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The reaciton mechanism varying with the oxygen concentration.

Public summary
m The importance of mass transport is emphasized by the use of a two-layer electrode.
m The effects of the oxygen transport properties of electrolytes on battery performance are revealed.

m A novel reaction mechanism that varies with the spatial position of the electrode is proposed.
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Abstract: Lithium—oxygen batteries attract considerable attention due to exceptionally high theoretical energy density,
while the development remains in its early stage. As is widely suggested, the solution mechanism induces greater dis-
charge capacity, while the surface mechanism induces greater cycle stability. Therefore, battery performance can be im-
proved by adjusting the reaction mechanism. Previous studies predominantly focus on extremely thin or flat electrodes. In
contrast, this work utilizes thick electrodes, emphasizing the importance of mass transport. Given that the electrolyte
solvent is the main site of mass transport, the effects of two typical solvents on mass transport and battery performance are
investigated: dimethyl sulfoxide with low viscosity and a high O, diffusion rate and tetracthylene glycol dimethyl ether
with high O, solubility and high Li* transport capability. The results reveal a novel pathway for reaction mechanism induc-
tion where the mechanism varies with the spatial position of the electrode. As the spatial distribution of the electrode pro-
gresses, a layered appearance of solution mechanism products, transition state products, and surface mechanism products
emerges, which is attributed to the increase in the mass transfer resistance. This work presents a distinct perspective on the
way solvents influence reaction pathways and offers a new approach to regulating reaction pathways.

Keywords: Li—O, battery; nonaqueous electrolyte; oxygen transport property; solution mechanism; surface mechanism
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1 Introduction

As society and the economy progress, the imperative to ad-
dress the environmental pollution caused by fossil fuels ac-
centuates the urgency of developing renewable and clean en-
ergy sources. It is difficult for Li-ion batteries, which are lim-
ited by their energy density (350 Wh/kg), to meet the high
energy-demanding requirements! . Owing to their high the-
oretical energy densities, Li—O, batteries (LOBs) are re-
garded as promising electrochemical energy storage technolo-
gies, especially for long-distance electric vehicles. Li—O, bat-
teries, which are assisted by redox chemistry between Li and
0O,, harvest ten times more energy density (~3600 Wh/kg)
than Li-ion batteries do” . Despite being positioned as an al-
ternative to lithium-ion batteries, the development of LOBs
remains in its early stages®'". Issues such as poor oxygen
redox kinetics at the positive electrode!"”), severe polariza-
tion"*"*1, poor reversibility of products'*'®, and high decom-
position voltage!*” are impeding the widespread application
of LOBs. Presently, a variety of modification strategies, in-
cluding the use of positive electrode catalysts®* =, the incor-
poration of redox mediators (RMs)***], and the application of
protective layers on the anode™", are widely employed to in-
crease the battery performance of LOBs.

During the initial exploration of LOBs, successful opera-
tion of LOBs was achieved through the utilization of carbon-
ate electrolytes®. However, the superoxide radicals
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generated during redox reactions in LOBs can lead to the de-
composition of carbonate electrolytes, resulting in battery
failure during cycling®”. Considering the widespread applica-
tion of dimethyl sulfoxide (DMSO) as a solvent, it was intro-
duced into LOBs!". In addition to DMSO, ether-based
solvents, such as tetracthylene glycol dimethyl ether (TEG-
DME), have also been extensively proven viable in LOBs"!.
In high-donor-number (DN) electrolyte solvents (such as
DMSO), LiO, tends to dissolve in the solvent, leading to a
disproportionation reaction and the formation of Li,O, via the
solution pathway. In low-DN solvents (such as TEGDME),
voltage decay occurs rapidly, resulting in cell death attributed
to the growth of Li,O, films on the electrodet*..

In LOBs, the electrolyte solvent not only shapes the reac-
tion pathway but also significantly influences battery per-
formance. Johnson et al.t” revealed the O, reduction mechan-
ism of four kinds of solvents with varying DNs and reported
that the solvent affects O, reduction by modulating the solu-
bility of LiO,. Christy et al.?* explored the influence of differ-
ent electrolyte solvents on the electrochemical performance.
Rauter et al.”! presented a mathematical model characteriz-
ing the impact of solvents on the reaction pathway with dis-
tinct solvents. As summarized in the work mentioned above,
the solvent influences the reaction pathway through its DN
value, whereas in their work, the impact of the mass transport
properties of solvents is overlooked, which is attributed to
their use of extremely thin or flat electrodes. Dutta et al.’
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investigated the rate performance and primary limiting factors
of LOB through a dual-layer electrode structure. The dual-
layer electrode structure extends the transport distance and fa-
cilitates the observation of internal transport phenomena
within the electrodes. This work argues that the impact of
solvents on the electrochemical reaction kinetics in LOB is
not confined to differences in DN values alone; instead, it is
also manifested in the physical properties of the solvent, in-
cluding viscosity, ion conductivity, and the oxygen diffusion
rate. To more significantly underscore the influence of elec-
trolyte mass transfer coefficients on battery performance dur-
ing discharge, we implemented a dual-electrode structure in-
tended to extend transport channels and intensify mass trans-
fer resistance, ensuring that mass transfer effects are dis-
tinctly evident on each electrode layer. Dual-layer carbon
nanotubes (CNTs) were used as air electrodes. Two typical
solvents, DMSO, which has a high DN, low viscosity, and
high O, diffusion rate, and TEGDME, which has high O, sol-
ubility and high Li* transport capability, were selected for this
study. This work evaluated the impact of different solvents on
the morphology and distribution of discharge products on
CNT electrodes and the discharge capacity, providing diverse
perspectives on how solvents influence the discharge process
and reaction pathways.

2 Experimental

2.1 Material preparation and battery assembly

Lithium foil (0.3 mm thick), CNT electrodes (0.06 mm thick),
and glass fiber filters (GF/C, 0.26 mm thick) were purchased
from China Energy Lithium Co., Ltd., Nanjing XFNANO
Materials Tech Co., Ltd., and Whatman, respectively. 1 mol/L
lithium bis(trifluoromethanesulfonyl)imide (LiTFSI)  dis-
solved in TEGDME and 1 mol/L lithium perchlorate (LiC10,)
dissolved in DMSO were purchased from DoDoChem. All
chemical reagents were used as purchased commercially
without any further treatment. To measure the electrochemic-
al performance of the Li—O, batteries, a Swagelok-type bat-
tery was composed of Li foil, a glass-fiber separator, and a
double-layer CNT electrode with 1 mol/L LiTFSI/TEGDME
(H,O < 2E-5 by Karl Fischer titration) and 1 mol/L
LiC10,/DMSO (H,O < 2E-5 by Karl Fischer titration); these
materials were assembled and disassembled in an argon-
atmosphere glove box (Etelux, Lab 2000, H,O and O,<
1E-7). The discharged batteries were disassembled in an
argon-filled glove box, and the oxygen electrode was then re-
moved, washed with dimethoxyethane (DME), and dried to
remove the residual solvent. After that, the oxygen electrodes
were enclosed with a thin transparent polymer film to reduce
their exposure to air.

2.2 Battery tests and material characterization

After the battery assembly, O, (purity > 99.999%) was intro-
duced into the battery system for 30 min to clean the
argon gas. Then, the air outlet was closed, and O, was con-
stantly introduced for 30 min to increase the O, concentration
in the battery system. After that, the air inlet was closed and
allowed to stand for 3 h, ensuring that O, dissolved into the
electrolyte. The galvanostatic discharge measurements were
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performed on a battery cycler system (LAND BT 2000). The
Li—O, battery was first discharged to 2.0 V at a current of
0.025 mA under pure O,. Linear sweep voltammetry (LSV)
was performed on a Solartron analyzer at a sweep rate of 0.5
mV/s at 2.0 V to 3.2 V for the LOB. The testing environment
of the Swagelok-type battery was at room temperature. The
crystal structure was determined via powder X-ray diffrac-
tion (XRD, Smartlab) with a Cu-Ka radiation source of 45
keV. The morphology was observed via a scanning electron
microscope (SEM, XL-30 ESEM) under an accelerating
voltage of 3.0 kV.

3 Results and discussion

As shown in Fig. la, the employed experimental setup util-
izes a Swagelok battery fixture, where the electrolyte is injec-
ted through the top cover, and oxygen is introduced through
internal channels in the top cover, dissolving in the electro-
lyte. The focal point of this study is that stacked dual-layer
CNT electrodes serve as sites for electrochemical reactions.
The discharge curves corresponding to the experiments con-
ducted with DMSO and TEGDME solvents are depicted in
Fig. 1b. The discharge plateau of the DMSO solvent is ob-
served at 2.8 V, surpassing that of the TEGDME solvent. Fur-
thermore, the initial discharge capacity of the DMSO solvent
is noteworthy at 6.7 mAh/cm, whereas the TEGDME solvent
has an initial discharge capacity of 5.9 mAh/cm. The experi-
mental results indicate a more pronounced advantage in bat-
tery discharge performance exhibited by the DMSO solvent,
which is characterized by a higher discharge plateau and a
greater initial discharge capacity.

The linear sweep voltammetry (LSV) curves of the elec-
trodes in an O, atmosphere are displayed in Fig. 1d. The
voltage interval tested was 2-3.2 V with a sweep rate of
0.5 mV/s. The DMSO solvent demonstrated a higher onset
potential for the oxygen reduction reaction (ORR), approxim-
ately 2.8 V, surpassing that of the TEGDME solvent (2.7 V).
The reduction peak for the TEGDME solvent occurs at 2.5 V,
whereas the reduction peak for the DMSO solvent appears at
2.75 V, exceeding that of the TEGDME solvent. Furthermore,
the DMSO solvent demonstrated a greater polarization cur-
rent potential than did the TEGDME solvent, indicating that
the reaction rate was significantly greater in the TEGDME
solvent battery than in the DMSO battery.

Electrochemical impedance spectroscopy (EIS) spectra of
different solvents are shown in Fig. 2a and b. The impedance
data are fitted as shown in Table 1. On the basis of the EIS
spectra and fitted data, the LOB obtained using DMSO as the
solvent exhibited a smaller intermediate frequency semicircle
before discharge, indicating a lower charge transfer imped-
ance and a faster electron transfer rate conducive to the pro-
gress of the reaction. Although the charge transfer impedance
of the DMSO solvent increases after discharge, it remains
lower than that of the TEGDME solvent. The charge transfer
impedance for the TEGDME solvent shows minimal vari-
ation throughout the discharge process, and there is no signi-
ficant increase in the diffusion impedance.

XRD was used to analyze the discharge products on the
CNT cathodes on both the inlet and the separator sides for the
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Fig. 1. (a) Diagram of the LOB with a Swagelok-type test device. (b) Capacity—voltage curves at 0.05 mA-cm™ in different electrolyte solvents. (¢) Com-
parison of the voltage plateau and discharge capacity in different electrolyte solvents. (d) LSV curves.

DMSO and TEGDME solvents. According to the XRD res-
ults, the predominant discharge product obtained using the
DMSO solvent is Li,O,, with a small amount of LiOH
byproduct. As previously proposed”’, the formation of
LiOH can be attributed to a chemical reaction between water
in the electrolyte and the discharged product Li,O,, which
lacks evidence because the Karl Fischer titration of the
LiClO,/DMSO electrolyte revealed a shallow water content
(<2E-5). Younesi et al.’? reported the decomposition of
DMSO by Li,0,, resulting in the generation of LiOH. Kwabi
et al." reported that the chemical reactivity of DMSO with
Li,0, and superoxide-like species leads to the generation of
LiOH and DMSO,, which can explain the XRD results when
the LiC10,/DMSO electrolyte is used. Furthermore, the XRD
signals of the CNT electrode on the inlet side are more pro-
nounced than those on the other sides are, indicating that the
crystallinity of Li,O, is greater than that of the other sides".
As illustrated in Fig. 3a, Li,O, on the inlet side manifests as
large layered structures, whereas on the separator side, it
presents an amorphous film-like structure with lower crys-
tallinity. The SEM results corroborate well with the XRD
findings. In contrast to DMSO, as depicted in Fig. 2d, the dis-
charge product in LOB using the TEGDME solvent is Li,0,
without significant LiOH byproducts, Both DMSO and
TEGDME interfere with the carbon peaks in the XRD curves,
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which is attributed to the presence of CNTs. The cathodic
XRD curve of the TEGDME solvent mirrors that of DMSO,
with the signal peak on the inlet side being more intense, in-
dicative of greater product crystallinity.

As shown in Fig. 3, the SEM images of each layer of the
CNT cathodes in the LOB using DMSO exhibit distinct mor-
phologies of the discharge products. On the inlet side of the
CNT cathode, the predominant morphology of the discharge
products (Li,0,) consists of spherical clusters formed by the
accumulation of layered structures, as depicted in Fig. 3a,
which is determined by the solution mechanism. Fig. 3b, ¢
displays the morphologies of the discharge products on the in-
terlayer sides of the dual-layer CNT cathode. In contrast to
the clustered morphology observed on the inlet side, these
discharge products are loosely stacked in a layered fashion,
almost covering the electrode surface. The interlayers
between the upper and lower electrode layers exhibit similar
morphologies, as both layers are densely compressed during
discharge, maintaining a uniform oxygen concentration.
Fig. 3d shows the discharge products on the separator side of
the CNT electrode, where significant differences appear due
to the low oxygen concentration caused by excessive mass
transfer resistance. Li,O, does not form crystalline layered
structures; instead, it manifests as amorphous, film-like
products covering the electrode surface, induced by a surface
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Fig. 2. (a) EIS spectra in different states with the DMSO solvent. (b) EIS spectra in different states with the TEGDME solvent. (c) XRD patterns of the
different sides of the CNT electrode in DMSO. (d) XRD patterns of the CNT electrode on different sides with the TEGDME solvent.

Table 1. Impedance values before (Rq, R) and after discharge (Ry', R(");

all units are in Q'm.

Solvent types Rq R Ro' R
DMSO 17.3 232.2 27.3 264.0
TEGDME 39.2 281 22.0 333.2

mechanism. Zhang et al."” utilized an ordered porous anodic
aluminum oxide (AAO) electrode to investigate the
distribution of discharge products within the cathode. The res-
ults indicate that with sufficiently large pore sizes, the size of
the products on the oxygen side exceeds that on the separator
side, which is consistent with our experimental results.

Most studies posit that the solution and surface mechan-
isms in LOB can be regulated through an electrolyte system"*"
where solvents with high DN values, such as DMSO, induce
the solution mechanism, whereas solvents with low DN val-
ues, such as TEGDME, induce the surface mechanism.
However, our experimental results reveal a novel pathway for
reaction mechanism induction in which the mechanism varies
with the spatial position of the electrode. In DMSO, a layered
appearance of solution mechanism products, transition state
products, and surface mechanism products emerges as the
spatial distribution of the electrode progresses. This phe-
nomenon is attributed to the significant increase in the mass
transfer resistance as the spatial position of the electrode
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changes. Dutta et al.”* investigated the rate performance and
primary limiting factors of LOB through a dual-layer elec-
trode structure and reported that the limitation of oxygen dif-
fusion was the cause of battery capacity decay. Owing to the
sluggish kinetics of the cathodic reaction in LOB™, the
primary limiting factor during discharge is the transfer rate of
active species, namely, the oxygen concentration distribution.
A higher oxygen concentration on the inlet side corresponds
to the solution mechanism, wherein products grow in the
solution via LiO, disproportionation to form Li,0,, followed
by a chemical reaction with DMSO and superoxide-like spe-
cies to transform into LiOH. With a diluted oxygen concen-
tration, a surface mechanism is induced on the separator side,
resulting in amorphous film-like products that cover and
block the electrode surface.

Fig. 4 shows SEM images of the CNT cathode in LOBs ob-
tained using TEGDME, revealing significant differences from
those obtained with DMSO. According to the XRD results,
the discharge product of LOBs with TEGDME is Li,O,. On
the inlet side, the discharge product forms a toroidal structure
covering the entire electrode surface, representing a typical
morphology characteristic of the solution mechanism, as de-
picted in Fig. 4a. Notably, large sheet-like products appear in
the interlayers of the dual-layer CNTs. Unlike DMSO, these
sheet-like Li,O, structures are not stacked but rather scattered
across the electrode surface. Owing to the increase in mass

CSTR: 32290.14.JUSTC-2024-0035
DOI: 10.52396/JUSTC-2024-0035
JUSTC, 2025, 55(2): 0204


https://cstr.cn/32290.14.JUSTC-2024-0035
https://cstr.cn/32290.14.JUSTC-2024-0035
https://cstr.cn/32290.14.JUSTC-2024-0035
https://cstr.cn/32290.14.JUSTC-2024-0035
https://cstr.cn/32290.14.JUSTC-2024-0035
https://doi.org/10.52396/JUSTC-2024-0035
https://doi.org/10.52396/JUSTC-2024-0035
https://doi.org/10.52396/JUSTC-2024-0035
https://doi.org/10.52396/JUSTC-2024-0035
https://doi.org/10.52396/JUSTC-2024-0035

‘@ i Yan et al.

S ————" Rl b vamey sy " B VR W s I "
Fig. 4. SEM images of the dual-layer CNT cathode with TEGDME solvent: (a) inlet side, (b, c¢) interlayer side, and (d) separator side.

0204-5 CSTR: 32290.14.JUSTC-2024-0035
DOI: 10.52396/JUSTC-2024-0035
JUSTC, 2025, 55(2): 0204


https://cstr.cn/32290.14.JUSTC-2024-0035
https://cstr.cn/32290.14.JUSTC-2024-0035
https://cstr.cn/32290.14.JUSTC-2024-0035
https://cstr.cn/32290.14.JUSTC-2024-0035
https://cstr.cn/32290.14.JUSTC-2024-0035
https://doi.org/10.52396/JUSTC-2024-0035
https://doi.org/10.52396/JUSTC-2024-0035
https://doi.org/10.52396/JUSTC-2024-0035
https://doi.org/10.52396/JUSTC-2024-0035
https://doi.org/10.52396/JUSTC-2024-0035

Zzsrg "

Effects of the oxygen transport properties of electrolytes on the reaction mechanisms in lithium—oxygen batteries

Yan et al.

transport resistance, the O, concentration on the interlayer
side is lower than that on the inlet side. Therefore, the dis-
charge products sharply decrease in quantity and cannot fully
cover the electrode surface, in which these reduced scattered
toroidal products stack and aggregate to form large-sized
sheet-like Li,O,, as depicted in Fig. 4b, c. Fig. 4d shows film-
like products on the CNT electrode closer to the separator
side, following a surface mechanism growth path. This result
aligns closely with the conclusion drawn from the use of
DMSO as a solvent, indicating that the product morphology
significantly varies with the oxygen concentration on the dif-
ferent surfaces of the CNT layers. Disproportionation reac-
tions are induced by high oxygen concentrations, leading to
the formation of large crystalline products. Conversely, a low
oxygen concentration induces a surface mechanism, resulting
in the formation of noncrystalline film-like products.
However, the notable difference lies in the transition-state
products, which assume a sheet-like morphology and exhibit
substantial differences in shape and size compared with the
crystalline toroidal products on the inlet side.

On the basis of the experimental results mentioned above, a
schematic diagram illustrating the reaction pathways of LOB
influenced by different solvents is provided in Fig. 5. The
dual-layer CNT electrode resists material transport, leading to
a significant concentration gradient of the active species. As
evident from the morphologies of the discharge products, dis-
tinctive discharge reaction pathways are induced by different
reaction interfaces. The slow diffusion of active species in the
electrolyte, such as oxygen, results in the highest oxygen con-
centration gradient on the inlet side. The distribution of oxy-
gen concentration gradients dominates the reaction pathways.
The discharge products on the inlet side, when TEGDME is
used, exhibit the characteristics of a solution mechanism, with
LiO, forming toroidal Li,O, in the electrolyte through a dis-
proportionation reaction.

In contrast, when DMSO is used as the solvent, Li,O, gen-
erated through a solution mechanism forms large spherical
clusters composed of stacked layers. For the interlayers of the
dual-layer CNT electrode, the discharge product morphology
consisted of layers growing vertically on the electrode sur-
face, exhibiting the same pattern in both the DMSO and

o.| | o,

nterlayer side
L NCHN
Separator side

L — 1 GF/IC
cO,
Double layer CNT cathode construction
0, o
Solvent DN  diffusion o Li,O, resistance
: solubility
coefficient
DMSO 30 1.67E-5 2.1E-3 9E8
TEGDME 14 2.17E-6 4.43E-3 4E9

Fig. 5. Schematic diagram of the mechanism of the reaction pathways in LOBs.
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r,_ioz-' Disproportionation

TEGDME solvents. On the separator side, where the oxygen
concentration is shallow, the discharge product is amorphous,
displaying characteristics of a surface mechanism; this
product grows on the electrode surface and covers the active
sites with a film-like morphology. Our experimental findings
reveal a significant deviation from the prevailing viewpoint,
where under identical reaction conditions, the reaction mech-
anism undergoes noticeable variations corresponding to the
spatial distribution of the electrode.

Furthermore, the physical properties of TEGDME and
DMSO, which are electrolyte solvents with significant differ-
ences, exhibit substantial variations in discharge products and
morphologies. Notably, when TEGDME is used as the
solvent in LOB, the discharge product is Li,0,, whereas when
DMSO is used, the discharge product is Li,O, and a small
amount of LiOH is present, which is the byproduct of the
chemical reactivity of DMSO with Li,O, and superoxide-like
speciest. Parameters such as the DN, oxygen diffusion rate,
and oxygen solubility, provided in Fig. 5, highlight the con-
siderable differences between the two solvents. A model built
by Rauter et al.’! revealed that the initial oxygen concentra-
tion of LOB obtained using TEGDME as the solvent was
greater than that obtained using DMSO. Moreover, the atten-
uation rate was greater when TEGDME was used as the
solvent inside the electrode. In addition, the volume fraction
of the product obtained using DMSO was much greater than
that obtained using TEGDME, which is consistent with our
experimental results. The higher oxygen diffusion rate in
DMSO indicates superior transport characteristics compared
with those of TEGDME. Compared with their discharge
products, the size of the discharge products in DMSO is signi-
ficantly greater because the high oxygen concentration in-
duces a solution mechanism. Therefore, comparing
TEGDME and DMSO as typical solvents for LOB electro-
lytes emphasizes the regulatory role of solvent mass transport
properties in dictating reaction pathways.

4 Conclusions

In this work, we investigated the impact of two electrolyte
solvents in LOBs on the discharge capacity, product

» | Li,0,

Solution mechanism

Electrode surface
Surface mechanism
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morphology, and reaction pathways. DMSO, a high-DN-
value electrolyte solvent, is believed to induce solution path-
ways, whereas TEGDME induces surface pathways. In con-
trast, our experimental results indicate that both solution and
surface pathways coexist under the influence of DMSO.
Moreover, the reaction pathways are influenced by the intern-
al spatial position of the electrode, and similar conclusions are
drawn with respect to the TEGDME solvent. The dual-
electrode structure involves the utilization of two identical
CNT electrodes, which are stacked and employed as a single
electrode that participates in electrochemical reactions,
thereby allowing for an increase in mass transfer resistance.
On the basis of the discharge product morphology on each
layer of the CNT electrode, the discharge products near the
inlet exhibit characteristics indicative of a solution mechan-
ism, whereas the discharge products near the separator
present features associated with a surface mechanism. The
morphology of the discharge products between the layers of
CNTs remains consistent. The transfer of active species with-
in the battery is notably sluggish, resulting in a significantly
higher oxygen concentration on the air inlet side than on the
separator side. A greater oxygen concentration induces a solu-
tion mechanism.

Furthermore, a comparative analysis of the discharge
products between DMSO and TEGDME revealed that, owing
to its superior mass transport characteristics, DMSO results in
larger discharge product sizes and higher discharge capacity
than TEGDME. We assert that the impact of solvents on the
reaction pathways during the discharge process, in addition to
DN values, should not disregard the influence of mass trans-
port properties. This work presents a distinct perspective on
how solvents influence discharge products and reaction path-
ways, contributes to the understanding of mass transfer mech-
anisms, and offers a new approach for regulating reaction
pathways.
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