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Abstract: The porous architectures of oxygen cathodes are highly desired for high-capacity lithium–
oxygen batteries (LOBs) to support cathodic catalysts and provide accommodation for discharge
products. However, controllable porosity is still a challenge for laminated cathodes with cathode
materials and binders, since polymer binders usually shield the active sites of catalysts and block
the pores of cathodes. In addition, polymer binders such as poly(vinylidene fluoride) (PVDF) are
not stable under the nucleophilic attack of intermediate product superoxide radicals in the oxygen
electrochemical environment. The parasitic reactions and blocking effect of binders deteriorate and
then quickly shut down the operation of LOBs. Herein, the present work proposes a binder-free three-
dimensional (3D) porous graphene (PG) cathode for LOBs, which is prepared by the self-assembly
and the chemical reduction of GO with triblock copolymer soft templates (Pluronic F127). The
interconnected mesoporous architecture of resultant 3D PG cathodes achieved an ultrahigh capacity
of 10,300 mAh g−1 for LOBs. Further, the cathodic catalysts ruthenium (Ru) and manganese dioxide
(MnO2) were, respectively, loaded onto the inner surface of PG cathodes to lower the polarization
and enhance the cycling performance of LOBs. This work provides an effective way to fabricate
free-standing 3D porous oxygen cathodes for high-performance LOBs.

Keywords: binder-free cathode; porous graphene; ruthenium; manganese dioxide; lithium–oxygen
batteries

1. Introduction

The large-scale application of electric and hybrid vehicles has led to an increasing
demand for advanced power sources with high energy densities. Therefore, in the past
decade, rechargeable lithium–oxygen batteries (LOBs) have prompted intensive studies
because of their ultrahigh theoretical energy density of 3500 W h kg−1, which is more
than ten times the commercially available lithium-ion batteries [1–4]. A LOB is typically
assembled by a lithium–metal anode, a glass fiber separator soaked with organic electrolyte,
and a porous oxygen diffusion electrode exposed to gaseous O2 during cell operation. At
the discharge of LOB, O2 is reduced to insoluble Li2O2 in the cathode with the presence
of lithium ions in the electrolyte. The discharge product Li2O2 accumulates in the porous
cathode, blocking the electrolyte and oxygen diffusion paths and causing the cell to shut
down suddenly [5,6]. Therefore, rationally designed porous architectures of oxygen cath-
odes are required to accommodate discharge products and maintain the mass diffusion and
discharge/charge process [7]. Besides the issue of insoluble Li2O2 deposition, the oxygen
reduction reaction (ORR) and oxygen evolution reaction (OER) in aprotic electrolytes are
recognized to be intrinsically sluggish [8]. In particular, the solid product Li2O2 needs to
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ultimately contact the cathode catalyst to be oxidized at the charge of LOB. Thus, rationally
designed porous architectures of cathodes are also required to ensure the contact of Li2O2
and catalysts and the full utilization of catalysts [9,10].

In previous studies, the porous architecture of cathodes for LOBs was commonly
fabricated by carbon materials with high specific surface areas and conductivities [11–15].
Typically, a slurry containing a conductive porous carbon powder, a polymer binder, and an
optional catalyst is spread onto a piece of conductive carbon paper to prepare the cathodes
of LOBs. In this process, the polymer binders partially obstruct the active sites of catalysts
and cathode pores, which will deteriorate the catalyst utilization and cathode porosity. The
oxygen cathodes prepared by slurry coating usually result in low capacities and high polar-
izations of LOBs [9,16]. Additionally, polymer binders such as poly(vinylidene fluoride)
(PVDF) are not stable under the nucleophilic attack of intermediate product superoxide
radicals in the oxygen electrochemical environment [17,18]. The rapid accumulation of
parasitic reactions from binders could result in the rapid degradation of cathodes, which in
turn leads to performance deterioration in LOBs. Therefore, fabricating three-dimensional
(3D) porous oxygen cathodes without binders and with controllable porosity is vital to
enhancing LOB’s electrochemical properties.

Due to the specific porous architecture derived from the aligned nanostructures, vari-
ous metal oxide nanoarrays have been prepared as efficient binder-free porous cathodes to
lower the polarization and enhance the cycling performance of LOBs [19–21]. However,
the limited mass loading of metal oxide nanoarrays on current collectors usually results in
low reversible capacities of oxygen cathodes, which thus hinders the full demonstration of
the ultrahigh theoretical energy densities of LOBs. Therefore, to achieve high practical ca-
pacities of LOBs, it is desirable to use innovative materials with high electrical conductivity
and specific surface area for preparing binder-free oxygen cathodes. In the past decade,
graphene materials have been intensively studied as innovative functional materials for
energy storage applications [22,23]. Graphene materials have high specific surface areas
and ultrahigh electronic conductivities due to their two-dimensional (2D) structures of
connected sp2-hybridized carbon atoms, enabling them promising cathode materials for
LOBs [24–27]. Moreover, it is promising to produce abundant catalytically active sites for
oxygen cathodes by modifying the surface functional groups and introducing heteroatoms
to graphene materials [27,28]. More importantly, 2D graphene sheets can self-assemble to
form a favorable 3D hierarchical porous architecture for the oxygen cathodes of LOBs. These
features make graphene an ideal material for fabricating binder-free porous cathodes [29].

Currently, a variety of methods have been reported for the efficient preparation of
freestanding binder-free porous graphene electrodes. For example, graphene foams have
been prepared as porous cathodes for LOBs by the carbonization of polymer precursors
including melamine foam [28], polyacrylonitrile [29], etc. Graphene foams as porous
cathodes have been also prepared via the electrochemical leavening of graphite papers [30].
The CVD method has been used to deposit graphene on hard templates, and porous
graphene electrodes have been successfully prepared after removing the templates [4,31,32].
Moreover, 3D graphene aerogels as porous cathodes of LOBs have been prepared by
hydrothermal routes [33,34]. In addition to the abovementioned physical and chemical
methods, self-assembling graphene nanosheets is a simple and controllable way to prepare
porous graphene electrodes. Generally, graphene oxides (GOs) and reduced graphene
oxides (rGOs), containing oxygenate groups and defects, can self-assemble to form 3D
porous architectures by the major driving forces of hydrogen bonds and π–π stacking
interactions [35,36]. Due to the restoration of the π-conjugation on the graphene layer via
the complete reduction, graphene electrodes with 3D porous architectures obtain high
electrical conductivity and flexibility.

During the chemical self-assembly of graphene materials, hard/soft templates are
usually used to provide continuously interconnected 3D structures. After the chemical
reduction of GO and template removal, if necessary, 3D self-assembly porous graphene
(PG) frameworks form an ideal oxygen cathode for LOBs. According to the literature, PG
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materials can be classified into monolayer PG with in-plane pores, stacked 2D laminar PG
with interlayer pores, and 3D interconnected porous frameworks. In the present study,
without other specifications, PG cathodes mean 3D porous frameworks of self-assembled
graphene materials. For instance, porous graphene paper as the cathode for LOBs has been
prepared by vacuum-assisted technique and mixing graphene and poly(4-styrenesulfonic
acid) stabilizers [37]. Among alternative template materials, triblock copolymer Pluronic
F127 is a versatile and commonly used soft template for the preparation of orderly meso-
porous carbon materials and electrodes [38]. Inspired by the preparation of mesoporous
carbon, herein, the present work attempted to prepare binder-free 3D PG cathodes for
LOBs by the self-assembly and chemical reduction of GO with triblock copolymer Pluronic
F127 as the soft template. Experimental results demonstrated that resultant free-standing
3D PG cathodes consisted of interconnected mesoporous architecture, which achieved an
ultrahigh capacity of 10,300 mAh g−1 for LOBs. Further, the porous architecture of 3D PG
cathodes was demonstrated to be suitable for the loading of cathodic catalysts ruthenium
(Ru) and manganese dioxide (MnO2). This work provides an effective way to fabricate
free-standing 3D porous oxygen cathodes for the enhanced performance of LOBs.

2. Materials and Methods
2.1. Preparation of PG and Catalyst-Decorated PG Cathode

In this study, 3D PG cathodes for LOBs were prepared by the chemical reduction
and self-assembly of GO with triblock copolymer soft templates (Pluronic F127). First,
3 mL GO dispersion (1 mg·mL−1, Shanxi Institute of Coal Chemistry, Chinese Academy of
Sciences) was heated to 95 ◦C in a 50 mL round-bottomed flask. Next, 15 µL of hydrazine
hydrate solution (85% mass fraction) was added, and the mixture was stirred continuously
for 1 h. After that, a 10 wt.% Pluronic F127 aqueous solution was added into the flask
as the soft template, and stirring was continued for 2 h. Finally, 1.5 mL of concentrated
hydrochloric acid was added to the solution, and then the solution was stirred for 2 h. The
flask was cooled down to room temperature to obtain a suspension. The suspension was
vacuum-filtered onto a piece of carbon paper (Tori) to prepare the 3D PG membranes. The
as-prepared electrodes were annealed in a tube furnace under Ar flow at 350 ◦C for 2 h and
900 ◦C for 1 h to obtain the PG cathodes.

The prepared PG cathodes were anodically polarized at 0.05 mA for 5 min in an
electrolyte containing 0.01 mol·L−1 Mn(Ac)2 and 0.02 mol·L−1 NH4Ac, with a platinum
plate as the counter electrode and a saturated calomel electrode (SCE) as the reference
electrode. The obtained electrode was then annealed in the air at 350 ◦C for 2 h to prepare
MnO2-decorated PG cathodes (MnO2@PG). In another preparation, the prepared PG cath-
odes were immersed in a 0.01 mol·L−1 RuCl3 solution for 12 h and then dried and annealed
in Ar/H2 at 350 ◦C for 2 h to produce Ru-decorated PG (Ru@PG) cathodes. As reference
materials, graphene dispersion (reduced graphene oxide, rGO) was prepared by hydrazine
hydrate reduction without a soft template. The laminated graphene (LG) cathodes were
prepared as reference electrodes by casting the slurry of graphene and PVDF binder in a
mass ratio of 9:1 on a piece of carbon paper used as both the current collector and the gas
diffusion layer. The PG, MnO2@PG, Ru@PG, and LG cathodes were vacuum-dried and
pouched into round disks with diameters of 15 mm.

2.2. Material Characterization

The morphologies of PG, MnO2@PG, Ru@PG, and LG cathodes before and after
discharge were investigated using optical microscopy and field-emission scanning electron
microscopy (SEM, S-4800, Hitachi, Tokyo, Japan). The nitrogen adsorption–desorption
data of PG were measured with a Quantachrome Autosorb–1 analyzer at −196 ◦C. The
surface areas were calculated by the Brunauer–Emmett–Teller (BET) method. The pore
size distributions were derived from the adsorption branches of the isotherms using the
Barrett–Joyner–Halenda (BJH) model. The microstructure of MnO2@PG and Ru@PG was
investigated by transmission electron microscopy (TEM, JEM-2100F, JEOL Ltd., Tokyo,
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Japan) with an operating voltage of 200 kV. The chemical compositions of MnO2@PG and
Ru@PG cathodes were characterized by X-ray photoelectron energy spectroscopy (XPS,
VG-Multilab 2000, VG Scientific, Waltham, MA, USA) in a vacuum of 2 × 10−8 Pa with
an Al Kα excitation source. Raman spectra of PG and LG cathodes were obtained with a
Raman spectrophotometer (Invia, Renishaw, New Mills, UK).

2.3. Electrochemical Performance of LOBs

LOBs were assembled with an anode of lithium foil (with a diameter of 1.5 cm and
a thickness of 1 mm), a glass fiber separator (GF/D, Whatman, Maidstone, UK), and a
graphene-based cathode (PG, MnO2@PG, Ru@PG, and LG) into R2032 coin cells. Holes
(diameter of 1 mm, 21 holes) were punched in the bottom canister of the coin cells for oxygen
flow. Briefly, 1 M lithium bis(trifluoromethane) sulfonamide (LiTFSI) in tetraethylene
glycol dimethyl ether (TEGDME) was used as the electrolyte. All operations were carried
out in a glove box filled with Argon, and both the H2O and O2 levels were less than
0.1 ppm. The prepared cells were transferred into an oxygen container with a pressure
of 1 atm. The galvanostatic discharge/charge and cycling tests of LOBs were conducted
at room temperature on a Land CT3008W battery testing system. The discharged and
recharged cathodes were disassembled from the coin cells and washed with TEGDME
several times. The disassembled cathodes were dried and kept in the glove box before SEM
and XPS studies.

3. Results and Discussion

The morphologies and chemical compositions of graphene-based cathodes (LG and
PG) prepared by laminating and self-assembly, respectively, were studied by optical mi-
croscopy, SEM, and Raman spectroscopy. The laminated graphene cathode was studied
as a reference. As shown in Figure 1a, the optical image of LG cathodes prepared using a
lamination process with binders shows a rough surface due to the uneven distribution of
graphene aggregations and binders. The SEM image in Figure 1b confirms that the binders
in LG cathodes enclose the aggregations of graphene sheets, resulting in the blockage
of porous structure and uneven pore distribution. By contrast, the optical image of PG
cathodes in Figure 1c shows a very smooth surface that is assembled by graphene without
binders. The further study of PG cathodes under SEM in Figure 1d suggests that the smooth
surface is assembled by wrinkled or curly graphene sheets. As studied in Figure S1 of the
Supplementary Materials, the rGO sheets usually form cabbage-like morphologies due to
the presence of nanoscale wrinkles and defects in the basal plane of graphene [39,40]. There-
fore, with Pluronic F127 as a soft template, the wrinkled graphene self-assembled to a 3D
porous architecture [41,42]. The 3D porous PG cathodes provide interconnected channels
for mass diffusion and the accommodation of discharge products, making it an appropriate
cathode for LOBs. The 3D porous architectures of PG cathodes were also confirmed by
nitrogen adsorption–desorption tests. As presented in Figure S2 in the Supplementary
Materials, the type IV isotherm and uniform BJH pore size distribution of the PG cathode
exhibit the characteristics of ordered mesoporous architectures. The BET surface area of the
PG cathode is 47.42 m2 g−1, and the PG cathode possesses a narrow pore size distribution
around 3.5 nm. All the experimental results demonstrate that the self-assembly of graphene
sheets forms uniformly a distributed 3D interconnected porous architecture.

To further investigate the chemical compositions of LG and PG cathodes, the Raman
spectra of these two cathodes are comparatively studied in Figure 1e,f. The Raman spectrum
of the LG cathode in Figure 1e exhibits two remarkable peaks at around 1350 and 1580 cm−1,
which are assigned to the D and G bands of graphite, respectively [22,43]. There are
no obvious and sharp 2D peaks of single-layer graphene at 2690 cm−1, suggesting the
multilayer stacking of the graphene layer in LG and the loss of active surfaces. In Figure 1f,
the main Raman peaks of single-layer graphene are observed for the PG cathodes. Those
are the G band at 1580 cm−1, a primary in-plane vibrational mode, and the 2D band at
2690 cm−1, a second-order overtone of a different in-plane vibration. Furthermore, the low
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ratio of peak intensities ID/IG indicates an increasing defect density [22,43]. The prepared
PG cathodes therefore have structural defects to offer reactive sites for the oxygen reduction
reaction (ORR) and the decomposition of Li2O2 in the LOBs.
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Figure 1. The optical and SEM images of (a,b) LG and (c,d) PG cathodes; the Raman spectra of (e) LG
and (f) PG cathodes.

The electrochemical performance of LOBs using LG and PG cathodes was studied by
constant current discharge and charge. Figure 2a compares the discharge capacities of LG
and PG cathodes at the first cycle with a cut-off voltage of 2.2 V at the current density of
200 mA g−1. Based on the 0.5 mg cm−2 mass loading of graphene materials, LG and PG
cathodes demonstrate specific capacities of 4800 mA h g−1 and 10,300 mA h g−1, respec-
tively. In other words, the capacity difference between LG and PG cathode was calculated
to be 2.75 mAh cm−2. The 3D porous architecture of the PG cathode provides abundant
mass diffusion paths, reactive sites for the ORR, and accommodation for discharge prod-
ucts, resulting in a discharge capacity that is more than two times the capacity of the
LG cathode. Compared with the binder-free freestanding carbonaceous oxygen cathodes
reported in the literature, the PG cathode in the present work shows almost the highest
discharge capacity of 10,300 mA h g−1 or 5.15 mA h cm−2, as shown in Table S1 in the
Supplementary Materials. The electrode process kinetics of LG and PG cathodes including
reversibility and electrode polarization were studied by constant current discharge and
charge with curtailed capacities. Since the fully discharged graphene cathodes cannot
be charged back, Figure 2b compares the voltage profiles of LG and PG cathodes with a
curtailed specific capacity of 1000 mAh g−1. Benefiting from the 3D porous architecture, the
PG cathode has an overall charge–discharge overpotential of 1.36 V, which is significantly
lower than that of the LG cathode (1.79 V). The 3D porous architecture of the PG cathode
was further studied with cross-sectional SEM images. As shown in Figure 2c, PG shows a
self-assembled layer of porous graphene with a thickness of about 40 µm (between the dash
lines). By contrast, the cross-section of LG in Figure 2d shows the aggregation of graphene
and binder infiltrating into the carbon paper, which deteriorates the full utilization of the
graphene surface.



Nanomaterials 2024, 14, 754 6 of 14

Nanomaterials 2024, 14, x FOR PEER REVIEW  6  of  14 
 

 

dash  lines). By contrast,  the cross-section of LG  in Figure 2d shows  the aggregation of 

graphene and binder infiltrating into the carbon paper, which deteriorates the full utiliza-

tion of the graphene surface. 

 

Figure 2. (a) The discharge profiles of PG and LG cathodes at a current density of 200 mA g−1; (b) 

the voltage profiles of PG and LG cathodes at 200 mA g−1 with a curtailed capacity of 1000 mAh g−1; 

the cross-section SEM images of (c) PG and (d) LG. 

Although the 3D porous architecture of the PG cathode achieves ultrahigh capacities, 

the catalytically  inert nature of graphene gives rise  to high charging overpotentials  for 

Li2O2 oxidation. Even with a curtailed capacity, PG cathodes stably cycle only  for  tens 

cycles due to the high polarization (Figure S3a). This result  is consistent with previous 

reports in the literature. The previously reported binder-free freestanding carbonaceous 

oxygen cathodes for LOBs usually stably function for only tens cycles [4,28–31,33,34,37,44]. 

Therefore,  to reduce  the overpotential of  the charging process and achieve better cycle 

performance, efficient catalysts should be  introduced to modify the carbonaceous cath-

odes. The present study then investigated the ability of PG cathodes to support MnO2 and 

Ru catalysts via their 3D mesoporous architectures. As shown in Figure 3, after the incor-

poration of catalysts, MnO2@PG and Ru@PG maintain the porous architecture of PG cath-

odes. The introduction of catalysts onto the cathode surface does not change the morphol-

ogies of PG-based cathodes. The more detailed morphologies and crystalline structures of 

MnO2@PG and Ru@PG were investigated by TEM and HRTEM, and the results are shown 

in Figure 4. The TEM image in Figure 4a shows that MnO2 nanosheets are evenly distrib-

uted on the graphene sheet layer. Further, the HRTEM image of MnO2@PG in Figure 4b 

shows that the interplanar spacing between lattice planes is 0.24 nm, which corresponds 

to the (101) planes of the β-MnO2 structure [45]. Figure 4c shows that small particles of Ru 

with a size of 5 nm are evenly distributed on the graphene sheet layer. In the HR-TEM 

image of Ru particles in Figure 4d, the distinct lattice fringes (ascribed to the (100) plane) 

with a spacing of 0.23 nm verify the successful loading of Ru on Ru@PG further [46]. The 

chemical compositions of MnO2@PG and Ru@PG were further investigated by XPS. The 

survey spectrum of MnO2@PG in Figure 5a shows the presence of Mn, C, and O without 

other purities. In Figure 5b, the Mn 2p3/2 and Mn 2p1/2 peaks at 641.8 eV and 653.4 eV are 

Figure 2. (a) The discharge profiles of PG and LG cathodes at a current density of 200 mA g−1; (b) the
voltage profiles of PG and LG cathodes at 200 mA g−1 with a curtailed capacity of 1000 mAh g−1; the
cross-section SEM images of (c) PG and (d) LG.

Although the 3D porous architecture of the PG cathode achieves ultrahigh capacities,
the catalytically inert nature of graphene gives rise to high charging overpotentials for Li2O2
oxidation. Even with a curtailed capacity, PG cathodes stably cycle only for tens cycles due
to the high polarization (Figure S3a). This result is consistent with previous reports in the
literature. The previously reported binder-free freestanding carbonaceous oxygen cathodes
for LOBs usually stably function for only tens cycles [4,28–31,33,34,37,44]. Therefore, to
reduce the overpotential of the charging process and achieve better cycle performance,
efficient catalysts should be introduced to modify the carbonaceous cathodes. The present
study then investigated the ability of PG cathodes to support MnO2 and Ru catalysts
via their 3D mesoporous architectures. As shown in Figure 3, after the incorporation of
catalysts, MnO2@PG and Ru@PG maintain the porous architecture of PG cathodes. The
introduction of catalysts onto the cathode surface does not change the morphologies of PG-
based cathodes. The more detailed morphologies and crystalline structures of MnO2@PG
and Ru@PG were investigated by TEM and HRTEM, and the results are shown in Figure 4.
The TEM image in Figure 4a shows that MnO2 nanosheets are evenly distributed on the
graphene sheet layer. Further, the HRTEM image of MnO2@PG in Figure 4b shows that
the interplanar spacing between lattice planes is 0.24 nm, which corresponds to the (101)
planes of the β-MnO2 structure [45]. Figure 4c shows that small particles of Ru with a
size of 5 nm are evenly distributed on the graphene sheet layer. In the HR-TEM image of
Ru particles in Figure 4d, the distinct lattice fringes (ascribed to the (100) plane) with a
spacing of 0.23 nm verify the successful loading of Ru on Ru@PG further [46]. The chemical
compositions of MnO2@PG and Ru@PG were further investigated by XPS. The survey
spectrum of MnO2@PG in Figure 5a shows the presence of Mn, C, and O without other
purities. In Figure 5b, the Mn 2p3/2 and Mn 2p1/2 peaks at 641.8 eV and 653.4 eV are
ascribed to Mn(IV) in MnO2 [47]. The survey spectrum in Figure 5c shows the presence of
C, Ru, and O. The fine Ru 3D spectrum given in Figure 5d exhibits the core-level spectra at
285 eV and 281 eV, corresponding to Ru 3d3/2 and Ru 3d5/2. Moreover, the binding energy
components at 462.7 eV and 484.5 eV in Figure 5e are attributed to Ru 3p3/2 and Ru 3p1/2,
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respectively [48]. All the above-mentioned results demonstrate that the porous architecture
of PG cathodes is suitable to support dispersed MnO2 or Ru catalysts.

Nanomaterials 2024, 14, x FOR PEER REVIEW  7  of  14 
 

 

ascribed to Mn(IV) in MnO2 [47]. The survey spectrum in Figure 5c shows the presence of 

C, Ru, and O. The fine Ru 3D spectrum given in Figure 5d exhibits the core-level spectra 

at 285 eV and 281 eV, corresponding to Ru 3d3/2 and Ru 3d5/2. Moreover, the binding energy 

components at 462.7 eV and 484.5 eV in Figure 5e are attributed to Ru 3p3/2 and Ru 3p1/2, 

respectively [48]. All the above-mentioned results demonstrate that the porous architec-

ture of PG cathodes is suitable to support dispersed MnO2 or Ru catalysts. 

 

Figure 3. The SEM images of (a,b) MnO2@PG and (c,d) Ru@PG. 

 

Figure 4. The TEM and HR-TEM images of (a,b) MnO2@PG and (c,d) Ru@PG. 

Figure 3. The SEM images of (a,b) MnO2@PG and (c,d) Ru@PG.

Nanomaterials 2024, 14, x FOR PEER REVIEW  7  of  14 
 

 

ascribed to Mn(IV) in MnO2 [47]. The survey spectrum in Figure 5c shows the presence of 

C, Ru, and O. The fine Ru 3D spectrum given in Figure 5d exhibits the core-level spectra 

at 285 eV and 281 eV, corresponding to Ru 3d3/2 and Ru 3d5/2. Moreover, the binding energy 

components at 462.7 eV and 484.5 eV in Figure 5e are attributed to Ru 3p3/2 and Ru 3p1/2, 

respectively [48]. All the above-mentioned results demonstrate that the porous architec-

ture of PG cathodes is suitable to support dispersed MnO2 or Ru catalysts. 

 

Figure 3. The SEM images of (a,b) MnO2@PG and (c,d) Ru@PG. 

 

Figure 4. The TEM and HR-TEM images of (a,b) MnO2@PG and (c,d) Ru@PG. Figure 4. The TEM and HR-TEM images of (a,b) MnO2@PG and (c,d) Ru@PG.



Nanomaterials 2024, 14, 754 8 of 14
Nanomaterials 2024, 14, x FOR PEER REVIEW  8  of  14 
 

 

 

Figure 5. The XPS spectra of MnO2@PG and Ru@PG: (a) survey and (b) Mn 2p spectra of MnO2@PG; 

(c) survey, (d) Ru 3d, and (e) Ru 2p spectra of Ru@PG. 

After  the  loading  of MnO2  or  Ru  catalysts,  the  electrochemical  performances  of 

MnO2@PG and Ru@PG were studied by the galvanostatic charge and discharge of LOBs 

from 2.2 to 4.5 V at current densities ranging from 200 mA g−1 to 700 mA g−1. The voltage 

profiles of PG, MnO2@PG, and Ru@PG are presented in Figure 6a–c, respectively. In Figure 

6a, as discussed in Figure 2a, the PG cathode shows high discharge capacities and excel-

lent rate capability due to its 3D porous architecture. The PG cathode delivers a high ca-

pacity of 6000 mAh g–1 at a high current density of 700 mA g–1. However, the PG cathode 

cannot be charged back with a cut-off voltage of 4.5 V due to its high charge polarization 

derived from the sluggish OER kinetics. Thus, catalysts including MnO2, Ru, etc., should 

be utilized to suppress anodic polarizations. With the loading of MnO2, as shown in Figure 

6b, MnO2@PG has a slightly larger capacity than PG, which might be ascribed to the ca-

pacity  contribution of nanostructured MnO2. Moreover,  the MnO2  catalyst enables  the 

charge/discharge reversibility of MnO2@PG from 2.2 to 4.5 V at current densities of 200, 

300, 500, and 700 mA g−1, although the charge polarizations are still high. At a high current 

0 250 500 750 1000 1250 1500

 

In
te

n
si

ty
 (

a
.u

)

Binding Energy (eV)

C
1s

O
 2

p

R
u3

p
3

R
u3

p1

O
1s

O
 (

A
)

C
 (

A
)

R
u3

d5

R
u3

d3

450 465 480 495 510

 

In
te

ns
ity

 (
a.

u)

Binding Energy (eV)

 Raw
 Sum
 Background
 Ru 3p3/2

 Ru 3p1/2

Ru 3p1/2

Ru 3p3/2
Ru 3p

275 280 285 290

 

 

In
te

ns
ity

 (
a.

u)

Binding Energy (eV)

 Raw
 Sum
 Background
 Ru 3d5/2

 Ru 3d3/2

Ru 3d5/2

Ru 3d3/2Ru 3d

630 640 650 660

Mn 2p3/2

Mn 2p1/2

 

 

In
te

n
si

ty
 (

a.
u

)

Binding Energy (eV)

 Raw
 Sum
 Background
 Mn 2p3/2

 Mn 2p1/2

Mn 2p

0 300 600 900 1200 1500

 

 

C
 (

A
)

In
te

n
si

ty
 (

a
.u

)

Binding Energy (eV)
C

1
s

O
1s

O
 (

A
)

M
n 

2p
M

n 
2s

O
 2

p

a b

c

d e

MnO2@PG

Ru@PG

Figure 5. The XPS spectra of MnO2@PG and Ru@PG: (a) survey and (b) Mn 2p spectra of MnO2@PG;
(c) survey, (d) Ru 3d, and (e) Ru 2p spectra of Ru@PG.

After the loading of MnO2 or Ru catalysts, the electrochemical performances of
MnO2@PG and Ru@PG were studied by the galvanostatic charge and discharge of LOBs
from 2.2 to 4.5 V at current densities ranging from 200 mA g−1 to 700 mA g−1. The volt-
age profiles of PG, MnO2@PG, and Ru@PG are presented in Figure 6a–c, respectively. In
Figure 6a, as discussed in Figure 2a, the PG cathode shows high discharge capacities and
excellent rate capability due to its 3D porous architecture. The PG cathode delivers a high
capacity of 6000 mAh g−1 at a high current density of 700 mA g−1. However, the PG
cathode cannot be charged back with a cut-off voltage of 4.5 V due to its high charge polar-
ization derived from the sluggish OER kinetics. Thus, catalysts including MnO2, Ru, etc.,
should be utilized to suppress anodic polarizations. With the loading of MnO2, as shown
in Figure 6b, MnO2@PG has a slightly larger capacity than PG, which might be ascribed to
the capacity contribution of nanostructured MnO2. Moreover, the MnO2 catalyst enables
the charge/discharge reversibility of MnO2@PG from 2.2 to 4.5 V at current densities of 200,
300, 500, and 700 mA g−1, although the charge polarizations are still high. At a high current
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density of 700 mA g−1, MnO2@PG still delivers a high reversible capacity of 7735 mAh g−1.
Further studies shown in Figure 6c suggest that the loading of Ru extremely decreases the
charge and discharge polarization of Ru@PG. Therefore, Ru is an appropriate catalyst for
the PG cathode. It should also be noticed that the capacities of Ru@PG are slightly lower
than PG and MnO2@PG. The loading of Ru onto PG might cause the surface area loss of
PG to some extent. The OER catalytical activities of MnO2 and Ru are further studied by
galvanostatic discharge/charge with a curtailed capacity of 1000 mAh g−1. As compared in
Figure 6d, PG shows the highest anodic polarization of 1.1 V, and MnO2@PG and Ru@PG
show lower anodic polarizations of 1.03 V and 0.66 V, respectively. The OER catalytical
activity of Ru@PG is higher than MnO2@PG. Therefore, Ru@PG shows the best cycling
performance among all three PG-based cathodes (see the voltage profiles during cycling in
Figure S2 in the Supplementary Materials).
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Figure 6. The voltage profiles of LOBs with (a) PG, (b) MnO2@PG, and (c) Ru@PG cathodes at
different current densities; (d) the voltage profiles of PG, MnO2@PG, and Ru@PG at 200 mA g−1 with
a curtailed specific capacity of 1000 mAh g−1.

To further illustrate the catalytic activities and discharge mechanisms of MnO2@PG
and Ru@PG cathodes in LOBs, the discharged MnO2@PG and Ru@PG were studied by SEM
(Figure 7) and XPS (Figure 8). Figure 7 compares the cathodes discharged to 1000 mAh g−1

(marked as partially discharged) and 2.2 V (marked as fully discharged). At the initial stage
of PG discharge (shown in Figure 7a), the small particle discharge products evenly deposit
on the graphene surface, indicating rich catalytically active sites for ORR on the porous
graphene. When discharged to 2.2 V (shown in Figure 7b), the discharge products gradually
form toroid-like particles aggregated on the PG cathode to provide the ultrahigh discharge
capacity. By contrast, discharged MnO2@PG (Figure 7c) shows aggregated particles even
in the initial stage of discharge, which could be induced by the nanostructured MnO2.
The induced growth of discharge products on nanostructured MnO2 ensures the ultimate
contact between MnO2 and discharge product and thus lowers the OER polarization in
the following charging process: When discharge to 2.2 V (Figure 7d), MnO2@PG shows
aggregated particles of discharge products to provide the ultrahigh discharge capacity. The
MnO2 catalyst actually alters the morphology of discharge products. With the highly active
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catalyst Ru, discharged Ru@PG shows different morphologies compared to discharged PG
and MnO2@PG. At the initial stage of discharge, Ru@PG (Figure 7e) already shows small
toroid-like discharge particles. Each toroid-like particle could grow around a catalytically
active site. When discharged to 2.2 V (Figure 7f), Ru@PG shows the surface conformal
growth of discharge products, and no accumulation of product particles is observed. This
is why the capacity of Ru@PG is slightly lower than those of PG and MnO2@PG. The
chemical compositions of discharge PG, MnO2@PG, and Ru@PG were studied by XPS.
Figure 8 compares the fine XPS spectra of fully discharge cathodes at 200 mA g−1 to 2.2 V.
Both Li2O2 and Li2CO3 can be identified in the Li 1s and O 1s spectra of discharged PG,
MnO2@PG, and Ru@PG cathodes, and the main XPS peak of discharged cathodes are
ascribed to the main product Li2O2. The presence of Li2CO3 is ascribed to the degradation
of the carbon-based cathodes under oxygen reduction circumstances, as well as to the short
exposure to the ambient air before loading into the XPS instrument.
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Figure 8. Li 1s and O 1s XPS spectra of discharged cathodes: (a,b) GMS, (c,d) MnO2@PG, and
(e,f) Ru@PG.

4. Conclusions

In the present work, we successfully prepared a binder-free three-dimensional (3D)
porous graphene (PG) cathode for LOBs by the self-assembly and chemical reduction
of graphene oxide (GO) with triblock copolymer soft templates (Pluronic F127). The
interconnected mesoporous architecture of resultant 3D PG cathodes achieved an ultrahigh
capacity of 10,300 mAh g−1 for LOBs. Further, the porous architecture of PG cathodes
was found to be suitable for the uniform loading of cathodic catalysts ruthenium (Ru)
and manganese dioxide (MnO2). MnO2@PG and Ru@PG showed lower levels of anodic
polarization, with 1.03 V and 0.66 V, respectively, compared to the anodic polarization
of 1.1 V for PG without catalysts. This work provides an effective way to fabricate free-
standing 3D porous oxygen cathodes for the enhanced performance of LOBs.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano14090754/s1, Figure S1: The SEM images of rGO; Figure S2:
(a) The nitrogen sorption isotherm and (b) BJH pore size distribution of PG cathode; Figure S3: The
voltages profiles of (a) PG, (b) MnO2@PG, and (c) Ru@PG at 200 mA g−1 with a curtailed capacity of
1000 mAh g−1; Table S1: Discharge capacity comparison of binder-free freestanding carbonaceous
oxygen cathodes for LOBs.

Author Contributions: Y.L.: Writing—original draft preparation, investigation. W.M.: investigation.
Y.G.: validation. M.Z.: methodology. M.L.: writing—review and editing, investigation. L.X.:
supervision, conceptualization, formal analysis, writing—review and editing, funding acquisition.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by grants from the National Natural Science Foundation of China,
Nos. 21673169, 22075219.

Data Availability Statement: The datasets generated during and/or analyzed during the current
study are available from the corresponding author upon reasonable request.

Conflicts of Interest: Author Wen Meng was employed by the company Zhengzhou Yutong Bus Co.,
Ltd. The remaining authors declare that the research was conducted in the absence of any commercial
or financial relationships that could be construed as a potential conflict of interest.

References
1. Luntz, A.C.; McCloskey, B.D. Nonaqueous Li-Air Batteries: A Status Report. Chem. Rev. 2014, 114, 11721–11750. [CrossRef]

[PubMed]
2. Lu, J.; Li, L.; Park, J.-B.; Sun, Y.-K.; Wu, F.; Amine, K. Aprotic and Aqueous Li-O2 Batteries. Chem. Rev. 2014, 114, 5611–5640.

[CrossRef] [PubMed]
3. Wang, Y.; Lu, Y.-C. Nonaqueous Lithium–Oxygen batteries: Reaction mechanism and critical open questions. Energy Storage

Mater. 2020, 28, 235–246. [CrossRef]
4. Yu, W.; Shen, Z.; Yoshii, T.; Iwamura, S.; Ono, M.; Matsuda, S.; Aoki, M.; Kondo, T.; Mukai, S.R.; Nakanishi, S.; et al. Hierarchically

Porous and Minimally Stacked Graphene Cathodes for High-Performance Lithium–Oxygen Batteries. Adv. Energy Mater. 2024,
14, 2303055. [CrossRef]

5. Samira, S.; Deshpande, S.; Greeley, J.; Nikolla, E. Aprotic Alkali Metal–O2 Batteries: Role of Cathode Surface-Mediated Processes
and Heterogeneous Electrocatalysis. ACS Energy Lett. 2021, 6, 665–674. [CrossRef]

6. Ren, M.; Chen, J.; Wu, G.; McHugh, E.A.; Tsai, A.-L.; Tour, J.M. Bioinspired Redox Mediator in Lithium–Oxygen Batteries. ACS
Catal. 2021, 11, 1833–1840. [CrossRef]

7. Ma, Z.; Yuan, X.; Li, L.; Ma, Z.-F.; Wilkinson, D.P.; Zhang, L.; Zhang, J. A review of cathode materials and structures for
rechargeable lithium-air batteries. Energy Environ. Sci. 2015, 8, 2144–2198. [CrossRef]

8. Lu, X.; Si, W.; Sun, X.; Liu, B.; Zhang, L.; Yan, C.; Schmidt, O.G. Pd-functionalized MnOx–GeOy nanomembranes as highly
efficient cathode materials for Li–O2 batteries. Nano Energy 2016, 19, 428–436. [CrossRef]

9. Xiao, L.; Yi, J.; Kou, Z.; Li, E.; Deng, B.; Wang, J.; Liu, J. Combinational Design of Electronic Structure and Nanoarray Architecture
Achieves a Low-Overpotential Oxygen Electrode for Aprotic Lithium–Oxygen Batteries. Small Methods 2020, 4, 1900619. [CrossRef]

10. Xiao, L.; Qin, Z.; Yi, J.; Dong, H.; Liu, J. A novel bifunctional oxygen electrode architecture enabled by heterostructures
self-scaffolding for lithium-oxygen batteries. J. Energy Chem. 2020, 51, 216. [CrossRef]

11. Xiao, L.; Yi, J.; Meng, W.; Wang, S.; Deng, B.; Liu, J. Ball-flower-like carbon microspheres via a three-dimensional replication
strategy as a high-capacity cathode in lithium-oxygen batteries. Sci. China-Mater. 2019, 62, 633–644. [CrossRef]

12. Yang, X.-h.; He, P.; Xia, Y.-y. Preparation of mesocellular carbon foam and its application for lithium/oxygen battery. Electrochem.
Commun. 2009, 11, 1127–1130. [CrossRef]

13. Kichambare, P.; Kumar, J.; Rodrigues, S.; Kumar, B. Electrochemical performance of highly mesoporous nitrogen doped carbon
cathode in lithium–oxygen batteries. J. Power Sources 2011, 196, 3310–3316. [CrossRef]

14. Wang, Z.-L.; Xu, D.; Xu, J.-J.; Zhang, L.-L.; Zhang, X.-B. Graphene Oxide Gel-Derived, Free-Standing, Hierarchically Porous
Carbon for High-Capacity and High-Rate Rechargeable Li-O2 Batteries. Adv. Funct. Mater. 2012, 22, 3699–3705. [CrossRef]

15. Kim, M.; Yoo, E.; Ahn, W.-S.; Shim, S.E. Controlling porosity of porous carbon cathode for lithium oxygen batteries: Influence of
micro and meso porosity. J. Power Sources 2018, 389, 20–27. [CrossRef]

16. Guo, X.; Xiao, L.; Yan, P.; Li, M.; Zhu, M.; Liu, J. Synergistic tuning of electrochemical surface area and surface Co3+ by oxygen
plasma enhances the capacities of Co3O4 lithium–oxygen battery cathodes. Chin. Chem. Lett. 2021, 32, 3491–3495. [CrossRef]

17. Lian, Y.; Li, M.; Gao, Y.; Zhao, M.; Liu, J.; Xiao, L. An Electrochemically Stable Polyester Fabric-reinforced Poly (methyl
methacrylate) Gel Polymer Electrolyte for Solid-State Lithium–Oxygen Batteries. ACS Appl. Energy Mater. 2023, 6, 11364–11375.
[CrossRef]

https://www.mdpi.com/article/10.3390/nano14090754/s1
https://www.mdpi.com/article/10.3390/nano14090754/s1
https://doi.org/10.1021/cr500054y
https://www.ncbi.nlm.nih.gov/pubmed/25376975
https://doi.org/10.1021/cr400573b
https://www.ncbi.nlm.nih.gov/pubmed/24725101
https://doi.org/10.1016/j.ensm.2020.03.007
https://doi.org/10.1002/aenm.202303055
https://doi.org/10.1021/acsenergylett.0c02506
https://doi.org/10.1021/acscatal.0c04544
https://doi.org/10.1039/C5EE00838G
https://doi.org/10.1016/j.nanoen.2015.10.027
https://doi.org/10.1002/smtd.201900619
https://doi.org/10.1016/j.jechem.2020.04.006
https://doi.org/10.1007/s40843-018-9367-3
https://doi.org/10.1016/j.elecom.2009.03.029
https://doi.org/10.1016/j.jpowsour.2010.11.112
https://doi.org/10.1002/adfm.201200403
https://doi.org/10.1016/j.jpowsour.2018.03.080
https://doi.org/10.1016/j.cclet.2021.03.066
https://doi.org/10.1021/acsaem.3c02356


Nanomaterials 2024, 14, 754 13 of 14

18. Papp, J.K.; Forster, J.D.; Burke, C.M.; Kim, H.W.; Luntz, A.C.; Shelby, R.M.; Urban, J.J.; McCloskey, B.D. Poly(vinylidene fluoride)
(PVDF) Binder Degradation in Li–O2 Batteries: A Consideration for the Characterization of Lithium Superoxide. J. Phys. Chem.
Lett. 2017, 8, 1169–1174. [CrossRef] [PubMed]

19. Li, M.; Lian, Y.; Li, Z.; Zhu, M.; Qiao, Q.; Liu, J.; Xiao, L. An integrated architecture of mutually infiltrated nanoarray cathode
and polymer electrolyte improves the performances of solid-state lithium–oxygen batteries. Electrochim. Acta 2023, 453, 142360.
[CrossRef]

20. Li, M.; Li, E.; Yi, J.; Xiao, L.; Liu, J. A Grafted Hybrid Nanosheet Array Architecture Enables Efficient Bifunctional Oxygen
Catalytic Electrodes for Rechargeable Lithium–Oxygen Batteries. Adv. Sustain. Syst. 2023, 2300510. [CrossRef]

21. Zhu, M.; Li, M.; Lian, Y.; Guo, X.; Liu, J.; Ma, P.; Xiao, L. Direct Observation of Solvent Donor Number Effect on Lithium–Oxygen
Battery Capacity via a Nanoarray Cathode Model. J. Phys. Chem. C 2022, 126, 10248–10257. [CrossRef]

22. Huang, H.; Shi, H.; Das, P.; Qin, J.; Li, Y.; Wang, X.; Su, F.; Wen, P.; Li, S.; Lu, P.; et al. The Chemistry and Promising Applications
of Graphene and Porous Graphene Materials. Adv. Funct. Mater. 2020, 30, 1909035. [CrossRef]

23. Samaniego Andrade, S.K.; Lakshmi, S.S.; Bakos, I.; Klébert, S.; Kun, R.; Mohai, M.; Nagy, B.; László, K. The Influence of Reduced
Graphene Oxide on the Texture and Chemistry of N,S-Doped Porous Carbon. Implications for Electrocatalytic and Energy Storage
Applications. Nanomaterials 2023, 13, 2364. [CrossRef] [PubMed]

24. Li, Y.; Wang, J.; Li, X.; Geng, D.; Li, R.; Sun, X. Superior energy capacity of graphene nanosheets for a nonaqueous lithium-oxygen
battery. Chem. Commun. 2011, 47, 9438–9440. [CrossRef] [PubMed]

25. Sun, B.; Wang, B.; Su, D.; Xiao, L.; Ahn, H.; Wang, G. Graphene nanosheets as cathode catalysts for lithium-air batteries with an
enhanced electrochemical performance. Carbon 2012, 50, 727–733. [CrossRef]

26. Kim, S.Y.; Lee, H.-T.; Kim, K.-B. Electrochemical properties of graphene flakes as an air cathode material for Li–O2 batteries in an
ether-based electrolyte. Phys. Chem. Chem. Phys. 2013, 15, 20262–20271. [CrossRef]

27. Su, D.; Han Seo, D.; Ju, Y.; Han, Z.; Ostrikov, K.; Dou, S.; Ahn, H.-J.; Peng, Z.; Wang, G. Ruthenium nanocrystal decorated vertical
graphene nanosheets@Ni foam as highly efficient cathode catalysts for lithium-oxygen batteries. NPG Asia Mater. 2016, 8, e286.
[CrossRef]

28. Zhang, P.; Wang, R.; He, M.; Lang, J.; Xu, S.; Yan, X. 3D Hierarchical Co/CoO-Graphene-Carbonized Melamine Foam as a
Superior Cathode toward Long-Life Lithium Oxygen Batteries. Adv. Funct. Mater. 2016, 26, 1354–1364. [CrossRef]

29. Yang, L.; Chen, J.; Xu, S.; Jing, N.; Hao, H.; Wang, Z.; Wang, M.; Wang, G.; Wang, G. Binder-Free Flexible Three-Dimensional
Porous Electrodes by Combining Microstructures and Catalysis to Enhance the Performance of Lithium-Oxygen Batteries. Ind.
Eng. Chem. Res. 2021, 60, 14113–14123. [CrossRef]

30. Zhang, W.; Zhu, J.; Ang, H.; Zeng, Y.; Xiao, N.; Gao, Y.; Liu, W.; Hng, H.H.; Yan, Q. Binder-free graphene foams for O2 electrodes
of Li–O2 batteries. Nanoscale 2013, 5, 9651–9658. [CrossRef]

31. Wan, W.; Zhu, X.; He, X.; Wang, Y.; Yan, Y.; Wu, Y.; Lü, Z. Nanoarchitectured CNTs-Grafted Graphene Foam with Hierarchical
Pores as a Binder-Free Cathode for Lithium-Oxygen Batteries. J. Electrochem. Soc. 2018, 165, A1741. [CrossRef]

32. Huang, G.; Han, J.; Yang, C.; Wang, Z.; Fujita, T.; Hirata, A.; Chen, M. Graphene-based quasi-solid-state lithium–oxygen batteries
with high energy efficiency and a long cycling lifetime. NPG Asia Mater. 2018, 10, 1037–1045. [CrossRef]

33. Zhu, X.; Zhang, P.; Xu, S.; Yan, X.; Xue, Q. Free-Standing Three-Dimensional Graphene/Manganese Oxide Hybrids As Binder-Free
Electrode Materials for Energy Storage Applications. ACS Appl. Mater. Interfaces 2014, 6, 11665–11674. [CrossRef] [PubMed]

34. Jiang, J.; He, P.; Tong, S.; Zheng, M.; Lin, Z.; Zhang, X.; Shi, Y.; Zhou, H. Ruthenium functionalized graphene aerogels with
hierarchical and three-dimensional porosity as a free-standing cathode for rechargeable lithium-oxygen batteries. NPG Asia Mater.
2016, 8, e239. [CrossRef]

35. Xiao, J.; Mei, D.; Li, X.; Xu, W.; Wang, D.; Graff, G.L.; Bennett, W.D.; Nie, Z.; Saraf, L.V.; Aksay, I.A.; et al. Hierarchically Porous
Graphene as a Lithium–Air Battery Electrode. Nano Lett. 2011, 11, 5071–5078. [CrossRef] [PubMed]

36. Sun, B.; Huang, X.; Chen, S.; Munroe, P.; Wang, G. Porous Graphene Nanoarchitectures: An Efficient Catalyst for Low Charge-
Overpotential, Long Life, and High Capacity Lithium–Oxygen Batteries. Nano Lett. 2014, 14, 3145–3152. [CrossRef] [PubMed]

37. Kim, D.Y.; Kim, M.; Kim, D.W.; Suk, J.; Park, O.O.; Kang, Y. Flexible binder-free graphene paper cathodes for high-performance
Li-O2 batteries. Carbon 2015, 93, 625–635. [CrossRef]

38. Wu, J.; Liu, Y.; Cui, Y.; Ouyang, J.; Baker, A.P.; Li, Z.; Zhang, H. Pluronic F127 as auxiliary template for preparing nitrogen and
oxygen dual doped mesoporous carbon cathode of lithium-oxygen batteries. J. Phys. Chem. Solids 2018, 113, 31–38. [CrossRef]

39. Huang, X.; Zhao, W.; Zhu, C.; Chen, X.; Han, X.; Xing, J.; Bao, L.; Meng, L.; Shi, N.N.; Gao, P.; et al. Modification of the Interlayer
Coupling and Chemical Reactivity of Multilayer Graphene through Wrinkle Engineering. Chem. Mater. 2021, 33, 2506–2515.
[CrossRef]

40. Wang, Y.; Liu, Z. Spontaneous rolling-up and assembly of graphene designed by using defects. Nanoscale 2018, 10, 6487–6495.
[CrossRef]

41. Peer, M.; Lusardi, M.; Jensen, K.F. Facile Soft-Templated Synthesis of High-Surface Area and Highly Porous Carbon Nitrides.
Chem. Mater. 2017, 29, 1496–1506. [CrossRef]

42. Han, S.; Wu, D.; Li, S.; Zhang, F.; Feng, X. Porous Graphene Materials for Advanced Electrochemical Energy Storage and
Conversion Devices. Adv. Mater. 2014, 26, 849–864. [CrossRef] [PubMed]

43. Childres, I.; Jauregui, L.A.; Park, W.; Cao, H.; Chen, Y.P. Raman spectroscopy of graphene and related materials. New Dev. Photon
Mater. Res. 2013, 1, 1–20.

https://doi.org/10.1021/acs.jpclett.7b00040
https://www.ncbi.nlm.nih.gov/pubmed/28240555
https://doi.org/10.1016/j.electacta.2023.142360
https://doi.org/10.1002/adsu.202300510
https://doi.org/10.1021/acs.jpcc.2c01211
https://doi.org/10.1002/adfm.201909035
https://doi.org/10.3390/nano13162364
https://www.ncbi.nlm.nih.gov/pubmed/37630949
https://doi.org/10.1039/C1CC13464G
https://www.ncbi.nlm.nih.gov/pubmed/21779551
https://doi.org/10.1016/j.carbon.2011.09.040
https://doi.org/10.1039/C3CP53534G
https://doi.org/10.1038/am.2016.91
https://doi.org/10.1002/adfm.201503907
https://doi.org/10.1021/acs.iecr.1c02765
https://doi.org/10.1039/C3NR03321J
https://doi.org/10.1149/2.1041809jes
https://doi.org/10.1038/s41427-018-0095-5
https://doi.org/10.1021/am5024258
https://www.ncbi.nlm.nih.gov/pubmed/24978598
https://doi.org/10.1038/am.2015.141
https://doi.org/10.1021/nl203332e
https://www.ncbi.nlm.nih.gov/pubmed/21985448
https://doi.org/10.1021/nl500397y
https://www.ncbi.nlm.nih.gov/pubmed/24854426
https://doi.org/10.1016/j.carbon.2015.05.097
https://doi.org/10.1016/j.jpcs.2017.09.036
https://doi.org/10.1021/acs.chemmater.0c04799
https://doi.org/10.1039/C8NR00286J
https://doi.org/10.1021/acs.chemmater.6b03570
https://doi.org/10.1002/adma.201303115
https://www.ncbi.nlm.nih.gov/pubmed/24347321


Nanomaterials 2024, 14, 754 14 of 14

44. Yu, W.; Wang, H.; Qin, L.; Hu, J.; Liu, L.; Li, B.; Zhai, D.; Kang, F. Controllable Electrochemical Fabrication of KO2-Decorated
Binder-Free Cathodes for Rechargeable Lithium–Oxygen Batteries. ACS Appl. Mater. Interfaces 2018, 10, 17156–17166. [CrossRef]

45. Islam, S.; Alfaruqi, M.H.; Mathew, V.; Song, J.; Kim, S.; Kim, S.; Jo, J.; Baboo, J.P.; Pham, D.T.; Putro, D.Y.; et al. Facile synthesis
and the exploration of the zinc storage mechanism of β-MnO2 nanorods with exposed (101) planes as a novel cathode material
for high performance eco-friendly zinc-ion batteries. J. Mater. Chem. A 2017, 5, 23299–23309. [CrossRef]

46. Zhu, L.; Jiang, Y.; Zheng, J.; Zhang, N.; Yu, C.; Li, Y.; Pao, C.-W.; Chen, J.-L.; Jin, C.; Lee, J.-F.; et al. Ultrafine Nanoparticle-
Supported Ru Nanoclusters with Ultrahigh Catalytic Activity. Small 2015, 11, 4385–4393. [CrossRef] [PubMed]

47. Ma, L.; Meng, N.; Zhang, Y.; Lian, F. Improved electrocatalytic activity of δ-MnO2@MWCNTs by inducing the oriented growth of
oxygen reduction products in Li-O2 batteries. Nano Energy 2019, 58, 508–516. [CrossRef]

48. Elmasides, C.; Kondarides, D.I.; Grünert, W.; Verykios, X.E. XPS and FTIR Study of Ru/Al2O3 and Ru/TiO2 Catalysts: Reduction
Characteristics and Interaction with a Methane–Oxygen Mixture. J. Phys. Chem. B 1999, 103, 5227–5239. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1021/acsami.8b02359
https://doi.org/10.1039/C7TA07170A
https://doi.org/10.1002/smll.201500654
https://www.ncbi.nlm.nih.gov/pubmed/26081741
https://doi.org/10.1016/j.nanoen.2019.01.089
https://doi.org/10.1021/jp9842291

	Introduction 
	Materials and Methods 
	Preparation of PG and Catalyst-Decorated PG Cathode 
	Material Characterization 
	Electrochemical Performance of LOBs 

	Results and Discussion 
	Conclusions 
	References

