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duced graphene oxide (rGO) have been investigated as air cathodes 5o 500 MAIG-10 hrs |
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reactions, maintaining cycling stability for 30 cycles without sign of
TEGDME-LiCF3S0; electrolyte decomposition. Specifically, Ru0, - 0.64H,0-rGO hybrids were superior to Ru-rGO hybrids in catalyzing the OER reaction,
significantly reducing the average charge potential to ~3.7 V at the high current density of 500 mA g~ and high specific capacity of 5000 mAh g™,
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energy sources and for sustainability

of the road transport has urged the
development of new, high-performance
power sources. Among the most promising
candidates, lithium-air batteries have re-
cently attracted great interests since, in
principle, they offer values of theoretical
energy density about 10 times higher than
that of any available lithium-ion battery.
Even under a prudent perspective, it can
be estimated that a Li-air battery may reach
a practical specific energy density of ~500
Wh kg™, a value still considerably higher
than the 150 Wh kg ' of the state-of-the-art
lithium-ion batteries. ™ One of the critical
challenges that still prevent the implemen-
tation of the Li-air batteries is the slow
kinetic of the oxygen reaction resulting
in large overpotentials, especially in the
anodic oxygen oxidation (OER) direction.
Consequently, novel electrocatalysts for
smoothing out OER are extensively
searched worldwide. Although the real ef-
fectiveness of the catalytic activity is still
under debate,>® recent studies showed that
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the oxygen reduction reaction (ORR) is
rather insensitive to the presence of cata-
lysts, such as transition metal oxide (Co50,,”
MnO,%) or even noble metals® "' since
the reaction is satisfactorily promoted by
the carbon support alone. Different is the
situation related to the oxygen evolution
reaction (OER) that appears catalytically
sensitive.'® There are, however, chances
that the catalytic action rather than the
desired oxidation of Li,O, may in fact
promote the decomposition of weak elec-
trolytes, such as those based on organic
carbonate'? or dimethyl ether (DME)® solu-
tions. Therefore, the choice of stable and
robust salt—electrolyte systems, such as that
provided by LiCF3SOs-tetra(ethylene glycol)
dimethyl ether (TEGDME) electrolytes,'>™* is
a prerequisite for carrying out a valid screen-
ing of catalysts for Li-air rechargeable batteries.

Carbon-supported noble metals have been
widely investigated as electrocatalysts, and
the literature results demonstrate that the
control of the nanostructures of the catalyst—
support hybrid is a factor of key impor-
tance.”>'® In this respect, the use of a
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two-dimensional graphene support has been proven
to be quite effective in enhancing catalytic activity
compared to conventional carbon supports, such as
Vulcan'® or carbon black.'® The favorable behavior of
the graphene supports may be attributed to a series of
positive features, such as (i) a high dispersion and low
aggregation'® of noble metal catalysts resulting from
an enhanced interaction between functionalized gra-
phene surface and the noble metals'” and (ii) a large
surface area of the graphene support.'®

Ruthenium-based nanoparticles such as metallic Ru
and RuO,, hydrated or anhydrous, have been actively
explored as catalysts in various chemical and electro-
chemical oxidation reactions such as alcohol oxida-
tion,'®*® amine oxidation,”’ CO oxidation,”>?*> and
water electrolysis or water splitting oxygen evolution
reaction.>*~2® Recently, Shao-Horn et al.,* by observ-
ing the potentiostatic oxidation current of chemically
synthesized Li,O,/Ru supported on Vulcan carbon
composites, also demonstrated that Ru nanoparticles
could significantly increase the kinetics of oxygen
oxidation in carbonate-free, 1,2-dimethoxyethane,
DME-based electrolytes. The level of the catalytic
activity varied depending upon the given reaction
mechanisms. For instance, in cases of alcohol, amine,
and CO oxidation processes, RuO, showed better
catalytic activity than metallic Ru. In OER of water
oxidation in acidic aqueous systems, RuO, has been
proven to be the best catalyst with sufficient stability
since metallic Ru shows similar®® or inferior catalytic
activity®' but heavily corrodes.?® Shao-Horn and co-
workers3? recently confirmed the catalytic activity of
RuO, for oxygen evolution in acid and alkaline aqueous
solutions, also showing that its stability under OER
conditions is higher than that of Ru metal—carbon
composites. Finally, Oh and Nazar** have reported a
study on the electrochemical properties of bismuth
and lead ruthenate pyrochlores supported on carbon
as catalysts for oxygen reaction in Li/O, cells with a
LiPFs-TEGDME electrolyte. To the best of our knowl-
edge, however, there are no previous reports on the
oxygen-involving reactions catalyzed by Ru-based hy-
brids supported on functionalized graphene in Li/O,
cells using a LiCF3SO3-TEGDME electrolyte.

In this work, we evaluate the electrocatalytic activity
of ruthenium-based nanomaterials loaded on reduced
graphene oxide (rGO) for promoting the OER in non-
aqueous, Li-oxygen cells using a LiCF3SOs-TEGDME
solution as the preferred electrolyte. We demonstrate
that our nanohybrid structures, benefitting by the
unique combination of a porous rGO support with
Ru-based hybrid nanocrystals, decrease the value of
the charging overpotential compared to that resulting
from the use of conventional, carbon-based, catalyst-
free electrodes. We show that in Li/O, cells using
electrodes loaded by Ru-based rGO-supported hybrid
catalysts, the OER reaction proceeds with an average
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charging potential of ~3.7 V even under highly de-
manding conditions, such as those associated with a
high current density (i.e, 500 mA g~ ") and a high
capacity (i.e, 5000 mAh g~ '). No electrolyte decom-
position was observed, and the cell shows stable
cycling performances for over 30 cycles.

RESULTS AND DISCUSSION

In this research, we have examined the catalytic
activity of three main materials, namely, (i) reduced
graphene oxide; (ii) ruthenium metal supported on
graphene, hereafter simply referred as Ru-rGO hybrid;
and (i) hydrated ruthenium oxide supported on gra-
phene, hereafter simply referred as RuO,-H,0-rGO
hybrid. The X-ray diffraction (XRD) patterns of the
two hybrids confirm the presence of nanocrystalline
metallic Ru and rutile RuO, along with the rGO in
the Ru-rGO and RuO,-H,0-rGO hybrids, respectively
(see Supporting Information Figure S1). The structural
water content in rGO-supported hydrated RuO,-H,0
particles was estimated using thermogravimetric anal-
ysis (TGA) obtaining a total weight loss of RuO,-H,0
of ~8 wt % corresponding to a RuO,-0.64H,0 compo-
sition (Figure S2b). TGA was also used to determine the
catalyst loading on rGO that was 44 wt % Ru-rGO and
55 wt % RuO, - 0.64H,0-rGO (Figure S2a,c). The carbon
in Ru-based rGO hybrids decomposed at lower tem-
peratures than graphitic carbon or rGO-only,>* prob-
ably due to the interaction between noble metal
nanoparticles and graphene carbon that might influ-
ence the bond strength between the backbones or
even favor its catalytic decomposition. Finally, the
Ru-rGO and RuO, - 0.64H,0-rGO hybrids used in this work
were characterized by X-ray photoelectron spectros-
copy (XPS) (Figure S3).

Figure 1 reports the scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) micro-
structural analyses of Ru-rGO and RuO,-0.64H,0-rGO
hybrids. The SEM images in Figure 1a,d evidence the
wrinkled, porous two-dimensional rGO morphology,
forming featured porous 3-D networks of the rGO
platform. The presence of carbon, ruthenium, and
oxygen was verified by the energy-dispersive X-ray
spectroscopy (EDX) images shown in the insets of the
figures. The TEM images of Figure 1b,e reveal the
intimate hybrid structure of the rGO-supported catalysts:
Ru and RuO,-0.64H,0 nanoparticles are exclusively
deposited on rGO and distributed homogeneously
across its surface. It is worth noting that effective
catalytic activity is expected to be associated with high
surface area of the active catalytic sites, as in fact
provided here by the well-separated nanoparticles of
Ru and RuO,-0.64H,0. The high-magnification HRTEM
images reported in the insets of Figure 1b,e evidence
the crystalline nature of these nanoparticles. Finally,
the HRTEM analysis allowed us to also determine the
particle size distribution of the Ru and RuO,-0.64H,0
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Figure 1. Microstructural analysis of Ru-rGO and RuO, - 0.64H,0-rGO hybrids: (a) SEM image of porous Ru-rGO hybrid; (inset)
SEM-EDX of Ru-rGO hybrid; (b) TEM images of Ru-rGO hybrid (inset: HRTEM image); (c) particle size distribution of Ru-rGO
hybrid; (d) SEM image of porous RuO, - 0.64H,0-rGO hybrid; (inset) SEM-EDX of RuO, - 0.64H,0-rGO hybrid; (e) TEM images of
RuO;-0.64H,0-rGO hybrid (inset: HRTEM); and (f) particle size distribution of RuO,-0.64H,0-rGO hybrid.

powders, as reported in Figure 1¢,f: for both systems,
most particles fall within the size range of 1—4 nm,
with an average size of 2.36 and 2.18 nm for Ru and
RuO,-0.64H,0, respectively. The Brunauer—Emmett—
Teller (BET) specific surface areas of rGO-only powder,
Ru-rGO hybrid, and RuO, - 0.64H,0-rGO hybrid are 51.7,
124.0,and 174.5 m? g™, respectively. The pore volume
is 0.049,0.184,and 0.197 cm® g~ for rtGO-only powder,
Ru-rGO hybrid, and RuO, - 0.64H,0-rGO hybrid, respec-
tively. The surface area of the rGO-only powder, due to
the restacking of rGO sheets during the drying process
from colloidal rGO, has a similar value of that of Super P
carbon, estimated as 61.1 m? g~ . The surface area of
rGO-supported catalysts, however, is much higher
since the presence of the catalysts on rGO effectively
suppressed the restacking of the rGO sheets. It is
expected that the increased surface area and pore
volume could contribute to enhance the reversible
capacity of the oxygen electrode by facilitating the
transport of O, gas and Li* ions and accommodating
the solid discharge product. This work, however,
mainly focuses on the investigation of the catalytic
performance of the Ru-based materials to address the
overpotential issues of the OER reaction in Li—0, cells,
and in this regard, the small particle size and well-
separated uniform distribution of the catalysts on the
conducting support in our hybrid system are certainly
important features.

To confirm this expectation, we first assumed that
the porous rGO, in view of its general high surface
area, could provide preferential reaction sites for O,
gas, Li* ions, and electrons, thus being itself a promis-
ing electrode for the oxygen process.®® Indeed, the
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surface functional groups and defects, as those occur-
ring in rGO, have been reported to catalyze oxygen-
involving reactions in aqueous electrolytes'® as well as
in alkyl carbonate electrolyte® Li—0, cells, where the
main discharge product is OH™ for the former and
Li,COs for the latter. However, as revealed by the BET
analysis, rGO-only powder showed similar specific
surface area than that of Super P carbon, with this
effectively precluding the beneficial role of a higher
surface area. Accordingly, we could not detect any
specific catalytic effect for both ORR (discharge pro-
cess) and OER (charge process) compared to Super P in
the case where a cathode using rGO-only was applied
in our LiCF3SO5-TEGDME electrolyte-based Li/O, cell
(see Figure S4) so as to lead us to the conclusion that,
unlike the aqueous electrolyte and carbonate electro-
lyte systems, the functional groups and defects on the
rGO surface do not enhance the Li,O, formation—
oxidation reaction any better than the common Super
P carbon substrate.

On the contrary, rGO-supported Ru and RuO, - 0.64H,0
catalysts showed quite a different behavior. Figure 2
illustrates the discharge (ORR)—charge (OER) voltage
profiles of Li/O, coin-type cells using electrodes based
on pristine rGO, Ru-rGO, and RuO, - 0.64H,0-rGO hybrids.
The cells were cycled under the capacity-controlled
regimes of 2000 and of 5000 mAh g~ ', and Figure 2a,d
compares the voltage profiles of their respective fifth
cycle. Variations of the voltage profile during the first
five cycles (from first to fifth cycle) are provided in
Figure S5. While the charge potential was rather fluc-
tuating for the rGO-only electrode, Ru-based hybrid
electrodes showed stable OER potentials after the

VoL.7 = NO.4 = 3532-3539 = 2013 ACNJANIC)

WWww.acsnano.org

3534



55 T T T o ovele | 5.5 T T T 5.5 T T T
sol(Q) cycle | | (b) Ru-rGO hybrid | | (c) RuO,.0.64H,0-rGO hybrid |
200 mA/g-10 h 5.0 200 mAIg10 h 5.0
- 2 10 h

451 R 45k i a5l 00 mA/g-10 h |

E 401 1 2 a0} {1 2w} E
[ e — Py S
o 35 4 L J K - - J
8§ 2 35H —— o 35 \/ —
= S S
5 30 1 B 30f T YA NG E
9 1 2 _— .
25+ 1 251 g 25} 4
catalyst free rGO
2.0 — Ru-1GO hybrid | 20l —5"‘"‘ —10:: —15:: i 20k —5‘“m —10:: —15:: |
RuO,.0.64H,0-rGO hybrid : —20" —25 30 ’ —2 2 30
15U 1 1 1 1 15 1 1 1 1 1 154 1 1 1 1
0 500 1000 1500 2000 0 500 1000 1500 2000 0 500 1000 1500 2000
Capacity / mAh g Capacity / mAh g’ Capacity / mAh g
55 T T T T T 5.5 T T T 551 T T T T
sol.(d) 5" cycle | sol(€) Ru-rGO hybrid | sol (P Ru0,.0.64H,0-rGO hybrid |
500 mA/g-10 h 500 mA/g-10 h 500 mA/g-10 h

45l 4 45} - a5t g
2 a0 4 2 aof — > 40} p
o o | °

| 1 835 / | 5| //,/

E’ ZZ £ 30 E Z: —
S 3 { T3 1 % 3ol J
s s, \ S O

251 catalyst free rGO T ST 5 10" 150 T 251 5" g ——q5" T

20+ Ru-rGO hybrid i 20}k 4 0+ th th th i

0 RuO,0.64H,0-rGO hybrid 2" %" " 20 0 % %0
150 L L 1 L A 1.5 1 1 L L 150 1 L 1 1 Al
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
Capacity / mAh g Capacity / mAh g Capacity / mAh g’

Figure 2. Discharge—charge cycles of Li-air cells using rGO, Ru-rGO hybrid, and RuO,-0.64H,0-rGO hybrid under various
specific capacity limits. (a—c) Current = 200 mA g~ '; time = 10 h; cycling capacity = 2000 mAh g~ '; voltage profiles of (a) fifth
cycle and following cycles of (b) Ru-rGO hybrid and (c) RuO,-0.64H,0-rGO hybrid. (d—f) Current = 500 mA g*1; time=10h;

-1

cycling capacity = 5000 mAh g

; voltage profiles of (d) fifth cycle and following cycles of (e) Ru-rGO hybrid and (f)

Ru0;-0.64H,0-rGO hybrid. The capacity was normalized by the total weight of oxygen electrodes (rGO or rGO + catalyst).

third cycle. Clearly, the cells using electrodes with the
Ru-based rGO hybrids display a significant reduction
in charge potentials, passing from ~4.3 V for rGO
to ~3.9 V for the Ru-rGO hybrid and ~3.7 V for the
RuO; - 0.64H,0-rGO hybrid, even under the high capac-
ity regime of 5000 mAh g~ '; in contrast, their dis-
charge potentials did not substantially differ. The latter
resultis in line with the generally accepted assumption
that the ORR Li,O, formation reaction is hardly affected
by catalysts which instead are of importance for en-
hancing the kinetics of the OER Li,O, reconversion. The
origin of the two plateaus in the charge potential
profile is not clear at this moment. We speculate that
it might be associated with decomposing Li,O, prod-
ucts with different electrochemical reactivity. Our pre-
vious report,'* showing that in the discharge product
figure both spherical amorphous, hollow amorphous
and crystalline Li,O, that in turn might have different
electrochemical activity upon decomposition, partially
supports this hypothesis. Further investigation, how-
ever, is certainly needed to reach a final explanation of
the double-plateau trend.

Notice that the OER potential did not change dra-
matically in Li/O, cells using RuO, - 0.64H,0-rGO hybrid
electrodes when the discharge and charge current was
increased from 200 mA g~ to 500 mAh g~ (compare
Figure 2¢,f). McCloskey et al.*” by studying the '®0,
oxidation process, determined that the highest oxygen
evolution rate occurs in the voltage region extending
from 3.1 to 4.0 V, remaining then low up to the onset
of electrolyte decomposition, that is, above 4.5 V.
Since the charging potential of our Li/O; cells using
RuO,-0.64H,0-rGO hybrid electrodes entirely evolves
in the voltage region below 4.0 V (see Figure 2a,c,d,f),
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Figure 3. Comparison of 'H NMR spectra obtained for a
TEGDME electrolyte of Li-air cells using rGO, Ru-rGO hybrid,
and RuO, - 0.64H,0-rGO hybrid after cycling test (capacity =
5000 mAh g ").

we can expect that the kinetics of the O, evolution
reaction would be fast during the whole charge pro-
cess, with this finally accounting for the very good rate
capability displayed in these cells. Also the charge—
discharge energy efficiency increased considerably
when passing from cells using cathodes based on
rGO-only to those using the RuO,-0.64H,0-rGO hy-
brid, namely, from 66 to 75%. Finally, even after
30 cycles at capacity regimes of 2000 mAh g~ (see
Figure 2b,c) and 5000 mAh g~ (see Figure 2e/), the
response of cells using the Ru-based hybrid catalyst
remained very stable with no evidence of TEGDME-
LiCF3SOs electrolyte decomposition, as confirmed by
'H nuclear magnetic resonance (NMR) analysis (see
Figure 3).

Figure S6 shows that Li—O, cells employing Ru-
based hybrid electrodes started to degrade after
35 cycles. Also, a cell using RuO,-0.64H,0-rGO hybrid
cathodes, when cycled in a voltage window extending
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Figure 4. Potential step chronoamperometry for the dis-
charged electrodes in Li—O, cells. The cell was first dis-
charged at 500 mA g~ for 10 h to give discharge capacity of
5000 mAh g~ . After discharge, the cell potential was held
at 2.9 V for 3 h. Then the potential was stepped from 2.9 to
4.0 V vs Li/Li™.

from 2.0 to ~4.3 V, showed a rapid capacity decay. We
believe that this apparent poor cyclability is not merely
associated with the degradation (including pore block-
ing) of the air cathode but rather to a progressive
degradation of the Li-metal anode. It has been, in fact,
shown that Li-metal anode, if not adequately pro-
tected, may severely corrode upon cycling.3® In addi-
tion, it is important to point out that, in order to obtain
high reversibility, it is advisable to limit the discharge
process of Li—0, cells to the formation of Li,O,. We
have, in fact, shown that the reversibility is seriously
affected if the process is extended to Li,O since this
condition prevents full reconversion to Li and 0,.%°
To further compare the catalytic activity of Ru-based
hybrid catalysts with that of rGO-only on OER kinetics,
three related fully discharged cells were potentiostati-
cally recharged at 4 V, and the resulting chronoam-
perometric curves are shown in Figure 4. The trends
demonstrate that the current level in the cell with the
hybrid catalysts, especially with the RuO,-0.64H,0-rGO
hybrid, is consistently higher than that using pristine rGO,
this again confirming the superior activity of the former.
The question that can be raised here is if the electro-
catalysts employed actually catalyze the reversible Li,O,
formation—reconversion reaction and not undesirable
side reactions, such as that between Li,O, and carbon.
The electrolyte stability under the presence of
Ru-based hybrid catalysts was already demonstrated by
the NMR analysis reported in Figure 3. We confirm the
absence of side reactions at the electrode side by the
XPS chemical attribute analysis reported in Figure 5.
The spectra clearly reveal that the main discharge
product for the RuO,-0.64H,0-rGO hybrid electrode
was Li,O, and that it decomposed completely upon
charging (Figure 5a). Admittedly, a small amount of
Li,CO3 was observed after charging; we believe, how-
ever, that it originates from the oxygen functionalities
of the rGO support (compare Figure 5b,c). The surface
oxygen functional groups of rGO could, in fact, react
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with lithium with an initial formation of Li,COs5; how-
ever, since they are present in a very limited amount,
this process is not expected to significantly affect the
overall performance or reversibility of the electro-
chemical reaction, as indeed demonstrated by the excel-
lent cycling reversibility shown by the Ru-based rGO
hybrid air cathodes tested in this work. The same result
was found for the Ru-rGO hybrid.*® All included, we
concluded that Ru-based electrocatalysts truly catalyze
the reversible Li,O, formation—reconversion reaction.

In our assessment for the catalyzed Li,O, oxidation
(charging) process, we found that RuO,-H,0 behaves
better than Ru (see Figure 2). The exact explanation for
the high catalytic activity of RuO,-H,0 on the OER in
non-aqueous Li/O, cells is not yet totally clear to us. At
this stage, we may only speculate that this activity may
closely depend upon the mechanism of the Li,O,
reconversion reaction and of its intermediates. For
instance, in the case of chemical oxidation of CO, the
catalytic activity is determined by the interplay of the
surface adsorption energy of molecular oxygen and its
dissociation probability. For assuring optimum cata-
lytic activity, the dissociation probability should not be
too low and the adsorption energy not too high. Due to
its very strong oxygen binding that limits the supply of
active oxygen species, metallic Ru is a poor catalyst for
CO oxidation. On the contrary, RuO, is much more
active due to the weaker oxygen bonding compared to
chemisorbed oxygen on metallic Ru.?? It has been
shown that electrocatalyzed OER in acidic aqueous
systems involves surface-adsorbed O, OH, and OOH
intermediates,®'*! and for both metallic Ru and RuO,-
catalyzed processes, the rate-limiting step is the for-
mation of OOH intermediates. It has also been reported
that RuO, catalysts showed lower OER overpotentials
than metals, mainly due to oxygen binding and hy-
droxyl binding surface forces.>'

It is apparent that the OER in non-aqueous electro-
lyte Li—O, cells follows a different reaction pathway
from ORR*? and that the direct reconversion of Li,O, to
Li* and O, does occur without formation of LiO,
intermediates in the course of the noncatalyzed oxida-
tion of Li,O, while the formation of these intermedi-
ates has been verified for the opposite ORR.3%*? In view
of the above considerations, we may explain the better
performance of RuO, in the above-mentioned cata-
lyzed Li,O, reconversion reaction by speculating that
its mechanism is closely associated with the surface-
adsorbed oxygen intermediates and, consequently,
that the binding energy of the oxygen atoms could
be a key parameter for influencing the activity of the
catalyst itself. Even assuming the same activity per site
for metallic Ru and for RuO, - H,0, the latter is expected
to operate with a higher efficiency since the density of
Ru is 10.65 g cm > while that of RuO,-H,0 is almost
half, 6.97 g cm . In our study, Ru and RuO,-0.64H,0
have similar particle size (see Figure 1); hence, by using
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Figure 5. XPS Li 1s peaks of the discharged and recharged electrodes using (a) RuO, - 0.64H,0-rGO hybrid, (b) rGO-only, and

(c) Super P carbon.

the same catalyst mass loading onto rGO, the number
of active surface sites is expected to be higher for
RuO,-0.64H,0, as effectively apparent by comparing
of Figure 1e with Figure 1b. Additional work is certainly
needed to confirm this interpretation; this work is, in
fact, in progress in our laboratories.

Finally, we address the stability aspect in respect to
the Ru-based nanomaterials tested in this study. Since
RuO, is hydrated, the incorporated water molecule
might, in principle, cause side reactions, such as LiOH
formation. The H,0 in hydrated RuO,, however, is not
surface-adsorbed but rather a structural water in-
cluded in the molecular structure, and in this feature,
it is not expected to easily decompose. In fact, we did
not detect any evidence of LiOH by XPS analysis of
discharged RuO,-0.64H,0-rGO hybrid electrodes.
Furthermore, the cycling data presented in this work
showed stable retention up to 35 cycles, finally
confirming the stability of H,O in hydrated RuO,.
We also measured the time evolution of the open
circuit voltage (OCV) of the cells with rGO-only and
RuO, - 0.64H,0-rGO hybrid cathodes since an eventual
change in OCV would, in fact, show the occurrence of
side processes. However, no change over time was
detected. Electrochemical impedance spectroscopy
(EIS) was also employed to monitor impedance
change over time; also this test did not evidence the
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occurrence of any unexpected reaction since the
impedance for the cells with rGO-only and with
RuO,-0.64H,0-rGO hybrid cathodes was quite stable.
Therefore, we can reasonably conclude that the incor-
porated water molecules are not involved in the
electrochemical reaction. This point is further dis-
cussed in the Supporting Information; see Figure S7.

CONCLUSION

Ru-based nanomaterials supported on rGO have
been tested as catalysts for the oxygen reduction
(ORR, Li,O, formation) and oxidation (OER, Li,O,
reconversion) in the Li/O, cells using a TEGDME-
LiCF3SOs electrolyte. The results demonstrate that, while
rGO itself cannot boost Li,O, formation and oxidation
reaction any better than common Super P carbon,
Ru-based nanoparticles have instead a definite ability
to catalyze OER with fast kinetics and no electrolyte
decomposition. In particular, we show that hybrids
based on hydrated ruthenium oxide supported on
graphene (RuO,-0.64H,0-rGO) outperformed those
based on metal ruthenium also supported on gra-
phene (Ru-rGO) by a superior catalytic activity, remark-
ably reducing charge potentials to ~3.7 V even at
high current density of 500 mA g~ and high capacity
of 5000 mAh g~'. We show that Li-air cells employ-
ing RuO,-0.64H,0-rGO cathodes maintained stable
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cycling performances for over 30 cycles. We believe
that this work may contribute to enhance the energy
power performances of the Li-air cells by demonstrat-
ing the key role of proper engineering of the catalyst
materials and nanostructures.

Some concern may arise on the crystallinity of our
Ru-based materials since the peaks shown in Figure S1
are not totally well-defined. This apparent lack of
crystallinity might be related to the nanosize dimen-
sion of the electrocatalysts employed here. Highly
crystalline catalysts, usually prepared at high tempera-
ture, show better stability than amorphous but have

METHODS

Material Synthesis. Graphene oxide (GO) was prepared by
modified Hummers method.**** Ru-rGO hybrid was synthe-
sized by modified polyol method.** A 100 mL GO dispersion
(Tmg mL™ " in ethylene glycol (EG) was first prepared with the
aid of horn sonication for 1 h, then added by 10 mL of RuCl;
solution dissolved in EG (21 mg mL~") and incubated for 2 h. The
pH of the solution was adjusted to 13 with NaOH (2.5 M in EG).
The reaction temperature was increased to 120 °C, and upon
reaching 120 °C, and a solution of NaBH, reducing agent
dissolved in EG was slowly injected. The so obtained solution
was refluxed at this temperature for 1 h and then cooled to room
temperature. The final rGO-supported metallic Ru product was
filtered, washed, and dried under vacuum. The RuO,-0.64H,0-
rGO hybrid was synthesized by a mild hydrothermal reaction.***”
An ultrasonicated, aqueous GO dispersion (0.67 mg mL~") was
mixed with 30 mg of RuCl;. After 30 min of incubation, the
resulting solution was transferred to the Teflon-lined autoclave
and reacted hydrothermally at 180 °C for 12 h. The precipitation
was filtered, washed, and dried.

Characterization. The microstructure of supported catalysts
was analyzed by X-ray diffraction (XRD, Rigaku D/Max-2500
powder diffractometer with Cu Kot radiation), transmission
electron microscopy (JEOL JEM-2100F), and scanning electron
microscopy (Hitachi S-4800). The catalyst composition was
determined by thermogravimetric analysis carried out using a
Netzsch TG209F3 apparatus at a heating rate of 10 °C min™" in
air flow. Nitrogen sorption measurements were performed
using Autosorb-IQ MP (Quantachrome Inc.) at 77 K, and specific
surface area was calculated using the Brunauer—Emmett—
Teller method. Before measurement, the sample was outgassed
under vacuum at 100 °C for 3 h. XPS was measured on
ThermoVG K-alpha. Finally, the electrolyte stability was deter-
mined by "H NMR analysis, conducted in DCCls (chloroform-ds)
as solvent, and tetramethylsilane (TMS) as a reference using a
VNMRS 600 MHz instrument. For this test, the electrolyte was
extracted from disassembled tested cells in an argon-filled
glovebox.

Electrochemical Test. For the preparation of the oxygen elec-
trodes to be tested in Li/O, cells, rGO, Ru-rGO hybrid, and
RuO,-0.64H,0-rGO hybrid were intimately mixed in a N-methyl-
2-pyrrolidone (NMP) solution and a polyvinylidene fluoride
binder (PVDF) with a weight ratio of 8:2. The so obtained slurry
was coated on a gas diffusion layer (TGP-H-030 carbon paper,
Torray) with a loading density of 1.0 & 0.1 Mgcarpon CM 2 and
dried for 12 h at 100 °C under vacuum to remove the residual
solvent. Li—0,, R2032 coin-type cells were assembled in an
argon-filled glovebox (MBRAUN, H,0 < 0.1 ppm, O, < 0.1 ppm).
The positive top cover was machine-drilled to evenly distribute
21 x 1.0 mm diameter holes for the oxygen intake. The cell
consisted of metallic lithium foil anode (400 um thick), the
aforementioned carbon cathode, and glass fiber (Whatman)
separator. A solution of LiCF3SO; (Aldrich) in a tetra(ethylene
glycol) dimethyl ether (TEGDME) solvent with a molar ratio of
1:4 was used as the electrolyte. All solvents were also dried for
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lower overall catalytic activity.>* We show here that our
Ru-based materials promote stable cycling for more
than 30 cycles (see later); however, admittedly this is
not conclusive evidence in terms of prolonged opera-
tion. However, at the present status of this study, we
cannot undertake long-term evaluation of the cells due
to a series of still unsolved issues, including the degra-
dation of the Li-metal anode, pore clogging, and many
other problems related with cell components. There-
fore, we plan to evaluate the long-term stability once a
stable cell configuration is determined. This work is in
progress in our laboratories.

several days over activated molecular sieves prior to use to
reduce the moisture content below 10 ppm, as determined by
Mettler-Toledo Karl Fischer. The Li—0O, cells were electrochemi-
cally tested by using galvanostatic cycling with a VMP3 biologic
instrument on time-controlled mode at a curnet density of 200
and 500 mA g’1 for 10 h. For these tests, the cell was placed in an
oxygen-filled chamber with a pressure slightly higher than 1 atm.
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