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Abstract: In this study, carbon nanotubes (CNTs) were used as cathodes for lithium–oxygen (Li–O2)
batteries to confirm the effect of oxygen functional groups present on the CNT surface on Li–O2

battery performance. A coating technology using atomic layer deposition was introduced to remove
the oxygen functional groups present on the CNT surface, and ZnO without catalytic properties
was adopted as a coating material to exclude the effect of catalytic reaction. An acid treatment
process (H2SO4:HNO3 = 3:1) was conducted to increase the oxygen functional groups of the existing
CNTs. Therefore, it was confirmed that ZnO@CNT with reduced oxygen functional groups lowered
the charging overpotential by approximately 230 mV and increased the yield of Li2O2, a discharge
product, by approximately 13%. Hence, we can conclude that the ZnO@CNT is suitable as a cathode
material for Li–O2 batteries.

Keywords: Li–O2 battery; air cathode; CNT; oxygen functional groups; titration

1. Introduction

High-energy-density secondary batteries are required to address the increasing in-
dustrial needs for long-range electrical vehicles and large-scale energy storage systems
and to support renewable energy sources. Commercialized secondary lithium-ion battery
(LIB) technology does not reach sufficient energy density for the above future battery
applications [1]. Under these circumstances, the lithium–oxygen (Li–O2) battery, which
has the highest theoretical capacity (3840 mAh g−1) and energy density (~3500 Wh kg−1),
is attracting attention as a next-generation battery system to replace the current LIB [2–6].
Li–O2 batteries operate by oxygen reduction reaction (ORR, 2Li+ + O2 + 2e− → Li2O2 )
and oxygen evolution reaction (OER, Li2O2 → 2Li+ + O2 + 2e− ), which are the Li2O2
processes of generation and decomposition [7]. Li–O2 oxygen batteries use oxygen in the
air, which is practically unlimited, free of cost, and environmentally friendly.

Several important technical challenges must be solved to commercialize Li–O2 batter-
ies [8–10]. First, the currently used carbonate-based organic electrolyte solvents, such as
propylene carbonate, ethylene carbonate, and dimethyl carbonate, generate oxygen radicals
(O2
−) during the discharge reaction, and their high reactivity reacts with the electrolyte,

resulting in electrolyte degradation [7,11,12]. The resultant electrolyte consumption is the
major cause of the irreversibility of Li–O2 batteries. Second, there is a safety issue due to
the use of highly reactive lithium metal as an anode. Lithium metal is highly reactive with
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oxygen and moisture, and when the charge and discharge reactions proceed, dendrites
grow. This leads to the formation of an unstable interface and an eventual internal short
circuit [13]. Many studies have been conducted to solve the above-mentioned problems;
however, further improvement is required.

Another important issue with Li–O2 batteries is the control of lithium peroxide (Li2O2)
formation during the discharge reaction. Li2O2 is produced during discharge on the surface
of the air electrode; therefore, an increase in capacity depends on the degree of air electrode
porosity (Equation (1)):

2Li+ + O2 + 2e− → Li2O2 (1)

Li2O2 is produced by reacting Li+, air, and electrons diffused through the electrolyte
during discharge. Two types of Li2O2 can be formed according to the generating pathway.
The reduced oxygen and lithium ions of the electrolyte produce LiO2, and the process of two
LiO2 molecules meeting to form Li2O2 is called a solution-mediated process. This process
is as follows: Li+ + O−2 → LiO2, 2LiO2 → 2Li2O2 + O2 . In this process, the formed Li2O2
has a toroidal shape, which has high capacity but is difficult to decompose. The other
reaction is the surface film formation reaction in which LiO2 and lithium ions combine to
produce Li2O2. This process is as follows: LiO2 + Li+ + e− → Li2O2 . It produces film-like
Li2O2, which has lower capacity but is easier to decompose [3,14,15]. The ORR reaction
does not tend toward only one process; both forms of products coexist. In this sense, air
electrodes with pore structure that provides nucleation sites where optimally shaped Li2O2
can be formed will have high and reversible capacity.

For this reason, many carbon-based materials with mesopores (with pore size of 2–50
nm) and large specific surface area have been studied as potential air electrode materials
for Li–O2 batteries [16,17]. Carbon-based air electrodes produce byproducts (mainly
Li2CO3) through H-abstraction reactions [8,18,19]; however, Li2CO3 is degraded at a higher
voltage than the discharge product, Li2O2, during charging, which results in electrolyte
decomposition. In addition, electrode clogging coming from the byproducts in carbon-
based electrodes are one of the major issues for the performance of Li–O2 batteries during
ORR and OER reactions. When a discharge product (Li2O2) is formed in the ORR process,
a byproduct is formed on the surface of the carbon-based electrode with the following
reaction Equation: Li2O2 + C + 1/2O2 → Li2CO3. In the OER process, when Li2O2 meets
an electrolyte and receives electrons, a byproduct in the form of LiRCO3 is formed with
following reaction Equation: Li2O2 + e− + electrolyte→ LiRCO3 [20]. This reduces the
reversibility of the cell and lowers the overall battery performance. Non-carbon material
studies have also been conducted to solve this problem [21,22]. Non-carbon materials such
as noble metals originally prevented side reaction production, but practical application has
been hindered since they are heavy, expensive, and normally have far smaller surface area
than carbon. According to Peng et al., nano porous gold (NPG) was used as an electrode
instead of a carbon electrode to lower the charging overpotential and improve cyclability
and rate capability [22]. These non-carbon-based studies continued and Luo et al. used a
freestanding and stable 3D metal structure electrode for a lithium–air battery [21]. Despite
these non-carbon-based studies, there is a limit to keeping up with the light and large
specific surface area of carbon-based materials. Xia et al. studied the effect of different
surface functional groups by controlling the concentration of NaClO solution [23]. In
addition, Lee et al. controlled the action on the carbon surface through the heat treatment
process for each temperature and studied the effect [24].

In this study, we attempted to determine the effect of surface functional groups on
Li2O2 and the formation of other byproducts by controlling the concentration of oxygen
functional groups on the carbon electrode. The more oxygen functional groups, the faster
the O−2 reacts, resulting in a reaction that produces byproducts such as Li2CO3 and a
surface-derived reaction that results in a film-like Li2O2 with a smaller capacity than the
toroidal Li2O2.

Controlling side reactions through surface oxygen functional group control suppresses
byproducts in ORR reactions and reduces charge overpotential in OER reactions. We
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also modified the surface functional groups to lower the charge overpotential to close
to 2.96 V, which is the generation/decomposition voltage of Li2O2. As carbon electrode
material, we chose multi-walled carbon nanotubes (MWCNTs), which have large specific
surface area (100–700 m2 g−1) and good electrical conductivity. First, we tried to examine
the issues of the carbon electrode and tried to improve the surface of the MWCNTs by
controlling the oxygen functional groups. Wet chemical etching was conducted to obtain a
carbon electrode that maximized the oxygen functional groups (t-CNTs), and we confirmed
that oxygen functional groups attached to MWCNTs are composed of hydroxyl (C–OH),
carboxyl (COOH), and carbonyl (C=O) groups using X-ray photoelectron spectroscopy
(XPS) analysis. We also obtained carbon electrodes with fewer oxygen functional groups
through atomic layer deposition (ALD) treatment of the CNTs. ALD processing produced
ZnO on the surface of MWCNTs where oxygen functional groups exist; this was intended
to investigate the effect of oxygen functional groups on electrochemical properties [25].

2. Materials and Methods
2.1. Preparation of CNT Electrode with Controlled Oxygen Functional Groups

Free-standing electrodes were constructed using multi-layer wall CNTs (MWCNT-
MR99) that were ball milled for 24 h. To prepare t-CNTs that contain many oxygen
functional groups on the surface, ball-milled CNTs were sonicated in a strong acid solution
(H2SO4:HNO3 = 3:1) at 60 ◦C for 15 min [23]. Then, 0.14 g of prepared CNT was added
(DI water:Isopropyl Alcohol = 4:1) and ultrasonicated for 20 min so that the mixture was
distributed evenly. The above carbon mixture was then filtered under reduced pressure
with sufficient DI water. Once the mixture was evenly dispersed in the filter, it was dried
in an 80 ◦C oven for 10 min to obtain a CNT electrode that can be freestanding without any
binder [26,27]. The freestanding CNT electrode has a nanowire shape, so it does not require
a gas diffusion layer for the smooth dispersion of oxygen. To create a CNT with fewer
oxygen functional groups, ZnO was coated on the t-CNT freestanding electrode using ALD
(Veeco Savannah S200). The diethylzinc (DEZ) precursor was set to a 0.015 s pulse with
H2O. The exposure time was 3 s. The oxygen functional groups on the CNT surface react
with the DEZ precursor. The ethyl group of DEZ reacts with the oxygen functional group
to form ethane, and the remaining O and Zn form ZnO.

2.2. Characterization of CNTs with Controlled Oxygen Functional Groups

The nanowire morphology was confirmed by transmission electron microscopy (TEM,
FEI Tecnai F20 G2), and elemental mapping images were obtained by scanning transmission
electron microscopy energy dispersive X-ray spectroscopy (STEM-EDS) elemental mapping
analysis XPS (PHI 5000 Versa Probe/ULCAC-PHI, Japan) using monochromatic Al Kα

radiation (hν = 1486.6 eV) was used to investigate the material properties of CNTs with
oxygen functional groups controlled. Raman spectrometry was performed to identify the
ID/IG ratio, which shows the determination of graphite crystallinity.

2.3. Electrochemical Characterization

The cathode for the Li–O2 cell was composed of freestanding oxygen-functional-group-
controlled CNT without any binder or additional gas diffusion layer for the even dispersion
of air. The electrodes were ~2 mg cm−2. A solution of 1 M lithium bis(trifluoromethane)
sulfonamide (LiTFSI) in tetraethylene glycol dimethyl ether (TEGDME) was used as the
electrolyte. The electrolyte contained less than 10 ppm H2O so that it was not affected
by water. This was measured using Karl Fisher titration. The electrodes were prepared
as follows: lithium metal foil and separator (Whatman GF/F microfiber paper) were
assembled with R2032 coin-type cells (R2030 coin-type/Wellcos Corp., Gyeonggi, Korea)
in an argon-filled glovebox in which both H2O and O2 were less than 0.1 ppm. A hole
with half the coin cell’s diameter at the top of the cell allowed O2 to flow to the electrode.
The completed coin cell was placed in an HS air cell (an HS flat cell combined with a
Swagelok type, EK cell/Wellcos Corp., Korea) to perform the electrochemical test. All
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cells were operated in a pure oxygen (99.9%) atmosphere (1 bar) using a galvanostat
(WBCS300M1/WonATech, Seoul, Korea) at a current density of 0.2 mA cm−2. Every
cell had a resting time of 30 min before operating to stabilize. The galvanostatic test for
Li2O2 titration was also evaluated with a current density of 0.1 mA cm−2. Each test was
performed within a voltage window of 2.0–4.5 V vs. Li/Li+.

2.4. Iodometric Titration

Electrodes are extracted from discharged cells in an Ar-filled glove box and placed in
a vial. After taking the sealed vial out of the glove box, and we added 2 mL of DI water
using a syringe, and stirred for 30 s or more for sufficient reaction with H2O and Li2O2
generated on the CNT electrode. A drop of phenolphthalein was added to the vial, which
served as an end point indicator, and titration with 0.005 M HCl solution was performed.
After titration of the base, 2 wt% of KI in H2O, 1mL of 3.5 M H2SO4, and 50 uL of Mo-
based catalyst solution were added to the existing solution. The peroxide solution turns
yellow when reagent is added due to I2 formation, and the I2 is immediately titrated to a
pale-yellow color with 0.01 N NaS2O3. Then 0.5 mL of 1% starch indicator was added to
the solution, and the solution turned a dark color and titration continued until the solution
was clear. From the amount of NaS2O3 used, the amount of Li2O2 produced was calculated
in reverse [28].

3. Results
3.1. Material Characterization of Prepared CNT Materials

CNTs are carbon isoforms with columnar-shaped nanostructures divided into single-
walled and multi-walled nanotubes, depending on the number of nanotube walls. MWC-
NTs were chosen as a comparison group because of their high specific surface area, which
can provide many Li2O2 generating sites leading to high capacity. The pore size and pore
structure of the air electrode are closely related to the achievable capacity and reversibil-
ity of Li–O2 batteries [29]. This is because the pore surfaces provide nucleation sites for
discharge products [4]. As shown in Figure 1, we designed an experiment to investigate
the effect of surface functional groups on the electrochemical properties of Li–O2 batter-
ies. This scheme also included methods for controlling oxygen functional groups. We
expected that more oxygen functional groups on the surface of MWCNTs would result
in the decreased integrity of the graphitic structure, reduced electrical conductivity, and
electrolyte decomposition during charge and discharge, which would eventually increase
the overpotential [29,30]. In order to prepare MWCNTs containing many oxygen functional
groups, ball-milled MWCNTs were sonicated in a strong acid mixture (H2SO4:HNO3 = 3:1)
at 60 ◦C for 15 min—this sample was called treated CNT (t-CNT) [23]. For comparison, we
also prepared MWCNTs with fewer oxygen functional groups by forming a transition metal
oxide at the oxygen functional group using ALD (ZnO@CNT). We used diethylzinc (DEZ)
for surface ALD processing to form ZnO, and in this system, we can exclude potential
catalytic effects from the transition metal oxide [31–33]. During the ALD process, DEZ
reacted with oxygen functional groups existing on the surface of CNT electrodes and the
concentration of oxygen functional groups on the MWCNT surfaces could be modified.

For the air electrode, we prepared a current collector-free freestanding film using
a one-step filtering process with pristine MWCNT, t-CNT, and ZnO@CNT. Figure 2a–d
shows TEM images of the freestanding air electrode prepared from CNTs and EDS mapping
images corresponding to C-, O-, and Zn-elements. Figures 2e–h and 2i–l show the TEM and
EDS mapping images of t-CNT and ZnO@CNT in the same order, respectively. As can be
seen in the TEM images (Figure 2a,e,i), we observed that acid treatment and ALD treatment
did not affect the nanowire carbon structure. Figure 2c,g,k is an EDS mapping image of
the O-element of the prepared electrode, showing that the oxygen functional groups are
evenly distributed in the CNT, t-CNT, and ZnO@CNT. In addition, the mapping image
of the c-element (Figure 2b,f,j) and the mapping image of the o-element (Figure 2c,g,k)
show that t-CNT and ZnO@CNT have only changed the intensities of oxygen functional
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groups. The intensity of the O-element of t-CNT electrodes compared with that of CNT
or ZnO@CNT was higher, and when examining the atomic ratio of O in EDS analysis, the
calculated values were 1.92% for the CNT electrode, 5.04% for the t-CNT electrode, and
1.62% for the ZnO@CNT electrode. As expected, the ZnO@CNT electrode, which was
treated with ZnO using ALD, showed the fewest oxygen functional groups. Comparing
Figure 2d,h,l, it can be seen that Zn is evenly distributed only in ALD-treated ZnO@CNT.
As shown in Figure 2l, the EDS mapping image of the Zn-element has a stronger intensity
around the surface. This means that in ALD treatment, DEZ reacts with oxygen functional
groups present on the CNT electrode surface and can modify the oxygen functional group
concentration on the MWCNT surface.

`(OH)+Zn(C2H6)2(g)→`O-Zn(C2H5)+C2H6(g) (2)

`O-Zn(C2H5)+H2O→`O-Zn-(OH)+C2H6(g) (3)

Figure 1. Scheme for the CNT functional groups modulation method.

Equation (2) is a reaction equation that occurs when DEZ meets the oxygen functional
group on the CNT surface. One of the two ethyl groups of DEZ reacts with the surface
oxygen functional group, and the remaining ethyl group reacts with H2O in Equation (3)
and is blown away as ethane. Through this reaction equation, the ALD cycle is repeated
to reduce oxygen functional groups. In the TEM EDS mapping image for each element, it
was visually confirmed that the oxygen functional groups on the surface of the MWCNT
were replaced by ZnO in ZnO@CNT due to the ALD treatment, and the oxygen functional
groups were reduced. Although we could confirm via EDS analysis that the ZnO@CNT
O-element intensity decreased, we attempted to further verify that the actual oxygen
functional groups were controlled by surface treatments using XPS and Raman analysis.

XPS analysis was used to investigate the amount of oxygen functional group material
and ZnO coating on the carbon surface; Figure 3 shows the XPS O 1 s spectra of the CNT,
t-CNT, and ZnO@CNT electrodes. XPS spectra are separated by peaks at ~533.76, ~532.56,
~531.58, and 531.30 eV, corresponding to the binding energies of hydroxyl (C-OH), carboxyl
(COOH), carbonyl (C=O), and the metal oxide (M-O) group, respectively [34–36]. The O=C
peak that was not identified in the O 1 s spectra of the CNT electrode was observed in the O
1 s spectra of the t-CNT electrode. We calculated the O=C Gaussian area in the O 1 s spectra
of t-CNTs, which was 22.58%. This clearly indicates that the oxygen functional groups
were created after the wet etching process in t-CNTs (Figure 3a,b). In Figure 3c, we also
calculated the O=C-O and C-O(H) Gaussian areas in the O 1 s spectra of the ZnO@CNT
electrode, and the values decreased by 16% and 40.48%, respectively, compared with that
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of the CNT electrode. From this result, we could confirm that the oxygen functional groups
in the ZnO@CNT electrode were considerably decreased. The XPS spectrum shown in
Figure 3c also shows that ALD treatment over bare MWCNTs reduced the amount of
carbon defects because of the reduction of carboxyl peaks and the appearance of metal
peaks [37]. In addition, the M-O peak in the O 1s spectra of the ZnO@CNT electrode
indicated the formation of ZnO after ALD treatment. This result is consistent with the EDS
analysis shown in Figure 2l.

Figure 2. TEM images of each sample with controlled functional groups: (a) CNT; (e) t-CNT; (i) ZnO@CNT. Elemental
mapping images for the carbon element of each sample: (b) CNT; (f) t-CNT; (j) ZnO@CNT. Elemental mapping images for
the oxygen element of each sample: (c) CNT; (g) t-CNT; (k) ZnO@CNT. Elemental mapping images for the Zinc element of
each sample: (d) CNT; (h) t-CNT; (l) ZnO@CNT.

Figure 3. The XPS O 1 s spectra: (a) CNT; (b) t-CNT; (c) ZnO@CNT.
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Figure 4 shows the Raman spectra of the CNT, t-CNT, and ZnO@CNT electrodes. We
observed the D and G bands at wavenumbers of ~1350 and ~1580 cm−1, respectively, for
all electrodes; the D band is related to the amorphous, non-crystalline carbon (sp3), and the
G band is related to the graphite carbon (sp2) [38]. The intensity ratio of the D and G bands
(ID/IG) is generally used to evaluate the degree of defects in the graphite material. Thus, an
increase in ID/IG suggests decreased graphite integrity; many defects exist, and this is nor-
mally observed in carbon materials containing many functional groups [30,39]. Therefore,
we measured the ID/IG intensity ratio of the three freestanding electrodes and compared
them. The values were 1.1, 0.95, and 0.92, for the t-CNT, CNT, and ZnO@CNT electrodes,
respectively [40,41]. This result demonstrates that the ID/IG intensity ratio is correlated
with the number of oxygen functional groups. This shows that there is a difference in
the number of oxygen functional groups between the three electrodes, and the number
of oxygen functional groups decreased in the order of t-CNTs, CNTs, and ZnO@CNTs.
As the number of oxygen functional groups increases, graphite crystallinity decreases,
accelerating electrolyte decomposition and leading to byproducts such as Li2CO3 [28].

Figure 4. Raman data of comparison between t-CNT, ZnO@CNT, and CNT.

3.2. Electrochemical Properties of Prepared CNT Electrodes

To investigate the effect of oxygen functional groups on the electrochemical proper-
ties of carbon-based air electrodes, we prepared a coin-cell-type Li–O2 battery cell and
performed an electrochemical experiment. Figure 5 shows the charge/discharge voltage
profiles of the CNT, t-CNT, and ZnO@CNT electrodes at a fixed capacity of 1000 mA h g−1.
In the first cycle, the observed overpotential of each electrode is shown in Figure 5a–c; the
ZnO@CNT electrode had the lowest value of 0.99 V compared with 1.37 and 1.27 V for
the CNT and t-CNT electrodes, respectively. We confirmed that the ZnO@CNT electrode
contained the fewest oxygen functional groups among the three electrodes because the
electrolyte decomposition occurring at the oxygen functional groups could be suppressed,
and the generation of Li2CO3 byproduct is also reduced [35]. The increase in the number of
oxygen functional groups on the CNT surface causes side reactions and electrolyte decom-
position, which produces more byproducts such as Li2CO3 that lead to carbon electrode
clogging [42]. In addition, the oxygen functional groups on the carbon surface lowered
the carbon crystallinity and decreased the electrical conductivity, which caused a high
overpotential of the electrode. We confirmed that the carbon electrodes containing fewer
oxygen functional groups showed lower overpotential. This is identified in the same way
as the intensity ratio of the previous ID/IG Raman data. In actual cell data, CNT or t-CNT
electrodes with more oxygen functional groups than ZnO@CNT electrodes showed higher
overpotential (Figure 5b,c). However, we observed higher overpotential with the CNT
electrode than the t-CNT electrode; we found that the oxygen functional groups can help
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the adsorption of oxygen, which can promote the oxygen reduction pathway to reduce the
overpotential [17,29].

Figure 5. Discharge–charge voltage profiles at the fixed capacity of 1000 mA h g−1: (a) CNT;
(b) t-CNT; (c) ZnO@CNT.

3.3. The Yield Calculation for Li2O2 Formation by Iodine-Metric Titration

The iodine-metric titration method was used to determine the Li2O2 yield. This
titration method can obtain the yield of the actual discharge product through a series of
reaction equations, which can also measure the production of byproducts. The reaction
equations are as follows:

Li2O2 + 2H2O→ 2LiOH + H2O2 (4)

H2O2 + 2KI + H2SO4 → I2 + K2SO4 + 2H2O (5)

I2 + 2Na2S2O3 → Na2S4O6 + 2NaI (6)

By reacting each discharged air electrode with deionized water (DI water), lithium
peroxide (Li2O2) generates hydrogen peroxide (H2O2) according to chemical reaction
Equation (4). The acid and molybdic acid catalyst solution can react with iodine oxide
to form iodine and then titrate with a thiosulfate solution to obtain Li2O2. This reaction
follows Equations (5) and (6) [43,44]. The amount of Li2O2 produced during the first
discharge of the two samples was compared (Table 1). To ensure the accuracy of the results,
the average value of three experiments was used. The Li2O2 yields were calculated as
53.86%, 47.81%, and 43.80% for ZnO@CNTs, t-CNTs, and CNT, respectively. It was found
that more discharge products formed in ZnO@CNTs than in other electrodes due to the
effect of small number of oxygen functional groups on the surface. In the case of t-CNTs
having more oxygen functional groups compared with CNTs, the ORR kinetics could be
improved by promoting the oxygen reduction pathway, thereby resulting in a higher yield
of Li2O2 compared with CNTs. The amount of Li2O2 is directly related to the observed
capacity and the titration result explains high discharge capacity in ZnO@CNTs. The
electrochemical test and titration results confirmed that the ZnO@CNT electrode having
the fewest number of oxygen functional groups had the lowest overpotential and was more
effective in forming Li2O2, leading to high capacity. These results prove that controlling the
number of oxygen functional group on the surface of carbon electrodes for a Li–O2 battery
system greatly affects the yield of the discharge product and overpotential of the cell.

Table 1. Yield of Li2O2 after the first discharge as measured by iodine-metric titration.

0.1 mA cm−2 ZnO@CNT t-CNT CNT

1 53.93% 45.56% 41.36%
2 53.26% 47.86% 45.67%
3 54.38% 49.88% 44.38%

Average 53.86% 47.81% 43.80%
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4. Conclusions

In this work we tried to show that the control of CNT surface oxygen functional
groups affect the amount of discharge product that determines discharge capacity and
charging overpotential. To prove this, we increased oxygen functional groups on the
CNT surface by simple acid treatment and reduced oxygen functional groups through
ALD treatment. It is also worth noting that the prepared electrodes in this work were
freestanding and did not require a binder or an extra gas diffusion layer. TEM, XPS, and
Raman spectroscopy confirmed that the concentration of oxygen functional groups on the
surface were controlled without structural change of CNT electrodes. Electrochemical test
confirmed that the ZnO@CNT electrode with fewer oxygen functional groups than the
CNT or t-CNT electrodes reduce the overpotential in the first charge. When the surface
oxygen functional groups are reduced, side reactants such as LiRCO3 due to electrolyte
decomposition are suppressed. These byproducts cause surface clogging, which inactivates
the electrode. On the other hand, if the surface oxygen functional group is increased, this
reaction is accelerated, but it also promotes the oxygen reduction pathway to improve the
ORR kinetics and lower the overpotential. The titration results also showed that byproduct
formation due to electrolyte decomposition was reduced as the CNT oxygen functional
groups decreased, which led to lower charging overpotential. In the ZnO@CNT electrode,
the production of discharge products (Li2O2) increased, which indicate high discharge
capacity. After electrochemical characterization and titration, it was confirmed that the
proper control of oxygen functional groups affects the overpotential and the amount of
discharge products. The effects after the first cycle are worth studying further. We are
planning to investigate the effect of electrochemical cycles on the surface characteristics
change for our next work and will try to find a way to maintain the first cycle effect for the
successive cycles.

The results in this work suggest that controlling the number of oxygen functional
groups is an important strategy for improving the electrochemical properties of carbon-
based air electrodes for Li–O2 batteries. From the electrochemical data, however, we ob-
served that the reduced overpotential only maintained at the first cycle. This indicates that
the electrode clogging issue due to byproducts is difficult to avoid in the carbon-based elec-
trodes. We intend to discuss this in future studies, and it will also be interesting to study the
degree of electrolyte decomposition depending on the type of oxygen functional groups.
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