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Lithium—oxygen batteries have attracted great attention in recent years owing to their extremely high
theoretical energy density, however, factors such as low actual capacity and poor rate performance
hinder the practical application of lithium—-oxygen batteries. In this work, a novel electrolyte additive,
tetramethylpyrazine (TMP), is introduced into an electrolyte system to enhance the electrochemical
performance of the lithium—oxygen batteries. TMP does not undergo its own redox reaction within the
charge—discharge voltage range, which will not affect the electrochemical stability of the electrolyte.
The results show that the addition of TMP can increase the reduction current of oxygen, which will
promote the ORR process, and with an optimal TMP content (50 mM), the cell shows a high discharge
capacity of 5712.3 mA h g~ at 0.1 mA cm™2. And its rate capability is almost doubled compared with the
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Accepted 1st July 2021 system without TMP additive at a large current density of 1 mA cm™“. Further analysis by SEM and XRD
reveals that the addition of TMP can reduce the formation of by-products and promote the solution

DOI: 10.1035/d1ra03220h growth of large-size Li,O, particles to achieve a large discharge capacity. This approach could provide
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Introduction

Lithium-oxygen batteries (LOBs), based on their extremely high
theoretical energy density, are an attractive electrical energy
storage technology.' However, before this system can be used
as a practical energy storage device, many challenges still need
to be overcome, such as low actual capacity, poor rate perfor-
mance, unsatisfactory energy efficiency, and the decomposition
of electrolyte.'® Efforts have been made to solve these problems:
for example, noble metal catalysis,”® the application of solid-
state electrolytes'™ and electrode protection.'> The most
common method is the introduction of additives. On the one
hand, they can be used as soluble redox mediators (RMs)."*** Since
the Bruce group first reported TTF (tetrathiafulvalene) as RM in
2013," a variety of RMs have been developed. For example, DBBQ
(2,5-di-tert-butyl-1,4-benzoquinone),’®* TEMPO (2,2,6,6-tetrame-
thylpiperidinyloxy),"”** DBDMB (2,5-di-tert-butyl-1,4-dimethox-
ybenzene)* and halides.*** These RMs participate in the reaction
of LOB with their own redox pairs to promote the progress of the
reaction. On the other hand, the additives can optimize the
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a new idea for improving the electrochemical performance of lithium—-oxygen batteries.

properties of the electrolyte.”>>* A large number of studies have
shown that the discharge capacity and rate performance of LOB
are greatly related to the physical properties of the electrolyte,
including the ionic conductivity, viscosity, and oxygen solu-
bility.>>*% And increasing the solvation of Li" can increase the
solubility of the lithium superoxide produced in the first step of
the reaction in the solution.” That is, oxygen can be first adsorbed
on the surface of the electrode during the discharge process and
further obtains electrons and then reacts with Li" to form a soluble
intermediate LiOyon. The LiOy, intermediate can be further
reduced on the surface or through a disproportionation reaction
without electrons to form the final product Li,0,.>>*

Different from the intercalation mechanism of traditional
lithium-ion batteries, the electrochemical reaction of LOB is
based on the reaction between lithium metal and O,, that is, the
formation and decomposition reaction of the product Li,O,.*
Two pathways for the growth of Li,O, have been proposed:
surface mechanism and solution mechanism.** The product
obtained from surface mechanism is a thin film adhered to the
surface of the electrode which will passivate the cathode due to
the insulation of Li,0,, resulting in low discharge capacity and
poor cycle performance.*** In contrast, solution mechanism
can provide large-sized Li,O, with a higher discharge capacity.
Therefore, promoting solution mechanism of Li,0, is the key to
increase the actual discharge capacity.

Here, we investigated the feasibility of a pyrazine organic
compound, tetramethylpyrazine (TMP), as an electrolyte addi-
tive. TMP has basic properties similar to pyridine. Its two

© 2021 The Author(s). Published by the Royal Society of Chemistry
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nitrogen atoms are located in the para position of the large
conjugated T-type ring, thus the basicity becomes weaker due to
mutual electron attraction. Its unique property can increase the
solvation of Li" and the amount of dissolved oxygen in the
system. In addition, the system containing TMP promotes the
generation of Li,O,, and reduces the generation of by-products.
In this work, TMP was used as a new additive in TEGDME
electrolyte. The relevant physical and electrochemical proper-
ties of this new electrolyte system were systematically studied,
and the reasons for its influence on the discharge capacity and
rate performance of LOB were discussed.

Results and discussion

Physical and electrochemical properties of TMP added to the
electrolyte

Fig. 1a shows the physical properties of different electrolytes.
The increase of the TMP content does not have a major impact
on the viscosity (Fig. S11). But TMP increases the ionic
conductivity of the system, which will have a vital impact on the
discharge performance. At the same time, the addition of TMP
significantly increases the amount of dissolved oxygen, and the
higher oxygen solubility will improve the discharge capacity and
rate performance to a certain extent.”**” Moreover, the chemical
shift of "Li NMR increases as the amount of TMP increases
(Fig. 1b), indicating there is a strong interaction between TMP
and Li", or in other words, Li" can be solvated by TMP,1%2333
The influence of the addition of TMP on the electrochemical
performance was determined by cyclic voltammetry (CV)
measurements in a three-electrode electrochemical cell. No
additional peaks appears under the condition of argon or
oxygen atmosphere (Fig. 1c and S27), which means that TMP
does not undergo its own oxidation-reduction reaction within
the studied voltage range. That is, TMP will not affect the
electrochemical stability of the electrolyte. As shown by the
black trace in Fig. 1c, under oxygen condition, the cathodic
current starts to flow at around 2.75 V with a broad reduction

[V
o

—  OmM TMP
—— 10mM TMP
50mM TMP

k —— 100mM TMP

'Li NMR

Conductivity (mS)
Dissolved oxygen (mg L")

5 5 3 5 % % 10 08 08 04 02 00

—  OmM TMP
—— 10mM TMP
—— 50mM TMP
——100mM TMP

—  OmM TMP 0,
—— 10mM TMP

j/mA ecm?

002

o Ealzlvs,la.ls'll.l oo ’ ” Spiﬁﬂcaﬂclw(v:rhg')w m
Fig.1 (a) lonic conductivity and dissolved oxygen, (b) ’Li NMR spectra,
(c) cyclic voltammograms under O, atmosphere at 50 mV s~ and (d)
first cycle at a constant current density of 0.1 mA cm™2in 0.5 M LiTFSI/
TEGDME with various amounts of TMP content.
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peak in the negative-going sweep, which can be attributed to the
electrochemical reduction of O,. And the introduction of TMP
into the electrolyte increases the reduction current of oxygen,
indicating that TMP has a certain positive effect on the oxygen
reduction reaction (ORR), and the system containing 50 mM
TMP has the most significant effect. Fig. S31 provides the
electrochemical impedance spectra (EIS) of cells with different
TMP content at an open circuit potential in an oxygen atmo-
sphere. Since the overpotential is mainly related to the kinetic
properties of the cell itself (the interface impedance between the
electrode and the electrolyte), these results indicate that the
addition of TMP reduces the R.. and promotes the ORR dynamic
activity. Moreover, the discharge platform (about 2.75 V) is not
affected by the addition of TMP, revealing that the electrochemical
reduction step of oxygen on the positive electrode surface is
independent of the presence of TMP (Fig. 1d). And it has a certain
positive effect on decreasing the charge plateau. These results are
in good agreement with the conclusions of CV and EIS.

Rotating ring-disk electrode (RRDE) experiment was carried
out to verify the influence of TMP on the growth mechanism of
Li,O, during the discharge process (Fig. 2). In the electrolyte
without TMP, the disk and ring current at 2500 rpm are less
than the currents at 1600 rpm, which reflects that the disk and
ring current do not show a positive correlation at high speeds. The
low-DN solvent TEGDME has a weak solvation effect on Li’,
leading to the surface growth of Li,O,, and the passivation of the
disk electrode causes the current to deviate from the theoretical
trend. However, when 50 mM TMP is introduced, the disk current
keeps increasing with the increase of the rotation speed, revealing
that the solution phase pathway is dominant.'*?*3¢

Electrochemical performance of the LOB

To further investigate the effects of TMP on discharge perfor-
mance, cells containing different amounts of TMP were dis-
charged at different current densities ranging from 0.1 to 1 mA
cm 2. As shown in Fig. 3a-d, the addition of TMP enhances the
discharge capacity, and this trend increases as the current
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Fig. 2 RRDE test of electrolytes with various amounts of TMP at scan
rate of 50 mV s~* and ring potential of 3.5 V.
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density increases. When the current density is 0.1 mA cm ™2, the

discharge capacity of the electrolyte without TMP is
4907 mA h g ', while the discharge capacity of the electrolyte
containing 10 mM, 50 mM, and 100 mM TMP are 5087.7,
5712.3, and 5492.4 mA h g~ ', respectively. And the discharge
capacity of the electrolyte containing 10 mM, 50 mM, and
100 mM TMP are 545.9, 628.8, 594.3 mA h ¢~ ', which is almost
twice as much as the electrolyte without TMP (276.7 mA h g™ ')
at a current density of 1 mA cm 2. Fig. 3e shows the percentage
of the discharge capacity at different current densities to the
discharge capacity at a current density of 0.1 mA cm 2
According to Fig. 3e, the rate capability of the cell containing
TMP additive is higher than that of the cell without TMP
additive.**®* The amount of dissolved oxygen and ionic
conductivity play a leading role at low and high current density
respectively, and TMP has a positive effect on both.>**® There-
fore, the influence of this additive on cell performance depends
on the combination of TMP's promotion of these two influ-
ences. In addition, the discharge platform of the cell containing
TMP increases and this phenomenon is more obvious at high
current density, confirming that the addition of TMP reduces
R, of the cell and increases the ORR dynamic activity, which is
consistent well with EIS discussed above. This also provides
evidence that the second reduction step from O, to Li,O, may
be influenced by TMP during the discharge process at high
current density. Furthermore, the influence of TMP on the long-
term cycle stability of the cell was also tested (Fig. S41). The

34 34
a —  OmM TMP j=0.10 mA cm? b —  OmMTMP 1=0.20mA cm?|
324 — 10mM TMP 324 — 10mM TMP
—— 50mM TMP —— 50mM TMP
30 ——100mM TMP 304 ——100mM TMP
<28 <28
2 s
& 26 & 26
3 ]
S 24 S 24
22 22
20 20
18 18
1000 2000 3000 4000 5000 6000 1000 2000 W00 4000 5000
Specific capacity (mAh g") Specific capacity (mAh g”)
34 d
C —  OmMTMP j=0s0macm? US4 T i 1=1.00mA om?)
324 — 10mM TMP 320 — 1omMTMP
—— 50mM TMP . SomMTMP
304 ——100mM TMP 30 ——100mM TMP
o 38
s s
& 26 8 26
2 k]
J 3
> 24 S 24
22 22
20 20
18 1
1000 2000 3000 1000

Specific capacity (mAh g”) Specific capacity (mAh g”)

(%) ones uonuajes foeded

A3

Fig.3 (a—d) Discharge curves of LOB at different current densities and
(e) capacity retention of the cells with various amounts of TMP
content.
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Fig. 4 SEM images of (a) pristine electrode and (b—e) the electrode
after first discharge of the cells with various amounts of TMP content at
a current density of 0.1 mA cm™2.

addition of TMP slightly improves the cycling performance of
the cell, which can also reflect that TMP is relatively stable
during the cycle.

Characterization of discharge products

To investigate the reason for the changes in the cell perfor-
mance (such as capacity and rate performance), the discharged
cathodes were examined by scanning electron microscopy
(SEM). The results were shown in Fig. 4. Compared with the
pristine cathode (Fig. 4a), in the absence of TMP, a mass of
clumps accumulates on the surface of the electrode, which
mainly derives from the decomposition product of the electro-
Iyte, and the by-products covering the cathode almost block the
pores of the electrode. In contrast, after adding 10 mM TMP, the
amount of polymer on the surface decreases. With the increase
of TMP addition, the discharge products uniformly cover the
surface of the positive electrode, resulting in a film-like
discharge product, and larger size products gradually form on
the electrode surface. The change in the morphology of the
discharge product is mainly due to the different discharge
reaction mechanism caused by the difference of the electrolyte
system. And the solution phase mechanism is more likely to
generate large-size Li,O, to obtain higher discharge capacity. To
better understand the TMP effect in LOB, its influence on dis-
charged products in a ether-based LiTFSI-TEGDME system was
shown in Fig. 5. As mentioned above, TMP and Li" have a strong
interaction, which will promote the solution growth mechanism
of Li,O,, resulting in a higher discharge capacity.”®** After
adding 100 mM TMP, it can be seen that the surface of the

with TMP

without TMP

Fig. 5 Mechanism diagram of TMP in LOB.
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Fig. 6 XRD patterns of pristine, discharged and recharged cathodes.

positive electrode is almost completely covered by the film, and
almost no spherical product is observed. Due to the passivation
of the electrode by the insulating and insoluble products, the
discharge performance of the cell would be affected.** That is,
when the TMP content is 100 mM, the increase in the specific
capacity is modest.

To demonstrate that the particles observed in SEM were
indeed Li,O,, X-ray diffraction (XRD) was performed on the
discharged cathodes. The results were presented in Fig. 6. Only
the peaks related to Li,O, are observed in the XRD pattern. It is
worth mentioning that the film-like Li,O, obtained from the
surface mechanism is amorphous, while the product formed by
the solution mechanism is crystalline. Furthermore, the
sharpness and intensity of the peaks increase with the increase
of the amount of TMP, indicating that TMP can promote the
formation of large crystalline Li,O, particles. The infrared
spectrum in Fig. 7 confirms that the addition of TMP reduces
the formation of by-products. Although low-DN TEGDME is
relatively stable, it still decomposes during the cycling.®-*°
Therefore, peaks of electrolyte decomposition products (such as
lithium carbonate and lithium formate) appear in the infrared
spectrum. In the system without TMP, the peaks of these by-
products (mainly lithium carbonate) are strong and clear,
which proves that the degree of decomposition of the electrolyte
is greater, similar to the results of SEM. After adding TMP, the
peaks of these by-products are significantly reduced, and the
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Fig. 7 IR spectra of pristine, discharged and recharged cathodes.
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peak intensity is weakened, indicating that the film formed by
TMP on the surface of the positive electrode reduces the
decomposition of the electrolyte to a certain extent.

Conclusions

In summary, a chemical and electrochemical stable TMP addi-
tive in electrolyte has great effect on enhancing the discharge
capacity and rate performance of LOB. The increasing of ionic
conductivity and dissolved oxygen content in electrolyte by TMP
additive are beneficial to the electrochemical performance,
could lead to charge transfer impedance reducing and ORR
kinetics increasing. When an optimal TMP content (50 mM) is
added in the electrolyte, the discharge capacity reaches
5712.3 mAh g ' at 0.1 mAcm %, and 628.8 mA h g~ at relative
high current density of 1 mA cm 2. The rate capability of the cell
is greatly improved, with the optimal TMP content, the capacity
at 1 mA cm 2 is more than twice that of the cell without the TMP
additive. These improvements are attributed to the strong
interaction between TMP and Li', which improves the solubility
of reaction intermediates and promotes the solution mecha-
nism of Li,O,. With TMP in electrolyte, the electrochemical
reaction route could be different, since it can change the
morphology of the discharge products from film to spherical
and reduce the formation of by-products. TMP could be
a promising additive in LOB and further works on tuning TMP-
like structure for more effective additives is still going on.

Experimental

Electrolyte preparation

Tetraethylene glycol dimethyl ether (TEGDME, Aladdin, 99%)
solvent was dried over activated 4 A molecular sieves for 3 days
to remove residual water. The salt of lithium bis(trifluoro-
methane)sulfonimide (LiTFSI, 99%) was purchased from
Aladdin. The lithium salt concentration was 0.5 M. The elec-
trolyte composed of 0.5 M LiTFSI in TEGDME was regarded as
the basic system, and different amounts of TMP (Aladdin, 98%)
were added to the above solution to obtain xTMP-based elec-
trolyte (x = 0, 10, 50, 100 mM). Since the preparation of the
electrolyte had a particularly high requirement for water and
oxygen, thus all preparation operations were completed in
a glove box filled with argon (H,O =< 0.1 ppm, O, =< 0.1 ppm).

Preparation of electrode and cell assembly

Ketjen black (KB) and 20 wt% polytetrafluoroethylene (PTFE)
were mixed with a weight ratio of 8 : 2, and were dispersed in the
ethanol solution. The obtained slurry was uniformly coated on the
nickel foam with a diameter of 12 mm. The electrode was dried for
12 h in a vacuum oven at 80 °C to remove residual solvent. The area
mass of the active material KB loading on the electrode contacted
with oxygen was approximately 0.83 mg cm >,

The investigated cells in this article were assembled using
Swagelok-type cells containing a lithium foil, a separator (Cel-
gard 3500), an as-prepared electrode and 100 pL xTMP-based
electrolyte. In order to eliminate the influence of other

RSC Adv, 2021, 1, 24320-24325 | 24323
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components in the air (especially water and carbon dioxide) on the
cell test process, all lithium-oxygen battery tests were carried out in
a glove box filled with high purity oxygen (H,O < 0.1 ppm).

Electrochemical tests and material characterization

The oxygen solubility and ionic conductivity of the electrolyte
were measured by Oakton PCD650 multi-parameter water
quality analyzer, and the viscosity was measured by a digital
viscometer (ND]J-5S).

The charge and discharge tests were carried out at different
current densities and in a voltage range of 2.0-4.4 V. In the cycle
test, the charge and discharge capacity was limited to
500 mAhg "

The surface structure and surface composition of the elec-
trode after cycling were investigated by field emission scanning
electron microscope (FESEM, JEOL JSM-6390) and X-ray
diffraction (XRD, D8-Advanced X-ray diffractometer, Cu Ko, 2
= 1.5406 A).

Cyclic voltammetry (CV). CV experiments were performed in
an airtight three-electrode electrolytic cell using lithium foil as
the reference electrode, platinum as the counter electrode and
a glassy carbon electrode with a diameter of 6 mm as the
working electrode. Before each experiment, the glassy carbon
electrode was carefully polished with 0.05 pm alumina powder.
The electrolytic cell was assembled in a glove box filled with argon.
After continuously injecting argon or oxygen into the system for 20
minutes, the CV experiments were latter performed using an
electrochemical workstation (CHI 660D). The test voltage range
was 2.0 V to 4.4 V and the scan rate was 50 mV s . The CV test
voltage interval was as the same as that of a normal cell.
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