perfect agreement with Fig 3a and 5a proving that our
synthesized MnO,/RuQO, mixed catalyst is better than the other cata-
lysts for both ORR and OER promoting complete decomposition of
Li,0,.

To assess the overall oxygen electrode activity, the potential difter-
ence between the ORR and the OER curves were calculated and the
details are summarized in Table II. Table II quantitatively compares
the bifunctional oxygen electrode activity of the a—MnO,/RuO, with
those of the a—MnO, urchin, commercial Pt/C and RuO,. Figure 4 is
used to quantify the ORR and OER for the materials. The potential at
which the current reaches the half of its maximum value (half-wave
potential) was selected for the ORR activities of the samples. There-
fore, in this case, ORR current of —0.5 mA was selected which approx-
imates the half-wave potential. Activities for the OER were judged
by the potential required to oxidize water at a current of —1.0 mA,
a convention commonly used in the OER analysis.>® The smaller the
difference, the closer the catalyst is to an ideal reversible oxygen elec-
trode. From Table 1I, it is seen that the mixed oxide a—MnO,/RuO,
catalyst has an oxygen electrode activity of 0.90 V, which is the least
value among other catalyst used in this work. These results indicate
that the mixed oxide sample is highly active both for ORR and OER,
which is attributed to the unique 3D metal oxide catalyst and the
uniform distribution of the particles throughout the urchin structure.

From structural and chemical characterizations, we conclude that
the synthesized a—MnO,/RuQ, sea urchin nanostructure is composed
of homogeneously distributed MnO, and RuO, nanoparticles. Based
on the precursors used for the synthesis in the experiment, it is con-
sidered that both «—MnO, and RuO, are simultaneously formed with

the chemical reaction equation suggested as follows:*°

MnO; +3Ru* +4H,0 = MnO, +3RuO, + 8H™" (3]

The unique 3D mesoporous a—MnO,/RuQO, mixed oxide exhibit an
outstanding performance in aqueous and non—aqueous electrolytes
because of its 3D structure which provides fast mass transport and
favorable triple-phase (solid—liquid—gas phase) region required for

0.67 —0.95 1.23
0.57 —2.98 0.90
0.60 —1.81 1.23
0.70 —2.22 0.95

electro—catalysis.>! Song et al.'” reported the high reversibility of Li—
air batteries using a—MnO, catalyst mainly associated with its unique
mechanism for deposition of discharge products. They suggest that the
fast Li ion transport and reversible formation/decomposition of dis-
charge products are attributed to the ®—-MnO, nanowires and propose
a strategy for achieving high—power Li-air batteries in combination
with nano-architecture tailoring. Yilmaz et al.>’ demonstrated that
ruthenium oxide nanoparticles (RuO, NPs)/CNT as a cathode which
increase the electrical efficiency up to 73%. RuO, nanoparticles con-
tribute to the formation of poorly crystallized lithium peroxide (Li,O,)
during oxygen reduction reaction (ORR) and smoothly decomposed
the Li,O, at low potential upon oxygen evolution reaction (OER).
This report shows the enhanced performance of ruthenium oxide in
transforming the crystal structure and morphology of Li,O,, which
results in a remarkable decrease of energy loss during the OER.

From the above, our experimental results prove that the a—
MnO,/RuO; catalysts can effectively facilitate both ORR and OER.
The significantly decreased overpotential of the catalyst may also be
ascribed to the much enhanced OER activity of the a«-MnO,/RuQO,
mixed oxide catalyst. a—MnO, is beneficial with its 2x2 crystal
structure which favors the transfer of ions in addition to the OH™
groups which helps in surface adsorption of O, and dissociation of
0-0 bonds."? In addition, the use of RuO, provides several advan-
tages including (i) the high electrical conductivity, (ii) the synergistic
effect between the a—MnO, and the RuO,, and (iii) the high car-
rier density and conductivity in comparison to other stoichiometric
metal oxides. The improved cycleability probably relies on the better
reversible formation and decomposition of Li,O, occurring on elec-
trocatalytic a—MnQO,/RuO, nanourchins during discharge and charge
processes. RuQO, is more active due to the weaker oxygen bonding
than the chemisorbed oxygen on metallic Ru.*’ It has been shown
that OER process for RuO, involves surface-adsorbed O, OH, and
OOH intermediates.*'*? It has also been reported that RuO, catalysts
showed low OER overpotential mainly due to oxygen binding and hy-
droxyl binding surface forces.?** The improved performance of the
a-MnO,/Ru0O, based cathode can be ascribed to two aspects. Firstly,
it is the superior electrocatalytic behavior of 0—MnO,/RuO, toward
both ORR and OER, which are afforded by its inherent electronic
structure and favorable electronic transport capability as confirmed in
both aqueous*? and non—aqueous phase we have observed herein. Sec-
ondly, it is the homogenous distribution of both the metal oxides and
the 3D structure of a—MnO,/RuO,, which also plays a crucial role in its
electrochemical behavior. This interesting structure not only provides
more electrocatalytic sites but also promotes mass transport (oxygen
and ions) in the electrolyte, and eventually improves the capacity and
cycleability of Li—O, cells.*** Although the explicit mechanism to
the significantly enhanced catalytic behavior of the nanostructure has
not yet been fully understood, we ascertain that the a—MnO,/RuO,
mixed oxides can accelerate the kinetics of both the ORR and OER,
which should be ascribed to the unique structural property. In view
of the above considerations, additional works are certainly needed to
confirm this interpretation.

Conclusions

In this work, we have synthesized sea urchin shaped o—
MnO,/RuO, mixed oxides nanostructure with a weight ratio of 82:18
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via simple hydrothermal method. The a—MnO,/RuO, mixed oxides
nanostructure was formed with several straight and radially grown
nanorods which are composed of homogeneously distributed MnO,
and RuO, nanoparticles. The battery performance is remarkably im-
proved because of the unique morphology of the a—MnO,/Ru0O,
mixed oxide catalyst. The Mn—Ru-based nanostructures have abil-
ity to catalyze ORR and OER with fast kinetics without electrolyte
decomposition in Li—O, battery. We were able to find high ORR
and OER activity for the synthesized a—MnO,/RuQO, nanostructure
catalyst in both aqueous and non—aqueous electrolyte solutions. The
bifunctional activity of the nanostructure catalyst is almost compara-
tive to or much better than that of commercial Pt/C catalysts. Com-
pared with a—MnO,, the significantly improved catalytic activity for
a—MnO,/RuQ; is probably due to their intrinsic property and can be
attributed to the different O, adsorption kinetics and reaction pathway
derived from the ruthenium oxide. This suggests that the synthesized
catalysts could, in principle, overcome the limitation of Pt-based cat-
alytic reaction systems and provide suitable, sustainable and cheap
solutions for the further technological development of fuel cells and
other oxygen electrodes.
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