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Nonaqueous Li-O, batteries attract attention for their theoretical specific energy density. However, due
to the difficulty of decomposition of Li,O,, Li-O, batteries have high charge overpotential and poor
cycling life. So all kinds of catalysts have been studied on the cathode. Compared to heterogeneous solid
catalysts, soluble catalysts achieve faster and more effective transport of electrons by reversible redox

pairs. Here, we first report ruthenocene (Ruc) as a mobile redox mediator in a Li-O, battery. 0.01 mol/L
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Cycling life

Ruc in the electrolyte effectively reduces the charging voltage by 610 mV. Additionally, Ruc greatly
increases the cycling life by four-fold (up to 83 cycles) with a simple ketjen black (KB) cathode. The results
of SEM, XPS and XRD confirm that less discharge product residue accumulated after recharge. To verify
the reaction mechanisms of the mediator, free energy profiles of the possible reaction pathways based on
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The Li-O, batteries are promising next-generation energy storage
systems due to their high energy density, which is two to three times
greater than that of lithium-ion cells [1-3]. A typical Li-O, cell
comprises a lithium anode, a nonaqueous electrolyte and a porous
cathode, which is usually based on a carbon material [4-6]. The
nonaqueous Li-O; cells mostly use dimethyl sulfoxide (DMSO)[7] and
tetraglyme [5] as electrolyte solutions, which are relatively stable in
the voltage range of 2.0-4.5 Vvs. Li*[Li. It is generally believed that the
reaction process during discharge is as follows [1,8]:

Anode:

Li-e =Li* (1)
Cathode:
Li* + e + 0, = LiO, (2)
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2Li05 = Li,05 + O, (3)

LiO, + Li* + e = Li,0, (4)

Superoxide lithium (LiO;), as an important intermediate in the
discharge process, is insoluble and further decomposes to O, and
Li,O, (the main discharge product) on the electrode surface. The
discharge process is terminated by blocking the electrode surface
with precipitated Li,O- [4]. In the charge process, solid Li,O, on the
cathode is directly oxidized to decompose at the high charging
voltage (>4.3V vs. Li*/Li) [9] due to its poor conductivity and
insolubility, which also lead to low energy efficiency (limit to ~60%
to 70%) [9,10], poor cyclic stability, and irreversible decomposition
of carbon materials and electrolyte. As one of the major challenges
facing the Li-O, cell [11,12], finding ways to decompose Li,O, at a
low charging voltage is quite significant for improving the overall
performance [13].

To efficiently decompose solid Li,O, during the charge process,
various solid catalysts, such as noble metals [14-16], metal oxides
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[17,18] and carbon materials doped with N and S [19,20], have been
developed. However, the active sites on the above solid catalysts
are gradually covered by the Li, O, particles. Due to the inadequate
contact between solid-solid particles [13,21] and the poor
electrical conductivity of Li,O,, the transport of electrons between
Li»O, particles and the electrode surface is very slow during the
charge process, which leads to further high electrochemical
polarization at the cathode. Compared with all kinds of heteroge-
neous catalysts, dissolved redox mediators (RMs) are more mobile
and inclined to stably transform between RM* and RM in an
electrolyte, which results in its unique advantage of electronic
conduction. Therefore, a RM achieves faster and more effective
transport of electrons by reversible redox pairs when dissolved in
an electrolyte, making it more accessible to discharge products and
the cathode [22,23]. The charge process without a RM on the
cathode proceeds through the following step:

Li202 -2e =05+ 2Li* (5)

The charge process with a RM on the cathode proceeds through
the following steps [13,24]:

RM - e~ = RM* (6)

2RM* + Li,O, = O, + 2RM + 2Li* (7)

To oxidize Li,0,, the redox potential of the RM*/RM couple
needs to be higher than 2.96V (theoretical voltage of forming
Li»0,). Additionally, for maximization of energy efficiency, the
redox potential of RM*/RM should not be much higher than 2.96 V.
Therefore, a voltage in the range of 3.0-4.0V (vs. Li*/Li) is
recognized as the reasonable range for promising RM candidates
[21]. The electrochemical decomposition of Li,O, at the cathode
during the charge process usually requires a voltage higher than
4.3V without a RM. However, during the charge reaction with a
RM, the RM is first oxidized to the RM" at the cathode at a lower
voltage (Erm-rm) than 4.3 V. Then the RM" oxidizes and decom-
poses Li0, particles by a chemical reaction. Meanwhile, the RM* is
reduced to the RM for regeneration. The decomposition of LiO, is
transformed from a direct electrochemical pathway (step 5) to a
chemical reaction (steps 6-7) by adding a RM [21].

In addition to a suitable potential of the redox pair, a possible
RM should meet many applied requirements, such as good
solubility in the electrolyte and good chemical stability in the
electrochemical environment. To date, a few RMs have been
reported to reduce electrochemical polarization during the charge
process. For example, tetrathiafulvalene (TTF), lithium iodide (Lil)
[13,25], and 2,2,6,6-tetramethylpiperidinyloxyl (TEMPO) have
been applied to a Li-O, battery. The cells with TTF and Lil showed
a favorable ability to lower the charge voltage during the first cycle,
while the overpotential rapidly increased with continuous
discharge/recharge cycles. Additionally, it is widely reported that
Lil is reduced by Li metal, which depletes both the redox mediator
and the anode [26]. TEMPO with ketjen black showed a more stable
cycling performance than Lil and TTF under the same testing
conditions; however, the life of the cell with TEMPO was less than
50 cycles. The reported RMs are faced with poor cyclic stability in
Li-O, batteries.

Recently, research based on multivalent ferric organics as redox
mediators has received increasing attention [27]. For example, Sun
et al. [23] found that soluble iron phthalocyanine (FePc) shows
good cyclic stability. Ferrocene (Fec) has also been reported as a RM
in Li-O, batteries; however, the CV and DEMS results show poor
reversibility and stability [12]. Lim et al. [21] describe that the
ionization energy (LE.) values of RM molecules are directly related
to the redox potential of the RM. Solid ruthenium and ruthenic

oxide (Ru/Ru0,) [28,29] at the cathode exhibit an excellent ability
to catalyze the Li,O, decomposition during the charge process.
Moreover, the LE. value of Ru"/Ru" is close to that of Fe!/Fe!,
which means that multivalent ruthenium organics may possess a
suitable redox potential to act as possible RMs.

Here, we first report ruthenocene (Ruc) as a highly stable redox
mediator to reduce the charging voltage and greatly increase the
cycling life of Li-O; batteries. The molecular structure and valance
change of ruthenocene were shown in Scheme 1. During the
electrochemical reaction, the valance of ruthenium as a center
atom was changed between ruthenium(Il) and ruthenium(III). To
primarily judge Ruc as a possible candidate, the redox potential
and the reversibility of Ruc in a Li-O, cell environment were
explored by cyclic voltammetry (CV). The first discharge and
recharge curves of Li-O, cells with and without Ruc are displayed,
and their discharge/recharge potential platforms were compared.
Additionally, the cycling life of Li-O, cells with and without Ruc
was investigated under the same conditions.

Scanning electron microscopy (SEM) and X-ray diffraction
(XRD) were used to observe the form, number and crystalline
phase changes of the products on the cathode of Li-O, batteries
after full discharge and recharge, respectively. To explore the
amount and components of the discharge products after different
discharge and recharge cycles, X-ray photoelectron spectroscopy
(XPS) was recorded and analyzed. Finally, free energy profiles of
possible active sites and reaction mechanisms with Ruc were
calculated and compared, which further explained why Ruc can
reduce the charge voltage and enhance the cyclic stability in a Li-
0O, battery.

The appropriate redox potential of RM means the RM has the
ability to decompose Li,0, and maximize energy efficiency. Thus,
possessing a suitable redox potential is the primary condition that
possible RM candidates must meet.

To explore the redox potential and the reversibility of Ruc, cyclic
voltammetry (CV) was performed. During the CV test, a polished
gold piece, a platinum wire and a silver wire were used as the
working electrode, counter electrode and reference electrode,
respectively.

From Fig. 1a, the formal potential of the redox couple 0,/0,~
was 2.36 V (vs. Li*/Li) in DMSO, which is consistent with previous
reports. A formal voltage of 3.59V was determined for the redox
pair Ruc*/Ruc, which is consistent with the midpoint between the
anodic and cathodic peaks [30]. The CV curves of Ruc show redox
potentials (3.59 V vs. Li*/Li) greater than 2.96 V (theoretical voltage
for forming Li»O,), which indicates that Ruc possesses a
sufficiently high redox potential to oxidize Li,O,. The redox peak
of Ruc*/Ruc in Ar is identical to that in O, atmosphere, which
shows that Ruc does not react with oxygen. Additionally, for the
redox pair of Ruc*/Ruc in Fig. S1 (Supporting information), the
ratio of the reduction peak current (I,.) and the oxidation peak
current (I,,) is close to 1 (Ip/lpa = 0.92), which confirms the
reversible redox pair of Ruc*/Ruc. The cathodic to anodic peak
separation for Ruc is 68 mV (Fig. S1 in Supporting information),
which is very close to 59 mV recognized for a reversible one-
electron transfer process [30].

We evaluated the electrochemical function of Ruc as a redox
mediator by assembling full Li-O, cells to assess its practical
advantages (Figs. 1b and c). To focus purely on the contribution of

Ru" T Ry

Scheme 1. The molecular structure and valance change of ruthenocene.
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Fig.1. (a) Cyclic voltammetry of 5 mmol/L Ruc dissolved in 0.1 mol/LTBACIO, in DMSO. (b) The first charge/discharge curves. (c) Cycling stability of a Li-O, cell; with (the red)
and without (the black) Ruc. (d) Cycling stability comparison of several common RMs with a KB cathode at the same test condition.

Ruc as an electron shuttle to reduce the charge potential and
prolong the cycling life of Li-O, batteries, we used ketjen black as a
cathode material without other solid catalysts. Li metal was used
as the negative electrode (anode). Fig. 1b shows the first discharge/
charge cycle of the Li-O, batteries with (red) and without (black)
0.01 mol/L Ruc in 0.1 mol/L LiTFSI/tetraglyme at current density of
0.1 mA/cm? and capacity of 500 mAh/g. Although the cell with Ruc
shows a similar discharge voltage platform as that without RM, the
charge potential platform was significantly reduced with Ruc to
3.65V, a decrease of up to 610 mV, which indicates that Ruc, as a
redox mediator, can actually reduce the charging potential of Li-O,
batteries.

To further examine the cycling stability of the RM in batteries
between 2.0-4.5V at current density of 0.1 mA/cm? and limited
capacity of 500 mAh/g, the cycling stability of Li-O, batteries with
and without Ruc was tested, and the results are shown in Fig. 1c.
The Li-O, batteries with Ruc showed superior stability and
achieved 83 cycles with a pure KB electrode. Moreover, for the
Li-O, batteries without Ruc, only 23 stable cycles were possible,
which are far less than those with Ruc. The cell with Ruc still
maintained a low charge voltage after multiple cycles. The
remarkable cycling life of the Li-O, cell with Ruc benefits from
the high stability of Ruc, which is significant for the practical
application of a redox mediator.

In addition to comparing the cell without Ruc, the cycling
stability of several RMs reported according to previous articles was
compared, and the results are shown in Fig. 1d. All RMs were
compared under the same test conditions, including electrode
materials, current density, and specific capacity. The cells with
0.01 mol/L TTF, Lil and TEMPO performed well for 27, 20 and 50
cycles, respectively, with a pure KB electrode, and the cycling
performance is much lower than that of Ruc in Li-O, batteries. This

Pristine

Full discharge

result indicates that Ruc, as a unique redox mediator, provides
remarkable stability, which greatly contributes to the cycle life of
Li-O, batteries.

In order to further assess the ability of Ruc to dissolve in the
electrolyte to decompose solid Li,O, during the charge process, we
used scanning electron microscopy (SEM) to investigate the form
and amount of discharge products on the cathode after full
discharge and recharge with and without Ruc. The SEM images
were collected from the cathode of the Li-0, cell with and without
0.01 mol/L Ruc in 0.1 mol/L LiTFSI/tetraglyme at current density of
0.1 mA/cm?. The Li-O, cell was discharged to 2.5V and subse-
quently charged to 4.5 V. The SEM images of the pristine cathode
(Fig. 2a), the cathodes after full discharge and recharge with Ruc
(Figs. 2b and c, respectively), and the cathodes after full discharge
and recharge without Ruc (Figs. 2d and e, respectively) are shown.

The full discharge and recharge pristine cathode consists of
porous KB carbon, so the porous structure on the cathode is shown
in Fig. 2a. After the full discharge process with and without Ruc, the
surface of the cathode is completely covered by sheet discharge
products. No porous KB materials were observed, as shown in
Figs. 2b and d. The discharge products gradually decomposed
during the charge process. From Fig. 2c, the cathode of the cell with
Ruc was almost free of coverage of discharge products after
recharging. However, the discharge product was only partially
decomposed in the absence of Ruc at the same charge voltage
(4.5V) (Fig. 2e). Comparing the SEM images after recharge with
and without Ruc shows that Ruc as the redox mediator contributes
to decomposition of the discharge products.

To further explore the chemistry of the discharge products on
the cathode surface and compare the reversibility of cells without
and with Ruc, we used X-ray photoelectron spectroscopy (XPS) to
examine the cathode in the O 1s (Figs. 3a and b) and Ru 3p (Fig. 3¢c)

Fig. 2. SEM images of the KB electrodes after different discharge capacities in Li-O; cells. (a) Pristine, (b) full discharge with Ruc, (c) recharge with Ruc, (d) full discharge

without Ruc, (e) recharge without Ruc.
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Fig. 3. (a) O 1s XPS obtained on the air cathode of the cell without Ruc from the 1%,
5t 10" discharge/recharge cycle electrodes. (b) O 1s XPS obtained on the air
cathode of the cell with Ruc from the 1%, 10™, 30" discharge/recharge cycle
electrodes. (c) Ex situ XPS obtained from the 80" cycle charged electrodes collected
in the Ru 3p region. (d) Ex situ XRD collected from the pristine (the black), full
discharged to 2.0 V and recharged to 4.5V electrodes with (the green) and without
Ruc (the red); black stars are symbols as Li,05.

regions after different discharge/recharge cycles [36]. Due to the
short cycling life of the Li-O, batteries without Ruc, only the 15¢, 50
and 10" cycle XPS spectra in the O 1s region are shown in Fig. 3a. In
Fig. 3b, we show the XPS results for the pristine cathode in the O 1s
region with Ruc and those after the 1%, 10" and 30" cycles.
Typically the C-O (532eV) [31] and C=0 (533.2 eV) [32] features
were related to the KB material in the pristine cathode.
Additionally, the main discharge product, Li,0, was detected at
531.4 eV [31,32]. The Li,O, peak appeared after discharging, and
then, the Li,O, peak decreased or disappeared as Li,O, decom-
posed during the charge process. Features related to Li,CO3
(532.6eV) [33,34] are apparent for the degradation of carbon
materials and electrolytes in the continuous cycling process
[31,32].

Based on the XPS results in the O 1s region, we assessed the
amount of Li; O, by calculating the ratio of the integral area of Li,O,
to the total integral area in the O 1s region, and the results are
shown in Table S1 (Supporting information). The same strategy
was applied to assess the amount of Li,COs; as well. To better
compare the change in the Li,O,(Li,CO3) amount after every
cycling recharge, the change ratio (decomposition percentage, A%)
of Li;0,(Li,CO3) after every recharge with and without Ruc was
calculated by the following equation:

A%n _ An.discharge *An,recharge %« 100%

n.discharge

where n is the cycle number, Ay, gischarge and Ay recharge are the
Li05(Li»CO3) residue amount after the nth discharge and recharge
cycle, respectively, which are listed in Table S1.

2 Because the longest cycling life of the Li-O, battery without Ruc was only 23
cycles, the XPS of the 30 cyclic cathode was not accessible.

All results of the change ratio are shown in Table 1. After the 5th
and 10th recharge cycles without Ruc, the Li,O, peak was still
observed in Fig. 3a, and the change ratios of Li,O, were merely
58.9% and 56%, respectively. However, after the 1% and 10™
recharge cycles with Ruc, there was no Li;O, peak, as shown in
Fig. 3b, and the change ratio of Li, O, after recharging with Ruc was
100% (Table 1). After the 30" recharge cycle with Ruc, the change
ratio of Li,O, was still higher than 75%. Even after a long cycle time,
Ruc as the RM provided a remarkable ability to stably decompose
Li50,.

From Fig. 3 and Table 1, as the cycle number increased, the
Li,CO3 peak gradually became more obvious due to its accumula-
tion during the cycling process. As shown in Table 1, the change
ratios of decomposed Li,CO5 were -13.8% and -15.7% after the 5T
and 10™ recharge cycles without Ruc, respectively. These negative
change ratios indicate that some electrode materials or electrolytes
decomposed partly at high charge potentials. Interestingly, the
Li,CO5 peak became weak after the 10™ and 30'™ recharge cycles
with Ruc in Fig. 3b, and the change ratios of decomposed Li,CO3
were 60% and 57.3%, respectively. By comparing the change ratios
of Li,O, and Li,CO3 with and without Ruc, we determined that
adding Ruc favors decomposition of Li,O, during long cycle time
and decomposition of Li,CO3 to some degree. Therefore, in the
Li-0O, batteries with Ruc, less Li,O, and Li,CO5 residue accumulat-
ed on the surface of the cathode during the cycling process.

In practical terms, ruthenium was also used as the solid catalyst
to accelerate the decomposition of LiO, on the cathode. To explore
whether decomposition of Li,O, results from soluble Ruc rather
than a solid containing Ru from Ruc deposition, we performed XPS
analysis on the cathode cycled 80 times in the Ru 3p region, as
shown in Fig. 3c. There were no Ru 3p peaks observed from the 80"
recharge cycle electrode, indicating that the Ruc molecule was not
deposited and existed in the electrolyte as a soluble catalyst.

The XPS results above show the catalytic stability of Ruc during
long cycle time with specific capacities. To further explore the
ability of Ruc to decompose the discharge products after full
discharge, XRD analysis (Fig. 2d) was investigated after discharging
to 2.0V and subsequently recharging to 4.5 V. Approximately equal
strength peaks of LiO, (black star symbol) were observed after
fully discharging with and without Ruc. As the charge process
continued, there was almost no obvious Li,O, peak recorded with
Ruc. However, the Li,O, residue was still detectable after
recharging to a voltage of 4.5V in the cathode without Ruc, which
is coincident with the SEM results (Fig. 2) above. By comparing the
XRD results after recharging with and without Ruc, we further
proved that Ruc is favorable for the decomposition of Li;O, in the
potential range from 2.0 V to 4.5 V during the full discharge-charge
process.

To further study the electrocatalytic activity of Ruc toward OER,
in situ high resolution X-ray powder diffraction (HRXRD) experi-
ments were conducted to monitor the Li;O, decompositon in a cell
containing Ruc as the RM with a Li,0,-based electrode. Fig. S2a
(Supporting information) shows the in situ HRXRD data of the
cathode collected every 40 min during the charge process at
current density of 80 mA/gy;,o,. The 26 of Li,O, (100) and (101)
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peaks were 18.9° and 20.1°, respectively. Note that the intensities of
Li,O, peaks gradually decreased with raising charge time,
indicating the Li;O, degradation dominated the charge process.
This is also proved by the analysis of ratio of carbon and Li, O, based
on the integrals of the peak areas, as seen in Fig. S2b (Supporting
information), which indicates the positive effects of ruthenocene
for eliminating Li,O, and extending the cyclic life of Li-O,
batteries. Additionally, Figs. S2c and d (Supporting information)
show the pictures of the in situ HRXRD device placed at the BL14B1

beamline of Shanghai Synchrotron Radiation Facility.

To investigate the intrinsic mechanisms of the charge process,
the density functional theory (DFT)-based charge steps were
studied, and their corresponding free energy profiles are shown in
Fig. 4. To verify the reasonable reaction mechanisms of the
mediator, vertical and parallel ruthenocene (Ruc) molecules on the
surface of graphene, as two typical configurations, were consid-
ered and labeled with V-Ruc and P-Ruc, respectively. For each
configuration, two possible active sites of ruthenocene, noted with
A and B, were studied. In the calculations, the energy difference
between the models V-Ruc and P-Ruc was 29 MeV, which indicates
that there is a sufficient probability for a thermal fluctuation to
drive the two configurations to transition from each other on the
surface of graphene [35].

The DFT-based reaction pathways during the charging process
are shown in Fig. 4a. The whole reaction cycles are different for
models V-Ruc and P-Ruc based on calculations. For model V-Ruc,
the cycle is composed of the following elementary steps:

Li,05*+0, = 2Li0,* (8)
LiO,*= Oy*+Li (9-1)
02*= 02+* (10—])

For model P-Ruc, it has the same elementary step as model V-
Ruc, and the other steps are as follows:

LiOy*= Oy+Li* (9-2)

Li*= Li™ (10-2)

The free energy profiles for the A and B active sites of models V-
Ruc and P-Ruc are shown in Fig. 4b. From the calculations, the
charge processes are uphill reactions except the last elementary
step for all the models, which means external potentials are
needed to start the charge reactions. The Li,O,* dissociation
process is considered as the first step in the charge reactions for all
the models. The potential barriers are 0.43, 1.32, 0.58, and 0.79 eV
for models P-Ruc-A, P-Ruc-B, V-Ruc-A and V-Ruc-B, respectively.
Then, the second step for the P-Ruc model is LiO,* decomposition
into O,* and LiO,* decomposition into Li* for the V-Ruc model. For

4
4 - (b) Li*/0,*
a 4 % 5] —
o8 .
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Fig. 4. DFT-based (a) reaction pathways and (b) free energy profiles for A and B sites
of the V-Ruc and P-Ruc RM models during the charge process in Li-O, batteries.

this step, the potential barriers are 2.64,1.81,1.48 and 1.44 eV for V-
Ruc-A, V-Ruc-B, P-Ruc-A and P-Ruc-B, respectively, which corre-
spond to the overpotential values in the charge process [36,37].
From the results, the potential barriers of the charge reactions on
the active sites of the P-Ruc model are lower than those of the V-
Ruc model. Lower potential barriers indicate the lower over-
potential values of the charge reactions. Therefore, both the A and
the B sites of P-Ruc are the most likely active sites in the charge
process.

In conclusion, we first report that Ruc is an extremely suitable
redox mediator for Li-O, batteries. Ruc exhibits a suitable redox
potential for the redox pair (Ruc*/Ruc) (3.59 V). The use of Ruc in
Li-O, batteries significantly reduced the charging voltage up to
610 mV. Additionally, compared with the poor cyclic life of the Li-
0, batteries without Ruc (23 cycles), Ruc increased the cyclic life of
the Li-O, batteries to 83 cycles. By comparing the results of SEM
and XRD of the cathode after full discharge/recharge without and
with Ruc, we reveal that Li;0, was the main product and was
almost entirely eliminated after recharging in the Li-O, batteries
with Ruc. The XPS results indicated that Ruc is effective at
decomposing Li,O, even after a long cycle time. Additionally, in the
Li-O, batteries without Ruc, the amount of Li,CO5; gradually
increased after every recharge. Ruc contributed to the partial
decomposition of Li,CO3 during the recharge process, and less
product residue accumulated on the surface of the cathode with
Ruc. The result of DFT-based charge steps confirms that the A and B
sites of P-Ruc are the most likely active sites for the charge process.
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