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Lithium—-oxygen batteries (LOBs) have extensive applications because of their ultra-high energy densities. How-
ever, the practical application of LOBs is limited by several factors, such as a high overpotential, poor cycle
stability, and limited rate capacity. In this paper, we describe the successful uniform loading of Mn;0, nanopar-
ticles onto multi-walled carbon nanotubes (Mn;0,@CNT). CNTs form a conductive network and expose numer-
ous catalytically active sites, and the one-dimensional porous structure provides a convenient channel for the
transmission of Li* and O, in LOBs. The electronic conductivity and electrocatalytic activity of Mn;O,@CNT are
significantly better than those of MnO@CNT because of the inherent driving force facilitating charge transfer
between different valence metal ions. Therefore, the Mn;0,@CNT cathode obtains a low overpotential (0.76 V
at a limited capacity of 1000 mAh g-1), high initial discharge capacity (16895 mAh g~! at 200 mA g~!), and long
cycle life (97 cycles at 200 mA g~1). This study provides evidence that transition metal oxides with mixed-valence
states are suitable for application as efficient cathodes for LOBs.

1. Introduction

To meet the increasing energy demands of modern society, it is par-
ticularly important to develop rechargeable batteries that have a long
battery life and can be used in large electrical equipment such as new
energy vehicles [1]. Recently, LOBs have received significant atten-
tion owing to their ultra-high theoretical energy density (~3500 Wh
kg1, close to that of gasoline) [2].Generally, lithium peroxide is the
main discharge product, and its reversible formation and decomposition
(O, + 2Li* + 2e~ « Li,0,) during the oxygen reduction reaction (ORR)
and oxygen evolution reaction (OER) are the main source of capacity
contribution [2-4]. However, the insulating property of Li,O, and its
insolubility in electrolytes leads to slow electrode reaction kinetics, poor
rate performance, and inadequate cycle stability, resulting in severe side
reactions [4]. Therefore, the rational design of high-efficiency cathode
catalysts that can accelerate electrode reaction kinetics and avoid passi-
vation and side reactions is particularly important for fabricating ideal
LOBs.

Noble metals (Pt, Ir, etc.) have been recognized as the optimal cath-
ode catalysts because of their excellent catalytic effect on the ORR and
OER [5,6]; however, their high price limits their practical application.
In contrast, transition metals and transition metal compounds, such as
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manganese-, chromium-, and cobalt-based compounds, have been well
developed because of their low cost and desirable catalytic activity
[7-16]. Notably, Cr,04 exhibits good OER catalytic activity owing to the
mixed-valence states on the surface [14-17]. Yao et al. reported that the
excellent OER catalytic activity of Cr,03 benefited from the solid-state
activation process at the Li,O,/Cr,O5 interface. Furthermore, man-
ganese oxides have attracted increasing attention owing to their excel-
lent chemical stability, environmental compatibility, and abundant nat-
ural reserves [9-13]. The oxidation states and crystal structures of man-
ganese oxides are extremely diverse and tunable, providing promising
pathways to improve their electrocatalytic activity. Bent et al. demon-
strated that MnO (II) and Mn,O5 (III) display similar catalytic activity
for the OER [12]. However, Mn3* exhibits a significant Jahn-Teller ef-
fect, which reduces the stability of the battery during cycling; in con-
trast, MnO displays better cycling stability [13]. Reports focusing on the
application of Mn;0,4 with mixed-valence states (+3 and +2) for LOBs
are scarce.

Generally, pure carbon materials are used as cathodes because of
their good electrical conductivity and ORR catalytic activity. How-
ever, LOBs comprising pure carbon materials as cathodes have a high
charge overpotential and premature cathode passivation, which are
due to the slow OER kinetics of carbon [18-20]. Notably, carbon ma-
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terials are commonly employed as substrates to support high OER
catalytic active species to prepare high-performance bifunctional cat-
alysts. The synergistic effect between the different components ef-
fectively improves the electrocatalytic activity, thereby reducing the
charge—discharge overpotential and improving the cycle stability of the
LOBs [21-27].

In this study, we synthesized Mn;0, nanoparticle-loaded multi-
walled carbon nanotube (Mn;04@CNT) composites, which were used
as cathodes for LOBs, using a simple room temperature (25 °C) redox
and protective atmosphere annealing method. On the one hand, the in-
herent one-dimensional (1D) tubular structure of CNTs provides ade-
quate space for accommodating Li, O, to achieve a high discharge spe-
cific capacity and supplies convenient channels for the transmission of
the electrolyte, electrons (e™), Li*, and O,. Additionally, the large spe-
cific surface area of the CNTs facilitates the exposure of abundant active
sites [19-22]. During material synthesis, CNTs act as ORR catalytic ac-
tivators and build a complete conductive skeleton, linking the catalytic
material-Mn;0,4 nanoparticles together, thereby further improving the
performance of LOBs. On the other hand, the metal ions on the surface
of Mn;0, can be activated by recombining with CNTs [20,23] such that
Mn;0, can promote the decomposition of Li,O, through a solid-state
activation process similar to that of Cr,Os3, thereby enhancing the OER
catalytic activity. In addition, CNT wrapped with Mn;0, particles can
reduce the contact of Li,O, with C, thereby reducing the amount of
by-product Li,CO5; and improving the cycling stability of the batteries.
The results show that the Mn;O4,@CNT nanocomposites can effectively
improve the electrode reaction kinetics, exhibit good OER activity, and
display an excellent electrochemical performance [20,23,25]. The LOBs
based on Mn;0,@CNT exhibit an excellent discharge capacity of 16895
mAh g1, a low charge—discharge overpotential of 0.76 V at a limited
capacity of 1000 mAh g~! (the overpotential of MNO@CNT is 1.31 V un-
der the same conditions), and a cycle life over 90 cycles at 200 mA g~1.

2. Experimental
2.1. Material synthesis

CNTs were pretreated via acidification to remove metal impurities
and introduce oxygen-containing functional groups. Pristine CNTs (di-
ameter: < 8 nm, length: 10-30 pm, J&K Scientific) were refluxed in a
mixed solution of 10 mL 65 wt% HNO; and 30 mL 98 wt% H,SO, at
70 °C for 30 min [28]. Fig. S1 (Supporting Information) shows the spe-
cific synthesis steps involved in producing the Mn;0,@CNT sample.

Acidified CNTs (0.05 g) were dispersed in 40 mL of deionized water
and subjected to ultrasonic treatment for 60 min. Subsequently, KMnO,
(0.15 g) was added to the above-mentioned solution at room tempera-
ture (25 °C), and the mixture was magnetically stirred for 12 h. There-
after, the dark brown particles were centrifuged and washed thrice with
deionized water and ethanol. The black precipitates were collected and
dried for 12 h in a vacuum oven at 60 °C to obtain the calcined pre-
cursor powders. Finally, the precursors were annealed at 500 °C for 3 h
in a tube furnace (under Ar gas protection) to obtain the final product,
Mn;0,@CNT. Similarly, the annealing temperature was set to 900 °C to
obtain the comparative MnO@CNT sample.

2.2. Characterizations

The crystallographic information of the samples and discharge prod-
uct was obtained via powder X-ray diffraction (XRD) on a Rigaku
D/Max-KA diffractometer using Cu Ka radiation (1 = 1.5406 [o\) with
a step size of 0.02° with a dwelling time of 0.5 s. The morphology
and microstructure were identified using an SU-70 field emission scan-
ning electron microscope and high-resolution transmission electron mi-
croscopy (HRTEM) performed with a JEM-2100 microscope at an accel-
eration voltage of 200 kV. A thermogravimetric analyzer (TGA1 MET-
TLER TOLEDO) was used for thermogravimetric analysis (TGA) to ana-
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lyze the compositional changes of the samples from room temperature
to 800 °C under air at a heating rate of 10 °C min~!. The surface chem-
istry was investigated via X-ray photoelectron spectroscopy (XPS) using
an ESCALAB 250 spectrometer with a 150 W Al Ka probe beam. The
specific surface area and pore size distribution of the materials were
measured using nitrogen adsorption—desorption isotherms using a BJ
builder Kubo X1000 at —196.15 °C.

2.3. Electrochemical measurements

The cathode material was fabricated from a homogeneous slurry of
70% active material, 20% Super P, and 10% polyvinylidene fluoride
(PVDF) dissolved in N-methylpyrrolidone (NMP), to test the electro-
chemical performance. The slurry was sprayed onto the surface of the
carbon paper with a mass load of ~ 0.4 mg cm~2, and the working elec-
trode was obtained after drying at 80 °C for 1 d The model 2032 button
cells (19 holes on the cathode side) were assembled in a glove box filled
with argon (H,0 < 0.1 x 107%; 0, < 0.1 x 107°); lithium foil was used
as the anode; a glass fiber separator (Whatman, GF/D) as the separator;
and 1 M LiTFSI dissolved in TEGDME was employed as the electrolyte.
All measurements were performed under a 1.0 bar dry O, atmosphere
(> 99.999%) to avoid the negative impact of the gas impurities in
air. Galvanostatic charge—discharge curves were obtained in the volt-
age window of 2.0-4.5 V on a LAND CT2001A battery system (Wuhan,
China). Cyclic voltammetry (CV) and electrochemical impedance spec-
troscopy (EIS) analyses were performed on an electrochemical worksta-
tion (PARSTAT2273). All the electrochemical performance tests were
conducted at room temperature.

3. Results and discussion

XRD patterns were obtained to determine the crystal structure and
crystallinity of the prepared samples. As shown in Fig. 1(a), the diffrac-
tion peaks centered at 18.0°, 28.9°, 31.0°, 32.3°, 36.0°, 44.3°, 53.8°,
59.9°, and 64.7° correspond to the (101), (112), (200), (103), (211),
(220), (312), (224), and (314) planes of Mn;0, (PDF#18-0803), re-
spectively, confirming the good crystallinity of Mn3O, derived from
Mn;04@CNT. In the XRD patterns of MnO@CNT samples, the peaks
located at 34.9°, 40.5°, 58.7°, 70.1°, and 73.8° correspond to the (111),
(200), (220), (311), and (222) crystal planes of MnO (PDF#07-0230).
The peak at approximately 26° is a typical CNT peak. The intensities
of the peaks obtained from the experimental and comparative samples
is clearly weaker than those obtained from pure CNT-this phenomenon
may be caused by the large quantity of Mn;O, and the MnO coating
[23].

TGA (Fig. S2(a)) revealed that the mass percentage of Mn3O,
nanoparticles in Mn;0,4@CNT is approximately 27 wt%. Although the
remaining mass of MnO@CNT is 42%, MnO will be converted into
Mn3;0, at 800 °C, simultaneously, assuming that the amount of adsorbed
water is 3%, that is, consistent with that in Mn;O,@CNT. Therefore,
the actual provisioning mass percentage of MnO in MnO@CNT is only
36 wt% [26-28]. The main reason for the mass fraction of MnO being
slightly higher than that of Mn30, is that more amount of C is consumed
via calcination at 900 °C [14,29]. The N, desorption and adsorption
isotherms illustrate the difference in the pore size and specific surface
area of Mn3;0,@CNT and MnO@CNT in Figs. 1(b) and S2(b). Both ma-
terials exhibit a distinct mesoporous structure; as expected, the specific
surface area of MNO@CNT (61.427 m? g~1) is slightly smaller than that
of Mn30,@CNT (69.15 m? g~1), owing to the high-temperature anneal-
ing at 900 °C, which causes small grains to aggregate into large grains
[26,30]. The large specific surface area can accelerate the transmission
of €7, Oy, and Li* and expose numerous catalytic active sites to pro-
mote the ORR/OER process. In addition, the large specific surface area
can provide more space to accommodate larger amounts of Li, O, during
discharge and ensure a high discharge specific capacity [14,31].
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Fig. 1. (a) XRD patterns of Mn;O,@CNT, MnO@CNT, and CNT; (b) N, adsorption and desorption isotherms and pore size distribution curves (inset) of Mn;O,@CNT;
(c) XPS survey spectra and high-resolution XPS spectra of (d) O 1s, (e) C 1s, and (f) Mn 2p of Mn;0,@CNT.

XPS was used to analyze the elemental chemical bonding state and
composition [32].

Fig. 1(c) shows the survey spectrum of Mn;O,@CNT and clearly
indicates the existence of the Mn, C, and O elements. The O 1s high-
resolution spectrum is fitted to three peaks at 530.1, 531.5, and 533 eV
(Fig. 1(d)), which are related to lattice oxygen, oxygen defects, and ad-
sorbed water, respectively. The presence of defective oxygen improves
the electrocatalytic activity [33,34]. The C 1s pattern could be split into
four peaks (Fig. 1(e)): the peak at approximately 284.7 eV originates
from the C=C or C-C bonds in CNTs, and the other three peaks cen-
tered at 285.1, 287.1, and 293.3 eV are assigned to the C=0, C-O-Mn,
and C-O-H, which are introduced after high-temperature calcination.
Therefore, it can be concluded that Mn;04 and CNTs are connected by
bonding rather than physical adsorption [32].

Fig. 1(f) shows the fine spectrum of Mn 2p; the two characteristic
peaks at 642.4 and 653.6 eV correspond to Mn 2p3/2 and Mn 2p1/2, re-
spectively. Peak deconvolution revealed that Mn?* (641 and 652.8 eV),
Mn3* (642.2 and 653.8 eV), and Mn*+ (643.6 and 655 eV) exist in
Mn3;0,@CNT with typical multivalent characteristics. The appearance
of Mn** may be caused by surface oxidation [34-36]. The XPS spectra
of MnO@CNT are shown in Fig. S2(c). The fine spectrum of Mn 2p (Fig.
S2(f)) in MnO@CNT is well matched with Mn3*, and no other valence
states are observed [13].

The scanning electron microscopy (SEM) images of Mn;04@CNT
and MnO@CNT are shown in Figs. 2(a) and S3(a), respectively. CNTs
are uniform in size, with an outer diameter of approximately 50 nm. The
distribution of Mn30, cannot be clearly observed. Additionally, particle
agglomeration is not observed (Fig. 2(a)). In contrast, Fig. S3(a) clearly
shows that many small particles are uniformly supported on the CNTs.

TEM characterization was performed to further understand the mi-
crostructures of the samples.

From Figs. 2(b)-(d), Mn3O, nanoparticles with a diameter of ap-
proximately 20 nm are uniformly anchored on the CNTs. The TEM im-
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age of MnO@CNT, shown in Fig. S3(b), indicates that the particle size
distribution of MnO is between 80 and 150 nm. This is because small
grains agglomerate and grow into large grains owing to the high tem-
perature of 900 °C. Specifically, the reduction in the average particle
size can shorten the ion diffusion path, accelerate the ion diffusion pro-
cess, reduce the volume expansion of particles, and prevent the particles
from being damaged [26].

The HRTEM images in Figs. 2(e) and S3(c) show discernible lattice
fringes indicating the perfect crystalline structures of Mn;O,@CNT and
MnO@CNT, respectively. On the one hand, the crystal plane spacings
of 0.276 and 0.492 nm in Fig. 2(e) can be assigned to the (112) and
(101) planes of Mn;0,4 [37,38]. On the other hand, in Fig. S3(c), the in-
terlinear distance between lattice fringes is 0.224 nm, corresponding to
the (200) crystal plane of MnO [39]. The selected area electron diffrac-
tion (SAED) patterns in Figs. 2(f) and S3(d) also confirm the production
of manganese-based oxides. This is consistent with the description ob-
tained from the XRD [39,40].

Mn;0,@CNT and MnO@CNT were applied as bifunctional catalytic
cathodes for nonaqueous LOBs to estimate the electrocatalytic activity of
the prepared samples. As a blank control, CNTs were used as a cathode
to assemble the battery. CV analysis was performed at a voltage window
0f 2.0-4.5V and a scan rate of 0.1 mV s~ to evaluate the electrocatalytic
performance of Mn;0,4@CNT, MnO@CNT, and CNT (Fig. 3(a)).

All three cathodes display conspicuous reduction peaks dur-
ing the discharge process owing to the production of Li,0,
(O, + 2Lit + 2e~ — Li,0,). However, Mn3;O,@CNT has a larger
ORR peak area than the MnO@CNT and CNT electrodes, that is,
Mn;04@CNT may produce more Li, O, [41]. Notably, in addition to the
distinct oxidation peak appearing after 4 V, the Mn;O04@CNT composite
electrode exhibits another oxidation peak at approximately 3.4 V dur-
ing charging. The additional oxidation peak corresponds to the stepwise
reversible decomposition process of Li,O, (Li,Oy — Oy + 2Lit + 2e7),
which also indicates that Mn3;O,@CNT has faster OER catalytic kinet-
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Fig. 2. (a) SEM images of Mn;O,@CNT; (b)—(d) TEM images of Mn;O,@CNT with different magnifications; (¢) HRTEM images and (f) SAED patterns of

Mn,0,@CNT.

~
jov)
N~

o o o
[ ST .

-0.2

Current (mA)
(=]
<

Mn,0,@CNT

04} MHO@CNT
——CNT
0.6}
20 25 30 35 40 45
(C) Voltage (V vs.Li/Li"
4.0
Mn,0,@CNT
36} MnO@CNT
——CNT

)
]
T

Voltage (V vs. Li/Li%
Pl

B
o
T

0

3000 6000 9000 12000 15000 18000

Specific capacity (mAh g

02f
~ 0.1}
”
E o0
=
=
g -0.1
g Mn,0,@CNT
.02 MnO@CNT
——CNT
0.3
24 3.0 33 3.6
Voltage (V vs.Li/Li%)
5.0
Mn,0,@CNT
45t MnO@CNT

g
=

vl
=)

Voltage (V vs. Li/Li")

2.0
0

o CNTL

S

151V

Vv

200

400 600 800 1000

Specific capacity (mAh g

Fig. 3. (a) CV curves of Mn;0,@CNT, MnO@CNT, and CNT cathodes within a voltage window of 2.0-4.5 V at a scan rate of 0.1 mV s™. (b) Enlarged CV curves of
Mn;0,@CNT, MnO@CNT, and CNT electrodes within a voltage window of 2.6-3.7 V. (c) Initial discharge capacity curves of Mn;O,@CNT, MnO@CNT, and CNT
electrodes at 200 mA g~!. (d) Discharge-charge curves of Mn;0,@CNT, MnO@CNT, and CNT electrodes with a limited capacity of 1000 mAh g~! at 200 mA g~!.

97



Y. Zhy, J. Gao, Z. Wang et al. ChemPhysMater 3 (2024) 94-102

800
mA g

200 ' 400 200

1000

~
g B
). g
=
N

Ist 5th 10th 20th

o
TR
) A
o]
o

Voltage (V vs. Li/Li

mA g’ E mA g

ey
W

40th—— 60th 80th——97th

=
=)

ey
o
W
[
T

Voltage (V vs. Li/Li

T
1
1
1
1
1
|
1
1
1
)
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

3.0
3.0 . !
2.5 &2 E 5 5
2.0 - - : - 2.0 i i i
0 200 400 600 800  10C 0 2000 4000 6000 8000 10000
Specific capacity (mAh g™) Specific capacity (mAh g!)

~
=
o=
o
o
~

200 400 800 1 1000 + 200
£ Ist 10th 25th ity oS GRS
3451 ——40th 60th —— 77th R :
= — = 40f |
—~ 4.0 e - :
g 23 :
e > :
) O 3.0F [ [ 1
cn3.0p 20 | : : :
= = : :L : :
© 25 o 25} 1 1 ! 1
> > | | ; ;
2.0 L L L 2.0 i i i i
0 200 400 600 800 1000 0 2000 4000 6000 8000 10000
Specific capacity (mAh g™') Specific capacity (mAh g!)
5 CNT MnO@CNT Mn,0,@CNT

W

|
|

)

0 100 200 300 400 500 600 700 800 900 1000
Time (h)
Fig. 4. Discharge-charge profiles of (a)(b) Mn;0,@CNT and MnO@CNT at 200 mA g~! with different cycles; discharge—-charge profiles of (¢)(d) Mn;0,@CNT and

MnO@CNT electrodes with a limited capacity of 1000 mAh g~! at different current densities ranging from 200 to 1000 mA g~!; (e) cycling performance comparison
of CNT, MnO@CNT, and Mn;0,@CNT cathodes at 200 mA g~! with a fixed capacity of 1000 mAh g~!.

P
-

=
Terminal Voltage (V vs. Li/Li ) g
-

98



Y. Zhy, J. Gao, Z. Wang et al.

ChemPhysMater 3 (2024) 94-102

Fig. 5. Ex-situ SEM images of fully discharged (a)(b) Mn;O,@CNT and (c)(d) MnO@CNT electrodes.

ics than MnO@CNT and CNTs [42,43]. Fig. 3(b) is a partially enlarged
view of Fig. 3(a) and clearly displays the redox onset potentials of the
three materials. Fig. 3(c) shows the complete discharge curves of the
three cathodes with a cut-off voltage of 2 V at a current density of
200 mA g~!. The MnzO,@CNT electrode has the highest initial dis-
charge specific capacity (16895 mAh g=1), followed by the MnO@CNT
electrode (10360 mAh g~!). The CNT electrode has the lowest (6770
mAh g1) initial discharge specific capacity. These findings correspond
with the CV analysis results. The ORR overpotential of the MnO@CNT
electrode is slightly lower than that of the Mn;0,@CNT electrode dur-
ing the early period of full discharge (before 6000 mAh g~!), which may
be caused by the larger number of exposed C sites in MnO@CNT. How-
ever, the ORR catalytic activity of the Mn3O,@CNT electrode is better
than that of MnO@CNT during deep discharge, which may be because
of the rapid passivation on the surface of MnO@CNT. LOBs comprising
a Mn;0,4@CNT electrode display a lower overpotential (0.76 V) than
those comprising MnO@CNT (1.31 V) and CNT electrodes (1.51 V) at a
current density of 200 mA g~! with a cut-off capacity of 1000 mAh g~!
(Fig. 3(d)), which indicates the faster kinetics of the electrode reaction.

Additionally, three cathodes were tested with a limited capacity of
1000 mAh g1 at 200 mA g! to further illustrate the excellent charge-
ability and cycling stability of the Mn;O4@CNT cathode.

Figs. 4(a)(b) and S4(a) show the discharge—charge curves for LOBs
with Mn3;O0,4@CNT, MnO@CNT, and CNT electrodes at different cycles,
respectively. The Mn;O,@CNT cathode can cycle stably for 97 cycles
when the discharge cut-off voltage and charging cut-off voltage are set
to 2.0 and 4.5 V. In contrast, the MnO@CNT and CNT electrodes can
only achieve 77 and 50 cycles, respectively, under the same conditions.

Furthermore, LOBs with Mn;0,@CNT, MnO@CNT, or CNT cath-
odes were tested with the same limited capacity (1000 mAh g=1) at
different current densities to evaluate their rate capabilities, as shown
in Figs. 4(c)(d) and S4(b).

The discharge and charge cut-off voltages of the Mn;0,4@CNT elec-
trode are 2.69 and 3.80 V at 200 mA g~!, respectively, while the cur-
rent density increases to 1000 mA g~!; the discharge cut-off voltage
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gradually decreases to 2.55 V, and the charge cut-off voltage slowly
increases to 4.15 V. The charge—discharge voltage exhibits good re-
versibility when the current density is 200 mA g~!. Therefore, the
Mn;04@CNT electrode has an excellent rate capability. In contrast,
although the MnO@CNT cathode also has an ideal rate capability, its
overpotential is higher at lower current densities. The CNT electrode
is extremely unstable at high current densities (800, 1000 mA g~1).
Moreover, the Mn;0,@CNT cathode has better cycling ability and elec-
trode reaction kinetics than the MnO@CNT and CNT cathodes, as shown
in Fig. 4(e).

The discharge products were characterized using ex-situ SEM to re-
veal the intrinsic mechanism for the excellent electrochemical perfor-
mance of the Mn;0,@CNT composite electrode.

Figs. 5(a)(b) indicate that abundant hairball-shaped discharge prod-
ucts are produced on the Mn;O,@CNT electrode after the first dis-
charge. The diameter of the discharge product is approximately 2 um;
the product is tightly and uniformly coated on the surface of the ac-
tive material and has good interfacial contact with Mn;04@CNT. Such
large agglomerates ensure the high discharge capacity of the catalytic
cathode. This unique porous structure facilitates the rapid transport of
O, and Li*, which promotes the complete decomposition of Li,O, af-
ter charging. As expected, the discharge products of the Mn;O4@CNT
cathode decomposed completely without significant deformation after
charging (Fig. S5(a)), illustrating that the Mn;O,@CNT electrode ex-
hibits high reversibility and excellent catalytic activity [31,41,44]. In
contrast, the discharge products generated on the MnO@CNT cathode
surface formed a film, after the first discharge (Figs. 5(c)(d)); therefore,
it is easy to passivate the active sites, resulting in limited capacity and
earlier death [31]. Additionally, the SEM images of the MnO@CNT cath-
ode, after full recharge (Fig. S5(b)), clearly reveals that certain discharge
products remain intact. The continuous accumulation of discharge prod-
ucts on the cathode surface is the main reason for the limited cycle life
and poor reversibility.

EIS was performed to further reveal the reversibility of the ORR/OER
processes in different charge and discharge states.
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Fig. 6. Nyquist plots of (a) Mn;0,@CNT and (b) MnO@CNT at different discharge-charge stages; ex-situ XRD patterns of (¢) Mn;O,@CNT and (d) MnO@CNT
cathodes; ex-situ Li 1s XPS spectrum of pristine, discharged, and recharged (e) Mn;0,@CNT and (f) MnO@CNT electrodes.

Fig. S6(a) presents the raw impedance comparison data for the
three cathodes. Although Mn;0, and MnO are transition metal oxides,
the impedance, after coating on the CNT, does not increase markedly,
thereby improving the catalytic activity of the material [45]. As shown
in Figs. 6(a)(b) and S6(b), the insulating discharge product covering the
electrode surface passivates the active sites and inevitably blocks the
charge transport channel, resulting in a notable increase in the charge
transfer resistance of all the cathodes after discharge. In contrast, the
impedance of the Mn;0,@CNT electrode almost returns to its initial
state after charging, implying that the Li,O, coated on the surface of
the electrode has decomposed [44]. This is consistent with the results
obtained from the ex-situ SEM analysis in Fig. S5(a). The impedance of
the MnO@CNT and CNT electrodes is significantly higher than the ini-
tial value after charging, implying that it is more difficult to decompose
Li, O, or that by-products are generated on the surface [31].

The phase composition of the discharge products and reversibility of
the cathodes were further studied using XRD.

Figs. 6(c)—(f) show the XRD patterns of the Mn;0,@CNT and
MnO@CNT electrodes after the first full charge and discharge, respec-
tively. After discharging, the diffraction peaks appearing at 32.8°, 35.4°,
and 59° correspond to the (100), (101), and (110) crystal planes of Li, O,
(PDF#74-0115), respectively, indicating that the main discharge prod-
uct of the LOBs is Li,O,. The diffraction peaks of Li,O, disappear after
charging, indicating that the formation and decomposition of Li, O, are
the main sources of the battery capacity [46-48].

The by-products on the Mn;0,@CNT and MnO@CNT electrodes
were characterized using ex-situ XPS.

As shown in Figs. 6(e)(f), the Li 1s fine spectra of the two cathodes,
after discharging, indicate that the main discharge product is Li,O,
(54.9 eV). In contrast, for the Mn;O,@CNT electrode, the Li, 0, is com-
pletely decomposed after 15 cycles with a cut-off capacity of 1000 mAh
g~1. However, the MnO@CNT electrode displays a typical Li,CO5 peak
at 55.8 eV under the same conditions, confirming that the Mn;0,@CNT

100

cathode has better cycling stability and electrocatalytic activity than
MnO@CNT and CNT cathodes [19,49].

We analyzed the Mn 2p fine spectra of the Mn3;O4@CNT electrode
under different states to explore the role of multivalent manganese-
based oxides in the ORR and OER processes of LOBs (Fig. S6(c)). In con-
trast to the case of the Li 1s fine spectrum, in this experiment, the limited
capacity is set to 500 mAh g~!, which avoids the generation of copious
amounts of Li,O, and the disappearance of the Mn 2p fine spectrum of
the electrode, after discharging. Mn 2p3/2 and Mn 2p1l/2 peaks shift
to 642.5 and 654.2 eV, respectively, after discharging, which indicates
the increase in the average valence state of Mn; that is, the e~ required
to form Li,O, during the discharge process may partly originate from
the conversion of low-valence manganese to high-valence manganese
in Mn30,4. The Mn 2p spectrum returns to the initial state after charg-
ing; this proves the good reversibility of Mn;O,@CNT and confirms
that the overflowing e~, during the decomposition of Li,O,, are cap-
tured by high-valence manganese ions in Mn;0,; the high-valence man-
ganese ions are transformed into low-valence manganese ions. There-
fore, the inherent electric field formed between Mn ions of different
valence states in the Mn;0,@CNT electrode is conducive to the trans-
fer of e~ and facilitates the conversion between valence states, thereby
improving the electrode reaction kinetics; therefore, the generation and
decomposition of Li, O, are ultimately promoted.

4. Conclusions

We prepared Mn;0,@CNT and MnO@CNT electrodes with typi-
cal core-shell structures by uniformly loading Mn;O, nanoparticles
on multi-walled CNTs via a conventional method using room temper-
ature redox and annealing under a protective atmosphere. Owing to
the unique mixed-valence metal ions, the Mn;O, nanoparticles coated
on the CNT walls could promote the decomposition and deposition
of reaction products through the conversion of valence states during
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the charge and discharge processes. This phenomenon reduced the dis-
charge and charge overpotential of LOBs, which was demonstrated via
ex-situ XPS. The Mn;0,@CNT cathode exhibited an excellent electro-
chemical performance in LOBs, including a low discharge—charge over-
potential (0.76 V at a cut-off capacity of 1000 mAh g~1), a high dis-
charge specific capacity (16895 mAh g=! at 200 mA g~1), and an ex-
cellent cycle life (more than 90 cycles) under a fixed capacity of 1000
mAh g1 at 200 mA g~1. The marked improvement in the electrochemi-
cal performance was attributed to the synergistic effect between the core
and shell structures and the rapid e~ transfer among the metal ions.

A conductive network constructed of 1D CNTs can provide conve-
nient O, and e~ transfer pathways and adequate space to store Li;Os.
The inherent charge-transfer driving force originating from metal ions
of different valence states facilitates rapid e~ transfer kinetics and
ion diffusion during discharge and charge processes. Therefore, the
Mn;0,@CNT composites prepared in this study are excellent catalysts
for LOBs.
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