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ABSTRACT

In lithium-air batteries(LABs), controlling the characteristics of the Li2O2 deposited during
discharging can lead to the reduction of the large overpotential required for charging. The
large overpotential is one of the most significant problems which need to be solved to
improve the cycle performance of LABs. Here, we focused on the effects of functional groups
in the cathode carbon on the characteristics of the Li2O2 deposited during discharging and
the cathode performance of LABs. In this study, 4 types of carbon gels (CGs) were prepared
using different treatment methods to modify their surface properties. The types and amounts
of oxygen-containing functional groups (OCFGs) existing within the CGs were clarified
along with the number of edge H by a high-sensitivity temperature-programmed desorption
(TPD) technique. The results of N2 adsorption analysis of discharged CGs suggested that, by
increasing the number of OCFGs from 0.40 mmol g! to 1.80 mmol g™! through acid treatment,
the ratio of Li202 deposited within the mesopores of the porous carbon particles can be
increased from 1% to 60%. This significant change in the manner of Li2O2 deposition led to
the reduction of the charging overpotential. Side reactions which are thought to deteriorate
cycle performance tended to proceed in CGs having a large number of OCFGs. This negative
effect could be reduced by removing carboxyl groups in the CGs through simple heat
treatment at 300°C in an inert atmosphere. Our study clarified the critical roles of OCFGs in
the cathode during the discharging and charging of LABs. The obtained knowledge can be

utilized for the development of a high-performance cathode for LABs.



1. Introduction

Nonaqueous lithium-air batteries (LABs) are expected to become a promising secondary
battery system because they have a higher theoretical energy density than conventional
batteries'!. However, there are still numerous challenging problems to be solved to
commercialize this system. Among them, the large overpotentials, which are the difference
between thermodynamic potential (2.96 V) and measured potential, are a critical problem
which not only leads to a low roundtrip efficiency but also the acceleration of undesired side
reactions involving electrolyte decomposition. Nonaqueous LABs are operated through the
reactions shown in (1) and (2).

Cathode: 2Li* + 0, + 2e~ & Li,0, (1)
Anode: Li & Lit + e~ (2)

The discharge reaction terminates when the cathode surface is covered and electrically
insulated by low electrically-conductive Li2O2 and/or when the supply of O: to the cathode
is blocked by the deposited Li202?3. In order to achieve both a large capacity and a high-rate
performance, the cathode needs to have a sufficient surface area, a large pore volume to
efficiently store Li2O2, and also effective diffusion paths for both O2 and Li*. Therefore,
porous carbon materials are widely used as the cathode material for LABs because of their
low density, high inner accessibility and high electrical conductivity. As mesoporous
structures can provide both highly accessible surfaces and a large volume of pores for the
storage of discharge products, many researchers have used mesoporous carbons as the
cathode for LABs in their studies*”’. Such studies demonstrated that the discharge capacity

depends on the volume and size of mesopores in the porous carbons. Carbon gels (CG) are



one of the candidates for the cathode material with a high capacity because they have a 3-
dimensional network of mesopores with a large total volume and narrow size distribution’ ®
8.

Both the surface properties and the pore structure of carbon materials significantly
influence its performance as a cathode. Belova et al. reported that the increase in the defect
density on the surface of a highly ordered pyrolytic graphite cathode promotes the formation
of Li2CO3 during discharging®. In this report, it was explained that Li2CO3 was produced
through the reaction of the carbon electrode with a lithium superoxide intermediate LiOx.
Thotiyl et al. reported that oxygen-containing functional groups (OCFGs) in carbon materials
promote side reactions, through which electrodes and electrolyte are decomposed to form
byproducts, such as Li2CO3, and that such reactions are accelerated by the high overpotential
required for charging!®. Therefore, highly crystalline and defect-free carbons are preferable
to suppress such side reactions. Meanwhile, it has also been reported that the affinity of the
cathode carbon to LiO2 and Oz affects the characteristics of the deposited Li2Oz. It has been
reported that during discharging, Li2O2 with a lower crystallinity tends to be formed on a
carbon surface having many OCFGs rather than on a surface with high crystallinity!'. Li2O2
with a low crystallinity can be facilely decomposed in the subsequent charge process at a
relatively lower overpotential'?>. DFT calculation has also shown that Li>O: prefers to deposit
near defects having functional groups nearby'’. Therefore, the surface properties of the
cathode carbon must be optimized to effectively reduce the overpotential required for
charging. In order to regulate the characteristics of the deposited Li2O2 and side reactions,

the effects of carbon surface properties need to be quantitatively understood.



It is well known that edge sites in carbon materials are chemically and
electrochemically more active than their basal planes'*!®. Therefore, the physical properties
and electrode performance of a carbon material are thought to be mainly determined by the
properties of the functional groups existing at such edge sites. While a quantitative
understanding of functional groups and edge H is important, actual quantification is quite
difficult. This is because many types of OCFGs and edge H can hardly be quantified by
conventional spectroscopic methods, such as X-ray photoelectron and infrared
spectroscopy' 1. As an analytical method for OCFGs of carbon materials, temperature-
programmed desorption (TPD) is widely known, where gases desorbed at a specific
temperature are used to analyze the types and amounts of OCFGs?*?2, Conventional TPD
analysis is conducted by heating a sample under a flow of a carrier gas, such as He and Ar.
In this system, the detection sensitivity is not sufficient for analyzing samples having only a
small number of OCFGs such as graphite, because the desorption gas from the sample can
only be analyzed after being diluted with the carrier gas. Recently, a high-sensitivity TPD
technique has been developed, where the sample is heated up to a maximum temperature of
1800°C under a high vacuum. The desorption gas is directly analyzed by quadrupole mass
spectroscopy>*°. In this system, the detection sensitivity is very high because the entire
amount of the desorption gas can be analyzed. In addition, the total number of edge H can be
quantified by heating the sample up to 1800°C, a temperature which is higher than the
temperature range in which edge H desorbs as Hz (800-1500°C)?®. The high-sensitivity TPD
has been used to clarify the relation between carbon edge sites and electrochemical properties

of carbons regarding electrochemical degradation in organic electrolytes?” 2%, hydrogen



evolution in an aqueous electrolyte?, and stability in supercapacitors™’.

Here, we focused on the effects of OCFGs in the cathode carbon on the characteristics of
Li202 deposited during charging and the performance of the carbon as a cathode. Carbon
blacks, such as Ketjen black and Super P, are widely used for LAB cathodes. Since the
aggregation structure of carbon blacks is mainly determined by van der Waals forces, it can
be easily changed by the discharge deposits. Thus, they are thought to be unsuitable for this
investigation. In this study, CGs were employed as the porous carbon material for cathodes
because they have a highly tunable and stable pore structure, which is practically an
aggregation of carbon nanoparticles connected by chemical bonds. Their surfaces can be
easily modified because they have numerous edge sites within their structure® 3!. CGs were
used as a model porous carbon material for the investigation of the effect of heat treatment
in the range of 1000-2200°C on their structure and their cycle performance as a LAB cathode®.
However, the effects of the OCFGs and edge H within them on their discharge-charge
behavior was not investigated in detail because most OCFGs in the CGs were removed by
heat treatment above 1000°C, and their surface properties were measured only by a TPD
analysis conducted up to a maximum temperature of 1000°C. In this study, the surface
properties of CGs were modified by acid treatment and additional heat treatment at 300°C or
700°C to vary the type and number of OCFGs in them. Their OCFGs and edge H were
precisely analyzed by a high-sensitivity TPD method conducted up to a maximum
temperature of 1800°C. The effects of OCFGs in the cathode carbon on the characteristics of
Li202 deposited during discharging, discharge-charge overpotential, and cycle performance

were investigated. From the obtained results, we provide quantitative insights into how



OCFGs in CGs affects the pore filling behavior of deposits and cycle performance of CGs as

a LAB cathode.

2. Materials and Method
2.1. Materials

Resorcinol (R, 99.0%), formaldehyde (F, 36.0 wt% aqueous solution stabilized by 5-10
wt% methanol), sodium carbonate (C, 99.8%), 2-methyl-2-propanol (99.0%), 1-methyl-2-
pyrrolidone (99.0%), nitric acid solution (65 wt%) and acetonitrile (99.8%) were purchased
from Fujifilm Wako Pure Chemical Corporation. Tetraecthylene glycol dimethyl ether
(TEGDME, 99.0%) and CF3SOsLi (99.995%) were purchased from Sigma-Aldrich
Corporation. Polyvinylidene difluoride (PVDEF, KF Polymer #1100) and lithium foil were

purchased from KUREHA Corporation and Honjo Metal Corporation, respectively.

2.2. CG preparation

CGs were synthesized according to the literature’. First, a mixture of resorcinol (R),
distilled water (W), and sodium carbonate(C) was prepared and was thoroughly stirred. After
resorcinol and sodium carbonate completely dissolved in the water, formaldehyde (F) was
added. R/F, R/W, and R/C ratios in the solution were set to 0.5 mol mol!, 0.5 g mL!, and
1000 mol mol™!, respectively. The solution was introduced into a sealable vessel and was first
maintained at 30°C for 2 days, then at 60°C for 3 days for gelation and aging. After
exchanging the water in the obtained hydrogel with tert-butyl alcohol, the gel was dried in

air at 120°C for 3 days. The dried gel was carbonized at 1000°C for 4 h under a N2 flow. The



carbonized gel was pulverized by a disk mill (Disk type vibrating mill, Rigaku Co.) for 60 s.
The resulting sample will be referred to as p-CG. p-CG was stirred in a nitric acid solution
(65%) kept at room temperature for 24 h. The mixture was then filtered under vacuum using
a membrane filter with an opening size of 1 pum and washed with distilled water until the pH
of the filtrate reached 7. The obtained filtrate was dried at 120°C for 24 h under a N2 flow.
This sample will be referred to as 0-CG. 0-CG was heated at 300°C or 700°C for 3 h under a
N2 flow. The resulting carbons will be referred to as 0-300°C-CG and 0-700°C-CG,

respectively.

2.3. Characterization

The porous properties of each sample were evaluated through N2 adsorption
experiments conducted at -196°C using an autoadsorber (BELSORP mini, Microtrac Bel Co.).
Before experiments, the samples were pretreated at 250°C for 4 h. Pore size distributions
were calculated by the Dollimore-Heal (DH) method. The volumes of micropores (Vmicro;
pore diameter smaller than 2 nm) were calculated from the N2 uptake at p po! = 0.15. The
volumes of mesopores (Vmeso; pore diameter in 2-50 nm) were calculated by subtracting N2
uptakes at P P! = 0.15 from those at P Po"! = 0.96. The volumes of macropores ( Vmacro; pore
diameter in 50-200 nm) were calculated by subtracting N2 uptakes at P Po ! = 0.96 from those
at P Po' = 0.99. The hydrophilicity of each sample was evaluated by H>O adsorption
experiments conducted at 25°C in the relative pressure range of P/Po = 0-0.4 using an
autoadsorber (BELSORP MAX, Microtrac Bel Co.). The pretreatment conditions of p-CG

for H20 adsorption experiments were at 250°C for 4 h, and those for 0-CG and 0-300°C-CG



were at 150°C for 4 h. Porous properties of discharged electrodes were also evaluated by N2
adsorption experiments. The discharged samples were thoroughly washed with acetonitrile
to remove the electrolyte and vacuum dried at 150°C for 6 h before N2 adsorption
experiments. Atmospheric exposure of samples during preparation was within a total time of
15 min.

The crystallinity and composition of discharged/charged products on the cathodes were
characterized by an X-ray diffractometer (XRD, Ultima IV, Rigaku Co.) with a Cu Ka
radiation source operating at 40 kV 50 mA. The 20 scan range, step width and scan rate were
set to 5.0°—80.0°, 0.02° and 5° min!, respectively. In order to prevent the discharge products
from reacting with H2O or N2 in the ambient atmosphere, the discharged electrodes were
covered with an X-ray permeable cap. Before XRD analysis, the discharged cathodes were
thoroughly washed with acetonitrile to remove the residual electrolyte. The structure and
morphology of the discharge products formed on the surface of the cathodes were observed

using a field emission scanning electron microscope (FE-SEM, JEOL Ltd., JSM-6500F).

2.4. Temperature programmed desorption (TPD) analysis

The OCFGs and edge H existing in each sample were quantified by TPD analysis conducted
under vacuum. Before measurements, the samples were vacuum dried at 120°C for 3 h using
a vacuum dryer (ETTAS, AVO-250NB, ASONE Co.). After drying, 1-5 mg of the samples
was placed in a sample holder made of glassy carbon and set in the vacuum chamber of the
TPD apparatus. The chamber was vacuumed by a turbo molecular pump (ULVAC. Inc.,

UTM-150A) at least overnight to ensure that the pressure of the chamber was below 3.0x10



3 Pa prior to analysis. Then the sample was heated by an induction heater (AMBRELL Ltd.,
EASYHeat 5056 LI) up to 1800°C at a ramp rate of 10°C min™'. During heating, desorption
gases were analyzed by a quadrupole mass spectrometer (QMS, Qulee BGM, ULVAC. Inc.,
BGM-102). The desorption rates of Hz, CO, CO2, H20, and N2 were calculated based on

calibration curves which were prepared using fragment ions of the gases.

2.5. Fabrication of electrodes

The samples were mixed with a polyvinylidene fluoride (PVDF) binder in N-methyl-2-
pyrrolidone (NMP). The weight ratio of sample: PVDF was 19: 1. The obtained slurry was
applied to a carbon paper (Toray Industries, Inc., TGP-H-060-4005) at a thickness of 2 mils,
using a baker type applicator (TESTER SANGYO CO., SA-201). After drying at 120°C for
15 h under vacuum, the sheet was punched out into circles with a diameter of 16 mm to obtain

electrodes, typically coated with 2.0+£0.5 mg/sheet of the sample.

2.6. Electrochemical measurements

Coin-type cells are suitable for evaluating practical battery performance. However, it is
difficult to disassemble them without damaging the electrode to be analyzed. Therefore, 2
types of test cells were used according to the purpose of the experiment. For cycling tests,
2032-type coin cells (Hohsen Co.) having small holes on the cathode side were used (See
Figure S1 in the supporting information). After the sample electrodes were dried under
vacuum at 120°C for 11 h, they were taken into an Ar-filled glove box and test cells were

assembled. 100 puL of a mixture of TEGDME and CF3SOsLi with a molar ratio of 4: 1, Li

10



foil (0.2 mm thickness), and a glass fiber filter (Whatman GF/A) were used as the electrolyte,
counter electrode, and separator, respectively. The assembled test cell was set in a gas-tight
box equipped with tubes. Through the tubes, oxygen was supplied into the box at a flow rate
of 10 mL min ™!, After a rest period of 10 h in an oxygen atmosphere, the cells were discharged
and charged in the range of 2.0-4.4 V at a current density of 50 mA (g-sample) "\. During
cycling, the charge and discharge capacities were limited to 500 mAh (g-sample)!. Screw-
tightened cells which can be disassembled without damaging the electrodes were used for
quantitative analysis of the discharged product in the cathode (See Figure S1 in the supporting
information). These cells were also assembled in an Ar-filled glove box. Measurements were

conducted through the same procedure using the same components as for the coin-type cells.

3. Results and discussion
3.1. Pore structure of CGs

N2 adsorption isotherms of the CGs and pore size distributions derived from the isotherms
are shown in Figures 1 and 2, respectively. The obtained isotherms show N2 uptakes at an
extremely low relative pressure (P Po') and the P Po! of 0.9 which indicate that the CGs
have micro/mesopores. BET surface areas (Sser), micropore volumes (Vmicro), mesopore
volumes (Vmeso), and macropore volumes (Vmacro) calculated from the isotherms are
summarized in Tablel. SBeT, Vmicro, and Vmeso of p-CG are almost equal to those of 0-CG,
showing that oxidation hardly affected the pore structure of CGs. On the other hand, heat
treatment after oxidation affected Sser and Vmicro of the CGs, both of which increased with

the increase in the heat treatment temperature. The differences in micropore structure are
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thought not to affect the results of electrochemical measurements, as micropores hardly affect
the discharge capacity of LABs*2. While Vimeso of 0-300°C-CG and 0-700°C-CG were slightly
larger than those of p-CG and o-CG, their mesopore size distributions were basically the
same (Figure 2). The increase in Vimeso is not due to the introduction of mesopores but due to
the decrease in the weight of CG particles caused by heat treatment. Therefore, the influences
of the difference in pore structures on the results of electrochemical measurements are

thought not to be significant.

800 : : : :
] e o
s 0-CG ;
= 600 = 0-300°C-CG
lE_: 500 + 0-700°C-CG ¢
2 400
5
30 ‘;P
L ]
P B . I'.
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100r""‘” g

Figure 1 N2 adsorption isotherms of the surface modified CGs (77 K).
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Figure 2 Pore size distributions of the surface modified CGs determined by the DH

method.

Table 1 Textural properties of the CGs characterized by N2 adsorption experiments.

a
SBET Vmicrob Vmeso© Vmacrod dpe Xo.1 5f

3 -1 1 3 -1 3 -1
[cm g ] [cm g ] [cm g | [cm g ] [nm]

p-CG 473 0.21 0.73 0.07 29 0.03
0-CG 478 0.20 0.75 0.05 29 0.15
0-300°C-CG 568 0.24 0.76 0.05 29 0.08
0-700°C-CG 722 0.29 0.80 0.05 29 0.03

a Determined from the data at p po! = 0.1-0.2.
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b Calculated from the N> uptake at p po™! = 0.15.

¢ Calculated from the difference between N2 uptakes at p po™! = 0.96 and p po™! = 0.15

d Calculated from the difference between N2 uptakes at p po! = 0.99 and p po! = 0.96

e Peek top diameter d, calculated by applying the DH method to the adsorption isotherms.
f Xo.15 was calculated by the H20 uptake at p po! = 0.15 divided by N2 uptake at p po™! =

0.15.

3.2. Surface characteristics of CGs

The hydrophilicity of the surface-modified CGs was evaluated by H2O adsorption
experiments. The H20 adsorption isotherms of the samples are shown in Figure 3. Porous
carbons adsorb H20 atoms through micropore filling typically at P Py' = 0.5-0.75 and
through mesopore filling typically at P Pg' > 0.75.%. To compare the amounts of surface
adsorption without the influence of their pore structure, we employed the adsorption amounts
at P Po’' =0.15 to evaluate hydrophilicity. Xo.1s which is the ratio between the H20 and N
uptake values of the sample both measured at P Po! = 0.15 were calculated and the results
are listed in Table 1. The Xo.15 value of 0-CG was larger than that of p-CG, meaning that the
surfaces of p-CG became more hydrophilic by acid treatment. On the other hand, heat
treatment after oxidation led to a decrease in the Xo.15s value which became more significant
when the heat treatment temperature was increased. These results suggest that some OCFGs
of 0-CG were removed during heat treatment.

OCFGs and edge H of CGs were analyzed by TPD measurements. Figure 4 shows the TPD

spectra of the obtained samples. The total amounts of Hz, H20, N2, CO2, and CO which

14



desorbed during TPD analysis are summarized in Table2. Among these gases, CO and CO2
correspond to the desorption from OCFGs. The total amount of CO and CO2 which desorbed
from p-CG was 0.46 mmol g ! and that from 0-CG was 2.0 mmol g !, indicating that a
significant number of OCFGs was introduced by acid treatment. The corresponding amounts
of 0-300°C-CG and 0-700°C-CG were 1.62 mmol g ' and 0.79 mmol g !, respectively. The
TPD spectra of these samples show that desorption of CO and CO: starts when the
temperature exceeds the temperature of heat treatment after oxidation. These results suggest
that OCFGs detach from the samples according to their thermal stability, and the type and
number of OCFGs which remain after heat treatment can be controlled by adjusting the
maximum treatment temperature.

The total amount of N2 which desorbed from p-CG was 0.02 mmol g, indicating a small
amount of N atoms were incorporated into the sample during carbonization under a N2 flow.
The total amount of N2 in 0-CG was 0.18 mmol g! which was larger than that of p-CG,
indicating that the N-containing functional groups were formed during HNOs3 treatment.
Those of 0-300°C-CG and 0-700°C-CG were 0.12 mmol g and 0.11 mmol g’!, respectively.
Like OCFGs, N-containing functional groups also detach from the samples according to their
thermal stability.

In order to estimate the number of each type of OCFG, peak separation of the TPD spectra
of CO and COz2 was conducted (See Figure S2 supporting info.). The desorption temperature
and full width at half maximum (FWHM) of the OCFGs were determined according to the
literature?® 23 24, Table 3 shows the number of each type of OCFG in CG samples determined

from peak separation. p-CG had several types of OCFGs, whose distribution was similar to
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that of 0-CG although there is a large difference in the number of them. The number of
carboxyl groups in 0-CG (0.227 mmol g !) was significantly larger than that in 0-300°C-CG
(0.004 mmol g '); the amounts of other groups, such as carbonyl, phenol/ether, lactone, and
anhydride, were similar. This indicates that heat treatment at 300°C selectively removed
carboxyl groups. Similarly, 0-700°C-CG hardly contains OCFGs, which can be thermally
decomposed at temperatures below 700°C, such as carboxylic, anhydride, and lactone.

The Hz desorption spectra of all samples showed a peak in the range of 850-1600°C, which
corresponds to the desorption from edge H. However, the number calculated from the entire
amount of H2 desorbed in this range leads to an overestimation of edge H because carboxylic
and phenol groups also contribute to H2 desorption in this temperature range?. Carboxylic
groups decompose and generate CO2 and edge H at around 300°C. Similarly, phenol groups
decompose to CO and edge H at 600-900°C. However, separating the peaks corresponding
to phenol and ether groups from a TPD spectra is difficult because both groups decompose
and generate CO in the same temperature range®’. Therefore, maximum and minimum
numbers of edge H were respectively calculated using the following equations which assume
that all of the CO generated in this temperature range were only from either ether groups or
from phenol groups.

Nu(max) =2 x Nu2 — Nc (EQI)

Nu(min) =2 %X Nu2 — Nc — Np (EQ2)
where Nu is the number of edge H, Nu2 is the total amount of H2 which desorbs at
temperatures above 850°C, Nc is the number of carboxylic groups and Np is the number of

phenol/Ether groups, respectively. Furthermore, the total number of sites of each sample to
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which OCFGs or edge H are attached were calculated by eq3.

Nedge =Nu+Nc+Np+2 xNL+2XxNa+Nca (EQ3)
where NEedge is the total number of sites, NL is the number of lactone groups, Na is the number
of anhydride groups and Nca is the number of carbonyl groups, respectively.

As shown in Figure 5, while the number of OCFGs and edge H significantly changed by
acid treatment, Nedge did not change so much. These results indicate that the oxidation process
replaced edge H with OCFGs. In addition, while the number of OCFGs and edge H in 0-CG,
0-300°C-CG, 0-700°C-CG differed, their Nedge were not largely different. These results
indicate that the heat treatment destroyed some OCFGs and then generated edge H. Thus,
these samples are thought to be suitable for the investigation of how OCFGs of porous carbon

affect the cathode performance of LAB.
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Figure 3 H20 adsorption isotherms of surface-modified CGs (298 K).
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Figure 4 TPD spectra of surface-modified CGs.
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Table 2 Total amounts of gases desorbed from CGs during TPD analysis.

H> CO CO2 N2 H>O

[mmol g'] [mmol g'] [mmolg'] [mmolg!] [mmolg?!]

p-CG 1.34 0.34 0.12 0.02 0.04
0-CG 1.08 1.52 0.50 0.18 0.09
0-300°C-CG 0.89 1.38 0.24 0.12 0.04
0-700°C-CG 0.98 0.66 0.13 0.11 0.09

Table 3 The number of OCFGs of surface modified CGs determined from peak separation.

Carboxylic Anhydride Lactone  Phenol/Ether Carbonyl

[mmol g™'] [mmol g™'] [mmol g™'] [mmol g™'] [mmol g™']
CG 0.063 0.039 0.020 0.128 0.145
0x-CG 0.227 0.208 0.065 0.711 0.589
0x-300°C-CG 0.004 0.154 0.077 0.727 0.515

0x-700°C-CG 0.057 0.031 0.028 0.193 0.402
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Figure 5 The number of sites in surface-modified CGs to which certain OCFGs or edge H
are attached obtained from TPD analysis. The gray and light blue bars present the upper and

under limit of total sites and edge H, respectively.

3.3. Influence of surface properties of CGs on overpotential

Discharge-charge measurements of the CGs were conducted using coin-type cells. When
the cells were discharged without capacity limitation, the cells worked only for a limited
number of cycles. Therefore, for the evaluation of their cycle performance, the discharge
capacity was limited to 500 mAh g '. The volume of the Li»O2 deposited at this discharge
capacity is 0.186 cm?® g'! calculated using the density of Li2O2 (2.3 g cm™), which
corresponds to 23-25% of the mesopore volume of the CGs. Figure 6 shows the obtained
discharge-charge curves. The curves of all the CGs show similar discharge overpotentials.

This suggests that the number of OCFGs hardly affected the activity of the oxygen reduction
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reaction. On the other hand, the charge overpotential was quite different among the samples
until the charge capacity reached 300 mAh g™!; The overpotential decreased with the increase
in the number of OCFGs.

During discharging, Li202 deposits by electrochemical reduction on the carbon surface
(surface-route) or through solution-mediated chemical disproportionation (solution-route)'*
34 which can be formulated as follows.

0,+e” =0, (3)

Lit+ 0,” - LiO, (4)

2Li0,(sol) = Li, 0, + 0, (5)

In the surface-route, low crystalline Li2O2 deposits in the form of a film. In the solution-route,
toroidal-shaped and high-crystalline Li2O2 deposits in the electrolyte. Li2O2 formed through
the solution-route generally requires a higher overpotential to be charged (decomposed) than
that formed through the surface-route. The crystallinity and morphology of Li2O2 deposited
on the cathodes discharged at 500 mAh g were investigated by XRD analysis and SEM
observation. The XRD patterns shown in Figure 7 had peaks at 26 = 32.9°, 35.2°nd 58.7°,
which can be assigned to (100), (101), and (110) of Li2O2, respectively, while other
crystalline materials such as Li2CO3 and LiOH, were not observed. Peaks at 54° of the
cathode prior to discharging are identified as the (004) reflections of carbon originating from
the carbon paper”. The XRD pattern including the data in the range of 10 to 30° shown in
Figure S3 of the supporting information, indicates that the structure of carbon was not
changed after discharging. From these peaks, the crystallite size of Li2O2 was calculated

according to the Scherrer’s formula and the results are summarized in Table 4. These results
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suggest that crystalline L1202 with a particle size larger than 60 nm was deposited on all the
CG cathodes through the solution-route. Since such large particles cannot deposit inside the
pores of the CGs, the Li2O2 particles should exist on the outer surface of the CG particles.
From the SEM images shown in Figure 8, toroidal-shaped Li2Oz particles, which is a typical
structure of L1202 formed via the solution-route, with a diameter of around 1 pm were clearly
observed on the outer surface of each sample. Amorphous Li2O2 films deposited through the
surface-route were not observed. As each sample included Li20O2 which could be decomposed
at a relatively lower overpotential, it can be expected that part of the Li2O2 was deposited

inside the pores of the CGs through the surface-route.
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Figure 6 Discharge-charge curves of surface-modified CGs. (Current density: 50 mA g !,
discharge-charge capacity limitation: 500 mAh g™ ') The measurements were conducted using

coin-type cells.
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Intensity [-]

26(CuKa)[]

Figure 7 XRD patterns of the electrodes of (a)p-CG, (b)o-CG,(c)0-300°C-CG, and (d)o-

700°C-CG discharged for 500 mAh g'and (e)p-CG before discharge.

Table 4 Crystallite size of Li2O2 deposited on CGs discharged for 500 mAh g™!. The sizes

were estimated from the XRD patterns by Scherrer’s formula.

Crystallite size

Crystallite size (101)

[nm] [nm]
p-CG 63 26
0-CG 59 26
0-300°C-CG 67 24
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0-700°C-CG 58 34

p-C@(before tischarging)

Figure 8 FE-SEM images of the CG cathodes before discharging, and after discharged for

500 mAh g!

3.4. Pore filling behavior of Li>O>
To estimate the ratio between the volume of Li2O2 deposited within the pores and that
deposited on the outer surface of the CG particles, the pore structure of CG cathodes prior to

discharging and after discharging for 500 mAh g ' was analyzed by N2 adsorption
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experiments. Cathodes which were not discharged were soaked in the electrolyte, washed
with acetonitrile, and dried. This washing procedure was also adopted for the discharged
cathodes before N2 adsorption analysis. Figures 9 and 10 show N2 adsorption isotherms of
the cathodes and pore size distributions derived from the isotherms, respectively. SBet, Vmicro,
Vimeso, and Vmacro calculated from the isotherms are summarized in Table5. Table 1 and Table
5 show the data of the samples prior to and after cathode preparation, respectively. Although
the CGs originally had a micropore volume of 0.20-0.29 cm® g! (Table 1), it decreased to
0.07-0.08 cm® ¢! (Table 5) when combined into the cathode and soaked with the electrolyte
and washed. The decreases in Vmicro are thought to be caused by the binder and electrolyte,
as previously reported®> 3. The micropore volumes remained almost unchanged after
discharging, indicating that Li2O2 was not deposited in the micropores. While the mesopore
volumes hardly changed by soaking in the electrolyte followed by washing, they were
significantly reduced after discharging which means that the mesopores were filled with
discharge deposits. It was also found that the amount of reduction in mesopore volume varied
according to the CG sample. While the estimated total volume of Li2O2 deposited at the
discharge capacity of 500 mAh g ! is 0.186 cm® g !, the reduction in mesopore volume of
each sample was smaller than this volume. Thus, part of Li2O2 should have deposited outside
the mesopores. The peak position of the pore size distribution shifted to a smaller value after
the cathode was discharged for 500 mAh g!, indicating that the deposits filled the mesopores
and the pores became narrower.

The macropore volumes were calculated by subtracting N2 uptakes at P Po ! = 0.96 from

those at P Py! = 0.99; therefore, this volume corresponds to the volume of macropores with
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a diameter in the range of 50-200 nm. The amount of N2 adsorption in the isotherms of all of
the CGs rapidly increased in the relative pressure range of 0.8-0.96 and then moderately
increased in the range of 0.96-0.99. These trends suggest the presence of two types of porous
structures: pores in the particles and inter-particle voids. When CGs with different particle
sizes were analyzed by N2 adsorption experiments, the volume of N2 adsorbed in the relative
pressure range of 0.96-0.99 increased with the decrease in particle size of the CG (See Figure
S5 in the supporting information), indicating that the inter-particle voids can be analyzed
through N2 adsorption experiments. As the CG powders originally had macropores with a
volume of 0.05-0.07 cm? ¢! (Table 1), these volumes slightly increased to 0.06-0.08 cm? g
(Table 5) when the powders were combined into the cathodes and soaked in the electrolyte,
indicating that the process to prepare electrodes formed voids corresponding to macropores.
In addition, the macropore volume further increased to 0.08-0.12 cm® g ! after discharging
for 500 mAh g !, suggesting that Li>O> which deposited outside the particles formed voids
corresponding to macropores.

In order to evaluate the utilization efficiency of mesopores in CGs for Li2O2 deposition, the
volumes of Li20O2 deposited inside the mesopores of the CGs were compared. Assuming that
the reduction in the volume of mesopores caused by discharging is equal to the volume of
Li20O2 deposited in the mesopores, the percentages of the volume of Li2O2 deposited in the
mesopores based on the total volume of Li2O2 deposited on the cathodes were calculated.
The results are shown in Figure 11. The percentages of p-CG and 0-700°C-CG cathodes were
only 1% and 26%, respectively, indicating that most of the Li2O2 was deposited outside the

mesopores. On the other hand, the percentages of 0-CG and 0-300°C-CG cathodes were 60%
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and 64%, respectively, indicating that Li2O2 was mainly deposited inside the mesopores. The
Sset of p-CG and 0-700°C-CG cathodes increased by discharging, while that of 0-CG and o-
300°C-CG cathodes decreased. This may be because the Li2O2 deposited outside the CG
particles contributed to the increase in surface area, further supporting that the volume of
L1202 deposited inside the CG particles was low. The size of the Li2Oz particles calculated
from the increases in Sser of p-CG and 0-700°C-CG were about 90 nm and 40 nm,
respectively, which are of the same order as the crystallite size determined from the XRD
peaks using Scherrer’s formula. The size of L1202 particles deposited on the outer surface of
0-CG and 0-300°C-CG cathodes is larger, and the number of them is smaller than those
deposited on p-CG and 0-700°C-CG (Figure 8). As explained in 3.2, the number of OCFGs
in 0-CG and 0-300°C-CG is larger than those in p-CG and 0-700°C-CG. These results suggest
that OCFGs in 0-CG and 0-300°C-CG cathodes promote the formation of Li2O2 within the
particle and therefore the relative amount of Li202 deposited outside the CG particles became
smaller. In addition, the results of p-CG indicate that edge H does not promote the formation
of Li202 within the particle. The results of 0-CG and 0-300°C-CG revealed that carboxyl
groups do not have a significant effect on the formation of Li2O2 inside mesopores. Also, it
is concluded from the results of 0-300°C-CG and 0-700°C-CG that the effective functional
groups on Li202 deposition inside mesopores are either anhydride, lactone, or phenol/ether.
It is assumed that as the Li2O2 deposited inside mesopores was smaller than that deposited
outside the particle, the small Li2O2 particles had sufficient electrically conductive paths

connected to them, and the overpotential required for charging became lower.
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Table 5 Porous properties of CG cathodes prior to and after discharging for 500 mAh g!

SBET Vmicro meso Vmacro
sample State
Mgl g’ em’g]  lem’g]
p-CG 199 0.07 0.69 0.08
Prior to 212 0.07 0.67 0.06
0-300°C-CG  discharging 203 0.08 0.68 0.06
0-700°C-CG 219 0.08 0.73 0.08
p-CG 211 0.08 0.69 0.12
After
173 0.06 0.56 0.08
discharging for
0-300°C-CG 190 0.07 0.56 0.08
500 mAh g
0-700°C-CG 240 0.08 0.68 0.11
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Figurell The relationship between the percentage of deposits formed in mesopores and the
number of OCFGs and edge H in the surface-modified CG cathodes. The percentage of
deposits formed in mesopores was calculated by (Vmeso prior to discharge — Vmeso after
discharging for 500 mAh g') divided by the volume (0.186 cm® g'!) corresponding to Li>O2

deposited at the discharge capacity of 500 mAh g,

3.5. Influences of the surface properties on Cycle performance

Discharge-charge cycle tests were conducted using coin-type cells to investigate how the
surface properties of CGs affects cycle performance. Matsuda et al. reported that practical
LAB cells with energy densities of 414-610 Wh kg™ can be assembled*®. Since the weight of

the carbon cathode was 5 mg cm™, the current density (0.4 mA cm™) and capacity limit (6
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mAh cm™) they set correspond to 80 mA g and 1200 mAh g, respectively. Thus, the
employed values of 50 mA g™ and 500 mAh g! is sufficiently high for practical uses. Figure
12 shows how the charge and discharge capacities of the CG cathodes changes during cycling.
The charge and discharge curves of the cycle tests are shown in Figure S7 in the supporting
information. In all samples, the overpotential required for charging increased as the charge-
discharge cycle was repeated. The charge capacity of p-CG started to fade at the 5th cycle,
while its discharge capacity was maintained at the set value (500 mAh g!) for 20 cycles. This
indicates that the deposits formed during discharging could not be completely decomposed
during the following charging, meaning that deposits remained and accumulated inside the
cathode at each cycle. The discharge capacity of 0-CG was maintained at the set value for
only 4 cycles. Irreversible capacities were observed from the 2nd cycle, indicating that the
cyclability of 0-CG was lower than that of p-CG, even though the overpotential required for
charging 0-CG was lower than that for p-CG. It has been reported that OCFGs existing on
the surface of carbon materials promote side reactions during charging and discharging, such
as the decomposition of the electrolyte!®. Therefore, the obtained results suggest that the
OCFGs in 0-CG also promoted such side reactions.

On the other hand, the discharge capacities of 0-300°C-CG and 0-700°C-CG were
maintained at the set value for 26 cycles and 22 cycles, respectively, and their charge
capacities were maintained at the set value for up to 8 cycles and 11 cycles, respectively.
These cycle numbers were significantly larger than those of p-CG and 0-CG. Considering
that the total numbers of OCFGs in 0-CG and 0-300°C-CG were close, these results suggest

that not only the amounts of but also the type of OCFG significantly influences cycle
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performance. As TPD analysis showed an obvious difference in the number of carboxyl
groups existing within 0-CG and within 0-300°C-CG, carboxyl groups are thought to
accelerate undesired side reactions. While the cyclability of 0-700°C-CG was also improved
by the removal of carboxylic groups, that of 0-300°C-CG was slightly better. This can be
explained by the reduction of Li2O2 deposition inside its mesopores caused by the removal
of various OCFGs, such as carboxyl, lactone, and anhydride groups. In conclusion, the reason
why 0-300°C-CG showed the highest cycle performance was that its surface properties,
where the number of OCFG was increased, and the carboxy group was selectively removed,

reduced the overpotential required for charging while avoiding undesired side reactions.
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Figurel2 Capacities of the surface modified CGs measured by discharge-charge cycle
tests. The maximum discharge-charge capacity was set to 500 mAh g™!. Filled and empty

symbols represent discharge and charge capacities, respectively. The measurements were
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conducted using coin-type cells.

4. Conclusion

In this study, it was demonstrated that the surface properties of carbon materials
significantly influence the performance of it when used as the cathode material of Li-air
batteries. The investigation, where CGs were used as a model porous carbon material,
revealed that OCFGs existing at graphene edges in the material promote the deposition of
L1202 inside its mesopores which leads to the reduction in the overpotential required for
charging. In addition, edge H and carboxyl groups did not show a significant effect on the
formation of Li202 inside mesopores. On the other hand, it was revealed that the effective
functional groups which induce Li2O2 deposition inside mesopores were either anhydride,
lactone, or phenol/ether. The OCFGs also promoted side reactions, which reduce cycle
performance. This problem could be improved by simple heat treatment at 300°C in an inert
atmosphere. As high-sensitivity TPD analysis revealed that this treatment selectively
removed carboxyl groups, it is suggested that carboxyl groups on the carbon surface promote
side reactions which lead to the deterioration of cathode performance. Therefore, it can be
concluded that a trade-off relationship between charge overpotential reduction and side
reaction suppression can be avoided by modifying both the number and types of OCFGs on
the carbon surface. This study demonstrated the critical role of OCFGs in the carbon cathode
during the cycling of LABs. The obtained knowledge can be utilized for developing a high-

performance cathode of LABs.
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ABBREVIATIONS

LAB, lithium-air battery; OCFG, oxygen-containing functional group; CG, carbon gel; TPD,
temperature programmed desorption; CP, carbon paper; PVDF, polyvinylidene difluoride;
NMP, N-methyl-2-pyrrolidone; DH, Dollimore-Heal, XRD, X-ray diffraction; TEGDME,
tetraethylene glycol dimethyl ether; FE-SEM, field emission scanning electron microscope;

FWHM, full width at half maximum.
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