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Li-O, batteries have been considered as a kind of prospective next-generation
batteries due to their ultrahigh energy densities. However, limited capacities,
high charge overpotentials, and short lifetime are troubling obstacles for
realizing their real-world implementation. Common strategies, including
introducing solid-state catalysts (SSCs) and redox mediators (RMs), are
insufficient to solve these issues. Herein, Ru-loaded amino-phenanthroline-
based carbonized polymer dots (RuApCPDs) integrating the catalytic activity
of SSCs with the mobility of RMs have been designed to behave as quasi
-homogeneous catalysts in the electrolyte. Their mobile nature can ensure
the avoidance of complete coverage of active sites, and the catalytic ability
decreases the charge overpotential through co-deposition with the discharge
products. Additionally, the RuApCPDs can also adjust the Li* solvation
structure and well protect the Li metal anodes with high stability. As a

result, the introduction of RuApCPDs leads to a fivefold increase in discharge
capacity, a low charge voltage of 3.75 V, and a running life of 168 cycles

storage devices. However, lithium-ion bat-
teries (LIBs) are approaching their theo-
retical energy densities and cannot fulfil
the above-increasing demand.!! 1i-O, bat-
teries, with an ultrahigh theoretical en-
ergy density of 3500 Wh kg~!, have been
considered as one of the most promising
candidates for next-generation high-energy
batteries.!? Established on the redox reac-
tion between Li metal and oxygen, Li-O, bat-
teries have Li, O, as the dominant discharge
product on air cathodes during a discharge
process, which could be reversely decom-
posed during the subsequent charge pro-
cess to release gaseous oxygen (2Li + O, <
Li,0,, E, = 2.96 V).’

At present, despite impressive progress
and achievements that have been accom-

(79 cycles without RuApCPDs). The multifunctional quasi-homogeneous
catalyst developed here demonstrates its advantageous potential as a new
catalytic strategy for bringing Li-O, batteries to become a viable technology.

1. Introduction

Rapid expansion and evolution of portable electronics and
electric vehicles require vigorous development of high-energy
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plished in Li-O, batteries, challenges and
issues brought by the strong oxidizing en-
vironment and hard decomposed Li,O,
are still hindering the step ahead toward
practical application and urgently need to
be addressed. The chief concern, briefly
speaking, is the poor conductivity nature of solid-state Li,O, that
lets the active sites in the cathode side be easily covered by Li, O,
to lose activity, and the decomposition of Li, O, requires a large
overpotential during the charging process.*l Thereby, the forma-
tion of Li, O, on the surface of cathode hinders the following dis-
charge process, leading to a limited discharge capacity. The high
charge voltage would inevitably induce plenty of harmful side
reactions, like the degradation of electrolytes and carbon-based
cathodes.’] In order to improve the discharge capacity and re-
duce the charge voltage, strategies are needed to facilitate the
formation and decomposition of Li,O,. To this end, solid-state
catalysts (SSCs) with catalytic activity toward the oxygen reduc-
tion and evolution reactions have been introduced to the air cath-
odes to reduce the reaction energy barriers.l®) However, owing to
the lack of mobility, the continuous accumulation of discharge
product would still inevitably result in the complete coverage of
active sites (Figure 1a), and the decomposition of Li,O, away
from the SSCs appears to be powerless, ultimately leading the
performance improvement just to a certain extent.*>”] Follow-
ing this, redox mediators (RMs) that could be dissolved into the
electrolytes have been developed. RMs have the ability to shuttle
electrons through transitions between their reduction/oxidation

© 2024 Wiley-VCH GmbH
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Figure 1. Schematic illustrations of the a) passivation of SSCs, b) Li metal anode corrosion by RMs, and c) RuApCPDs as a multifunctional quasi-

homogeneous catalyst in Li-O, batteries.

and original states to help generate/decompose Li,O, with an
effectively decreased overpotential.[®] Despite the mobile nature
makes the coverage of cathode active sites no longer a problem,
their shuttle effects would bring side reactions between RMs and
Li metal anodes, not to mention the instability of most RMs to-
ward the strong oxidizing environment of Li-O, batteries. These
bring about the easy degradation of the function of RMs and the
continuous loss of active Li (Figure 1b), consequently limiting
the long-term operation of batteries.®! To realize the purpose of
facilitating the formation and decomposition of discharge prod-
ucts while circumventing the above-mentioned issues, designing
new types of catalysts has unfolded its necessity.

Herein, a quasi-homogeneous catalyst strategy with Ru-
loaded amino-phenanthroline-based carbonized polymer dots
(RuApCPDs) well-dispersed in the electrolyte has been devel-
oped. Besides catalytic ability, RuApCPDs also feature mobility
in electrolytes, which prevents the cathode deactivation caused
by the coverage of discharge products. The unique features of
RuApCPDs make them could boost the discharge process by
stabilizing the superoxide intermediates and co-depositing with
the discharge products, increasing the discharge capacity fivefold
when using bare carbon papers (CPs) as cathodes. In the follow-
ing charge process, the Li, O, decomposition could be promoted
Dby the catalytic active sites of co-deposited RuApCPDs, reducing
the charge voltage from 4.46 to 3.75 V. Additionally, RuApCPDs
could also modify the Li* solvation structure by reducing the
participation of solvent and strengthening that of anions. The
Li metal anodes are then well-protected through the generation
of stable LiF-rich solid electrolyte interphase (SEI) and the elec-
trostatic shield mechanism. In sum, as illustrated in Figure 1c,
RuApCPDs in the electrolyte act as multifunctional roles in Li-
O, batteries, including cathodic catalyst, electrolyte modification,
and anode protection. The integration of these functions makes
RuApCPDs enable Li-O, batteries with a prolonged cycling time
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of 168 cycles, surpassing those of batteries without RuApCPDs
(79 cycles) or using traditional SSCs (106 cycles).

2. Results and Discussion

2.1. Characterizations of RuApCPDs

In the design of RuApCPDs, two aromatic nitrogen atoms on
the amino-phenanthroline (Aphen, Figure S1, Supporting Infor-
mation) were utilized to coordinate with metal ions to form a
stable chelate. The external amino group was selected to form
amide bonds that bridged the polymer structure with citric acids
(CA), which could also behave as positive charge carriers in the
structure of RuApCPDs.['% In order to introduce efficient cat-
alytic activities for promoting the decomposition of Li,O,, Ru**
was selected as the central ion of Aphen chelate. More than
that, only the coordination between plural Aphens and Ru?*
could form branching structures for polymerization, as illus-
trated in Figure 2a. Accordingly, reactants went through self-
assembling, polymerization, and cross-linking to form a poly-
mer intermediate, which subsequently was carbonized to ob-
tain RuApCPDs by solvothermal reaction.l'!] Characteristic flu-
orescence changes in different stages of the synthesis process
could shed light on the structure changes (Figure S2, Supporting
Information). According to the previous studies of carbonized
polymer dots (CPDs),'?! the overall structure of RuApCPDs
consists of a central carbonized core and an external polymer
shell.

To confirm the basic properties of RuApCPDs, X-ray diffrac-
tion (XRD) characterization was first conducted for phase analy-
sis (Figure 2b). The broad peaks at 22.5° and 43° indicate the exis-
tence of carbon structure, while no peaks corresponding to crys-
talline Ru or RuO, can be observed after the synthesis.!'3] Subse-
quently, ultraviolet—visible (UV-vis) absorption spectroscopy was
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Figure 2. a) Schematic illustration of the preparation procedures for RuApCPDs. Fundamental characterizations of RUApCPDs, including b) XRD,
) UV-vis absorption spectroscopy, d) zeta potential, €) TEM image, f) particle size distribution, and g) HR-TEM image.

performed to detect the coordination between Ru?* and Aphen
in RuApCPDs. As shown in Figure 2c, there is an obvious UV—
vis absorption peak ~468 nm when compared to the Aphen and
Ru/Aphen (Figure S3, Supporting Information), which can be
attributed to the absorption peak from metal-to-ligand charge
transfer (MLCT)."" Then, the zeta potential was measured to
study the surface charges of RuApCPDs. Since the Ru?* cen-
tral ions and the amide groups could act as positive charge
carriers, RuApCPDs possess a positive zeta potential with an
average value of 47.56 mV (Figure 2d).'*1%] This ensures Ru-
ApCPDs with electrostatic interactions with the anions in elec-
trolytes and the ability to behave periodic adsorption/desorption
on the electrodes during the charge and discharge processes
of Li-O, batteries. The nanoscale particle size of RuApCPDs
was recorded by transmission electron microscopy (TEM) im-
age. It is clear that the RuApCPDs are evenly dispersed with-
out aggregation (Figure 2e), confirming their minimum sizes
for CPDs structures. The sizes of RuApCPDs have been statis-
tically determined, displaying a relatively narrow size distribu-
tion with an average value of 6.7 nm (Figure 2f). High-resolution
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TEM (HR-TEM) image indicates that the lattice spacings of Ru-
ApCPDs are 0.231 nm and 0.330 nm (Figure 2g), which are
different from those of graphene or graphene quantum dots
(0.21 nm for (100) facet and 0.34 nm for (002) facet). This de-
viation implicates that RuApCPDs are composed of graphene-
like core and polymer shell.l' Note that the polymer structure
could hardly be observed due to the lower contrast and dras-
tic degradation under high-energy electron beam in TEM char-
acterization. Instead, dynamic light scattering (DLS) characteri-
zation was carried out, which gives a much larger average size
than that obtained from TEM images, proving the existence of
outer polymer shell (Figure S4, Supporting Information).I*¢! Ul-
teriorly, the existence of functional groups on RuApCPDs, espe-
cially the amide groups for carrying positive charges,[1®15*] was
also confirmed by the Fourier transform infrared (FTIR) spec-
trum (Figure S5, Supporting Information), revealing the incom-
plete carbonization of RuApCPDs. With the aim of investigat-
ing the surface bonding structures of RuApCPDs, X-ray photo-
electron spectroscopy (XPS) was conducted and analyzed (Figure
S6, Supporting Information). The high-resolution N 1s spectrum
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in Figure S6c¢ (Supporting Information) shows three peaks at
398.3, 399.6, and 399.9 eV, which can be assigned to pyridinic
N, N—H bonding, and amide N, respectively,'’! and well reflect
the unit fraction stemmed from Aphens and amide bonds for
bridging the entire structure. For Ru 3p spectrum (Figure S6d,
Supporting Information), it reveals that the Ru has two chem-
ical environments assigned to the Ru?* in the carbonized core
and outer polymer shell, respectively. Additionally, high-angle
annular dark field scanning transmission electron microscopy
(HAADE-STEM) was performed to confirm the distribution of
Ru on the carbonized polymer dots. The HAADF-STEM and
energy dispersive X-ray (EDX) mapping images confirm a uni-
form distribution of Ru on the RuApCPDs (Figure S7, Supporting
Information).

2.2. Modification of Electrolyte

After getting the basic properties of RuApCPDs, tetraethy-
lene glycol dimethyl ether (TEGDME) and lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) were selected
as the supporting electrolyte to conduct further studies. When
adding a moderate amount of RuApCPDs into the bare TEGDME
solvent, they cannot disperse well even after stirring (Figure S8,
Supporting Information). However, once Li salt was added,
RuApCPDs could be easily and uniformly dispersed, and con-
sequently, a colloidal electrolyte with a dark brown color was
obtained. This phenomenon can be explained by the Derjaguin,
Landau, Vervey, and Overbeek (DLVO) theory, which studies the
role of ionic strength in establishing colloids’ double layer.!8]
The addition of Li salt augments the ionic strength of the
electrolyte, facilitating the formation of stable double layers that
prohibit the aggregation of RuApCPDs. Meanwhile, as typical
characteristics of colloids, light scattering phenomenon and Tyn-
dall effect could also be observed for the as-prepared electrolyte
(Figure S9a,b, Supporting Information).['] Notably, no obvious
precipitation of RuApCPDs can be found even after 1-month
placement, displaying strong stability of the constructed colloidal
electrolyte (Figure S9c, Supporting Information). Additionally,
the RuApCPDs-added electrolyte could maintain sufficient wet-
tability toward the glass fiber membrane as attested in Figure
S10 (Supporting Information).

The influence of the added RuApCPDs on the fundamen-
tal properties of electrolytes was then assessed. As shown in
Figure 3a and S11 (Supporting Information), the ionic conduc-
tivity and viscosity of electrolytes are almost unaffected by the
amount of RuApCPDs added (0-0.8 wt.%), while the Li* trans-
ference number experiences a significant increase from 0.561 to
0.731, which can be ascribed to the positive charges of RuApCPDs
that electrostatically interact with the anions and consequently
restrict their movement. For investigating the solvation structure
of electrolytes, nuclear magnetic resonance (NMR) measurement
was carried out. Figure 3b manifests that the 7Li signals contin-
uously shift downfield as the addition amount of RuApCPDs in-
creases, demonstrating that RuApCPDs could weaken the inter-
actions between Li* and solvent molecules. Furthermore, the in-
troduction of RuApCPDs also makes 'H chemical shifts move
toward the upfield region (Figure S12, Supporting Information),
indicating that there are interactions between RuApCPDs and
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TEGDME, which accordingly decrease the interactions between
Li* and TEGDME. To further confirm the interactions between
RuApCPDs and TEGDME, linear sweep voltammetry (LSV) was
conducted at a scan rate of 0.05 mV s~!. Figure 3c reveals a sig-
nificant broadening of the electrochemical window due to the
decreased highest occupied molecular orbital (HOMO) energy
of TEGDME (-7.08 to —8.83 eV) by its interactions with Ru-
ApCPDs (Figure S13, Supporting Information). Following this,
the stability of RuApCPDs toward superoxide species was ex-
amined by checking the UV-vis absorption spectra of the elec-
trolytes treated with KO, for different times (Figure 3d; Figure
S14, Supporting Information). It is clear that the UV-vis ab-
sorption peaks of RuApCPDs at 450 and 387 nm experience no
visible changes even after 48 h KO, treatment, reflecting their
high stability toward the superoxide species. This can be fur-
ther supported by the 'H-NMR spectra of RuApCPDs-added elec-
trolytes with well-maintained aromatic structures and bridging
skeletons after the addition of KO, (Figure S15, Supporting In-
formation). Considering RuApCPDs have interactions with both
TEGDME and TFSI~ anions (Figure 3e), molecular dynamics
(MD) simulations were performed to study the solvation struc-
ture changes of Li* (Figure S16, Supporting Information). The
radial distribution function (RDF) curves reveal that the addi-
tion of RuApCPDs decreases the coordination ratio of TEGDME
in the Li* solvation structure, while increasing the coordination
ratio of TFSI~ (Figure 3f,g). Direct comparisons of the coordi-
nation number variation of TEGDME and TFSI~ are presented
in Figure S17 (Supporting Information), which clearly points
out that the addition of RuApCPDs could enable more TFSI~
to participate in the Li* solvation structure and would gener-
ate anion-derived SEI films to bring benefits for Li metal anode
protection. Overall, RuApCPDs with positive zeta potential and
strong antioxidant ability make the electrolyte with increased Li*
transference number, broadened electrochemical window, and
altered Li* solvation structure with Li metal anode protection

ability.

2.3. Protection of Li Metal Anode

On account of the positive surface charges and modified Li* sol-
vation structure, RuApCPDs might play some positive roles on
Li metal anode protection. Li-Li symmetric batteries were first as-
sembled to evaluate the anode protection function of RuApCPDs.
As shown in Figure S18 (Supporting Information), the introduc-
tion of RuApCPDs enables the symmetric battery with a longer
and stable cycling performance over 3000 h at 0.1 mA cm~2 and
0.1 mAh cm~2. When increasing the cycling current and capacity
to 0.3 mA cm~2 and 0.3 mAh cm~2, the performance improve-
ment becomes more obvious. RuApCPDs make the battery de-
liver a more than four times longer cycle life than the battery
without RuApCPDs (Figure 4a), highlighting the effective pro-
tection ability of RuApCPDs toward the Li metal anode. To shed
light on the mechanisms of Li metal anode protection, XPS char-
acterization of cycled Li metal anodes in symmetric batteries was
conducted. As indicated in Figure 4b, the introduction of Ru-
ApCPDs could induce the formation of a LiF-rich SEI film on
the Li metal surface, which is commonly considered as a benefi-
cial component of Li metal anode protection.!?’] Generating such
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Figure 3. a) lonic conductivities, viscosities, and Li* transference numbers of electrolytes with varied concentrations of RuApCPDs. b) 7Li-NMR spectra
of electrolytes with varied concentrations of RUApCPDs. c) LSV curves of electrolytes without (W/O) and with RuUApCPDs. d) UV-vis absorption spectra
of RuApCPDs-added electrolytes under different times of KO, treatment. ) Schematic illustrations of Li* solvation structures W/O and with RuApCPDs.
Calculated RDF curves and coordination numbers of electrolytes: f) W/O and g) with RuApCPDs.

a kind of SEI is a result of coordination augmentation of TFSI~
in the Li* solvation structure, plus RuApCPDs attracting TFSI~
with their positive surface charges. Thereby, more TFSI™ anions
are able to be decomposed on the surface of the Li metal an-
ode during battery cycling. Meanwhile, in Figure 4c, the growth
trend of interfacial impedance of Li-Li symmetric battery with
RuApCPDs is much slower than that of battery with bare elec-
trolyte, further proving that the RuApCPDs enable the genera-
tion of a stable SEI film to suppress side reactions between the
electrolyte and Li metal anode. Besides acting as a stable inter-
facial layer, the LiF-rich SEI film could also regulate the Li plat-
ing and stripping behavior. As demonstrated in Figure 4d, and
Figures S19, S20 (Supporting Information), Li metal anodes of
symmetric batteries W/O RuApCPDs exhibit rough, cracked sur-
faces and flufty cross-sections just after ten cycles, as a sign of
uneven Li plating and stripping. In comparison, Li metal an-
odes from RuApCPDs-based symmetric batteries display smooth
and compact surfaces and cross-sections even after 40 cycles
(Figure S20, Supporting Information). Except for the function
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of LiF-rich SEI film, this uniform Li plating and stripping can
also be accounted by the electrostatic shield mechanism brought
by the positively charged RuApCPDs.[2!l Due to the large sizes,
RuApCPDs could enable strong electrostatic repulsion forces to-
ward cations at a large scale, which prohibits the local aggrega-
tion of Li* and consequently guarantees uniform distribution of
Li* at the surface of Li metal anode. Importantly, different from
conventional RMs, RuApCPDs do not act as a kind of electron
shuttle that is highly reactive toward Li metal anodes, so avert
the troubling shuttle effects induced Li metal anode corrosion
and catalyst consumption. As an experimental verification, SEM
images of Li metal anodes from cycled Li-O, batteries with RM
or RuApCPDs were acquired. It is evident that the Li metal an-
ode is eroded severely by the LiBr-based RM, leaving apparent
cracks on the Li metal surface (Figure 4e), while the Li metal an-
ode cycled in the RuApCPDs-based battery possesses a relatively
smooth surface without observable splits (Figure 4f). This result
demonstrates the obvious superiority of RuApCPDs over conven-
tional RMs.
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Figure 4. a) Cycling performance of Li-Li symmetric batteries W/O and with RUApCPDs. b) F 1s XPS spectra of Li metal anodes in cycled Li-Li symmetric
batteries. c) EIS spectra of Li-Li symmetric batteries at different cycle states. d) SEM images of the 25th cycle Li metal anodes in Li-Li symmetric batteries
W/O and with RuApCPDs. SEM images of Li metal anodes in Li-O, batteries with e) LiBr and f) RuUApCPDs at the 10th cycle.

2.4. Facilitating Formation and Decomposition of Li,O,

Apart from the benefits brought to the electrolyte and anode, Ru-
ApCPDs could also behave as quasi-homogeneous catalysts to
promote the formation and decomposition of Li,O,. To begin
with, for the prime exploration of the discharge process, in situ
pressure monitoring was conducted to check whether the intro-
duction of RuApCPDs would alter the 2e~ discharge reaction of
Li-O, batteries by calculating the consumption ratio of electron
and oxygen (Figure 5a). The value is calculated to be e~/O, =
1.92, which together with the negligible discharge capacity un-
der the Ar atmosphere and barely unchanged open circuit voltage
(Figure S21, Supporting Information) certify that the RuApCPDs-
added Li-O, batteries still follow a two-electron discharge reaction
with Li,0, as the discharge product. As a direct identification of
discharge product, XRD patterns of the discharged air cathode in
RuApCPDs-added Li-O, batteries show evident diffraction peaks
of Li,0,, which can be reversibly decomposed during the fol-
lowing recharge process (Figure 5b). The morphology of the dis-
charge product was confirmed to be typical toroidal-shape Li, O,
in RuApCPDs-added Li-O, batteries (Figure S22, Supporting In-
formation). The differential electrochemical mass spectrometry
(DEMS) technique was also used to check the reversible decom-
position of Li,0, during a charging process. The evolution of
O, can be detected (Figure S23, Supporting Information), pro-
viding convincing evidence for the dissociation of Li,O, below
4 V. These results demonstrate that the RuApCPDs-added Li-O,
Dbatteries follow the typical 2e~ electrochemical reactions with the
highly reversible formation and decomposition of Li,O,.

To directly illustrate the catalytic function of RuApCPDs, CPs
loaded with RuApCPDs (C-RuApCPD) were prepared as contrast
cathodes to eliminate the influence of electrolyte solvation ef-
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fect and anode protection. Although C-RuApCPD cannot signifi-
cantly reduce the discharge overpotential like adding RuApCPDs
into the electrolyte, it has the ability to markedly increase the dis-
charge current (Figure 5¢, the electrolytes and electrodes of the
Li-O, batteries have been summarized in Table S1, Supporting
Information). This demonstrates that RuApCPDs alone can ac-
celerate the discharge reaction kinetics to promote the formation
process of Li,0,. For dispersing RuApCPDs into the electrolyte,
their mobility together with the electrostatic interactions from
Ru?" and amide groups enable a better stabilization effect on su-
peroxide anions, resulting in a decreased discharge overpotential.
During the charging process, batteries with C-RuApCPD and Ru-
ApCPDs both display a lower charge voltage peak at 3.25 V when
compared to the battery without RuApCPDs (3.5 V), manifesting
the well-catalytic ability of RuApCPDs on facilitating Li,O, de-
composition. The RuApCPDs enabled large charge current can
be attributed to the synergistic effects of their intrinsic catalytic
activity and mobile nature in the electrolyte that can continuously
catalyze the decomposition of Li,0,. The 1st cycle discharge and
charge curves of Li-O, batteries W/O and with RuApCPDs are
displayed in Figure S24a (Supporting Information). It is obvi-
ous that the terminal charge voltage can be reduced from 4.46 to
4.12 V when using C-RuApCPD and further reduced to 3.75
V when adding RuApCPDs into the electrolyte. In addition,
the longer cycle life of Li-O, battery using C-RuApCPD than
that using CNTs also proves the intrinsic catalytic ability of
RuApCPDs toward the formation and decomposition of Li,0,
(Figure S24b, Supporting Information). As another verification
of whether RuApCPDs in the electrolyte have the ability to di-
rectly catalyze the discharge and charge processes, the electro-
chemical performance of bare CPs-based Li-O, batteries W/O and
with RuApCPDs in the electrolytes were compared (Figure S25,
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Figure 5. a) In situ pressure monitoring of Li-O, batteries with RuApCPDs during a discharge process. b) XRD patterns of pristine, discharged, and
re-charged air cathodes in Li-O, batteries with RUApCPDs. c) CV curves of Li-O, batteries at a scan rate of 1 mV s~'. d) Schematic illustration of the
formation process of Li,O, on RuApCPDs. €) Free energy calculations of Li,O, formation on CNTs and RuApCPDs. f) Cycling performance of Li-O,

batteries at 500 and 1000 mAh g~'.

Supporting Information). In the full cycling assessment, the sig-
nificantly decreased discharge and charge overpotentials together
with the impressive fivefold enlargement of discharge capac-
ity suggest that, besides the superoxide stabilization effect, Ru-
ApCPDs can individually act as cathodic catalysts through co-
deposition with Li,O, on the air cathodes, offering extra reac-
tion sites for Li, 0, growth and decomposition and thus promot-
ing the discharge and charge processes (Figure S25a, Supporting
Information). Consequently, the bare CPs-based Li-O, batteries
with RuApCPDs exhibit a cycle life of 118 cycles, much longer
than the five cycles delivered by batteries W/O RuApCPDs (Figure
S25b, Supporting Information). Further experimental elucida-
tion of the co-deposition of RuApCPDs and Li,O, was carried
out in Li-O, batteries with nanoporous gold (NPG) cathodes. The
high-resolution N 1s spectrum of the discharged NPG cathode
displays three characteristic peaks from RuApCPDs (Figure S26a,
Supporting Information), as proof of RuApCPDs co-depositing
with Li,0,. During the charge process, the deposited products
can be completely removed accompanied by the detachment of
RuApCPDs from the NPG surface, leaving the NPG porous struc-
ture again (Figure S26b—d, Supporting Information). To sum up,
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RuApCPDs with Ru?* active sites, positive charges, and mobile
nature concurrently function together to interact with superoxide
intermediates, co-deposit with Li,O,, and accelerate the forma-
tion and decomposition of Li,O,.

DFT calculations were then applied to further clarify the
functions of RuApCPDs on the cathode side of Li-O, batteries.
As shown in Figure S27 (Supporting Information), RuApCPDs
exhibit absorption energies of —1.78 and —3.72 eV toward the
superoxide anion and Li, 0,, respectively, much larger than those
of CNTs (—0.04 and —1.50 eV). This suggests that RuApCPDs
possess the ability to stabilize superoxide and together with their
mobile nature to co-deposit with Li,O, rather than the direct
formation of Li,O, on the CNTs surfaces during the discharge
process. After this, free energy changes during the discharge pro-
cess were calculated to elucidate the discharge reaction paths on
CNTs and RuApCPDs.[22 For RuApCPDs, superoxide intermedi-
ates are first stabilized through the interactions with Ru?* active
sites, and then the N on RuApCPDs facilitates the binding of Li*
to the superoxide and ultimately generates Li,O, (Figure 5d). It
can be seen from Figure 5e that the formation of LiO, interme-
diates and Li,O, on RuApCPDs are thermodynamically more
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favorable than on CNTs, indicating that Li, O, prefers to generate
together with RuApCPDs. Besides the benefits brought to the
discharge process, in conjunction with their co-deposition be-
havior, catalytic ability, and mobile nature that CNTs do not have,
RuApCPDs could also perform well during the charging process.

2.5. Comprehensive Performance Improvement of Li-O, Batteries

Considering the positive functions of RuApCPDs on the cathode,
electrolyte, and Li metal anode of Li-O, batteries, detailed full-cell
performance was studied. As illustrated in Figure S28 (Support-
ing Information), the addition of RuApCPDs into the electrolyte
brings enhancement to the discharge process with a large specific
capacity of 7263 mAh g~! and charge process with decreased over-
potentials, much better than the batteries with traditional SSCs.
For the long-term cycling performance (Figure 5f), RuApCPDs
make Li-O, batteries deliver a prolonged cycle life of 168 cycles,
~2.1 and 1.6 times the lives of batteries without RuApCPDs (79
cycles), and with traditional SSCs (106 cycles). In addition, Ru-
ApCPDs could also endow Li-O, batteries with improved rate ca-
pability and cycling stability (Figure S29, Supporting Informa-
tion). It should be mentioned that even after 25 cycles, 80% of
RuApCPDs still remain in the electrolyte (Figure S30, Support-
ing Information), revealing their continued positive effects on
the key components of Li-O, battery, which in turn improves the
overall battery performance.

3. Conclusion

In summary, by endowing CPDs with Ru®* catalytic active sites,
quasi-homogeneous catalysts RuApCPDs that could be well dis-
persed in the electrolyte have been developed, which integrate
the catalytic activity of SSCs and mobility of RMs together. Dur-
ing the discharge process, RuApCPDs in the electrolyte have the
ability to decrease overpotential and increase discharge capac-
ity by stabilizing the superoxide intermediates and co-depositing
with Li,0,. The co-deposited RuApCPDs could thereby continu-
ously catalyze the decomposition of Li, O, in the charging process
with their Ru?* catalytic active sites and mobile nature, decreas-
ing the terminal charge voltage from 4.46 to 3.75 V. Furthermore,
RuApCPDs could also modify the electrolyte with increased Li*
transference number, broadened electrochemical window, and
TFSI~ participated Li* solvation structure. The TFSI~ derived
LiF-rich SEI film and positively charged RuApCPDs rendered
electrostatic shield mechanism well protect the Li metal an-
odes with stable interfacial layer and uniform and corrosion-free
plating/stripping behavior, circumventing the shuttle effects in-
duced Li metal anode corrosion by traditional RMs. Benefiting
from the above advantageous features, RuApCPDs comprehen-
sively improve the electrochemical performance of Li-O, batter-
ies, like increased discharge capacity (fivefold increase with CPs
as cathodes), prolonged lifetime (168 cycles vs 79 cycles with-
out RuApCPDs), and enhanced rate capacity (4892 mAh g' at
1000 mA g7'). All in all, with catalytic ability and mobility,
the quasi-homogeneous catalyst developed here encapsulates the
benefits of SSCs and RMs while discarding their drawbacks, of-
fering a brand-new catalyst designing strategy for promoting the
performance of Li-O, batteries.
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