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Lithium—oxygen batteries (LOBs) have been regarded as a promising energy storage system for applications
in electric vehicles and aviation. However, the development of high-performance LOBs has been hindered
by the challenges associated with insulating discharge products, such as low energy efficiency and poor rate
performance. Here, we report that insulating lithium peroxide (Li,O,) can deposit with a carbon nanotube
(CNT) additive during the discharge process and eventually be woven into a conductive network. The
constructed network enhances the conductivity of Li,O, and accelerates the kinetics of electrode
reactions. As a result, the battery containing 1.0 mg mL™ CNTs in the electrolyte exhibits a high areal
capacity of 57 mA h cm~? and superior rate performance at 1.41 A genr ». Furthermore, the introduction
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Introduction

Among the alternatives to conventional Li-ion batteries (LIBs),
aprotic lithium-oxygen batteries (LOBs) have triggered world-
wide interest due to their high energy density of ~3500 W h
kg~ '’ Nevertheless, the practical applications of LOBs are
likely to be impeded by their low practical capacity, large voltage
hysteresis, and poor rate performance.* An essential factor
contributing to these drawbacks is the inherently insulating
nature of the discharge product.>” Therefore, as one of the
solutions, it is of great significance to enhance the electron
transfer within the discharge products. In LOBs, two
approaches have generally been employed for this purpose. One
involves increasing the proportion of defect-rich or amorphous
components in the most common discharge product, Li,O,.
Existing research studies have demonstrated that the conduc-
tivity of defect-rich Li,O, or amorphous Li,0, is significantly
higher than that of the crystalline one,**° especially at the
surface.”*> Another approach involves employing catalysts to
facilitate battery cycling based on chemicals with higher
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a new avenue for addressing the issues caused by insulating discharge products in LOBs.

conductivity, such as LiO,."**® Despite the enhancement in the
conductivity of discharge products achieved by the above two
approaches, the conductivity has not yet reached satisfactory
levels.® To date, it still remains a challenge to find effective ways
to enhance the conductivity of discharge products.

Introducing conductive components into insulating elec-
trode materials has demonstrated some success in LIBs. The
most notable example is the carbon coating of lithium iron
phosphate (LiFePO,), which makes it an ideal battery material
for large-scale energy storage and electric vehicle applications.”
The method of electrochemically synthesizing composites of
nanoparticles and substrates has been widely reported in the
field of electrodeposition. Nanoparticles embedded in coatings
could impart various functions to the coating, such as wear
resistance, self-cleaning, and biocompatibility.**->°

Here, we have introduced carbon nanotubes (CNTs) as a kind
of electrolyte additive, with the intention of weaving the insu-
lating discharge product Li,O, into a conductive network. The
constructed network enhances the conductivity of Li,O, and
accelerates the kinetics of electrode reactions. Experiments
demonstrate that the CNTs can co-deposit with Li,O,, and the
percolation threshold of CNTs for significantly improving the
conductivity is approximately 3 wt%, which is consistent with
the theoretical calculation results. A concentration of 10 wt%
CNTs in the Li,O,/CNTs mixture results in a conductivity of 8.26
x 1072 S em ™', indicating that the strategy reported here can
enhance the conductivity of Li,O, without significantly
reducing the energy density of LOBs. Due to the co-deposition of
CNTs and Li,O,, the LOBs exhibit a fivefold slower increase in
charge transfer resistance (R.) than the batteries without CNTs,
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a large discharge capacity of 5.7 mA h ecm ™2, and superior high-
rate performance at 1.41 A gcnr . Furthermore, by loading
ruthenium nanoparticles onto the CNTs, the battery ultimately
achieves a satisfactory cycle life of about 550 h.

Results and discussion

Compared to metal nanoparticles, carbon-based materials are
lighter and more stable in LOBs. Therefore, three kinds of
carbon materials—CNTs, Ketjen black (KB), and Super P (SP)
were selected as conductive electrolyte additives to test their
ability to co-deposit with Li,O,. To enhance the dispersion of
these carbon materials, sodium dodecyl benzene sulfonate
(SDBS) was chosen as the surfactant and added to the electrolyte
along with the carbon materials. Due to its large organic branch
chain, SDBS has acceptable solubility in the tetraethylene glycol
dimethyl ether (TEGDME) solution. Additionally, the benzene
ring on the branch chain can bind to the carbon materials
through m-m interaction to improve their dispersion in the
electrolyte.?*?* The cyclic voltammetry (CV) test conducted in an
oxygen atmosphere demonstrates that SDBS remains stable in
the harsh LOB working environment (Fig. S17).

Compared to the toroid discharge products in the batteries
without conductive additives (Fig. 1a and b), it is obvious that
the CNTs intertwine with the discharge products, and some
CNTs even embed into Li,O, (Fig. 1c and d). The addition of KB
results in the formation of conformal discharge products, as
shown in Fig. 1e and f. In contrast, SP only loosely mixes with
Li,O, (Fig. 1g and h). When testing the discharge performance
of LOBs with and without conductive electrolyte additives, it is
evident that the battery with CNTs exhibits the highest capacity
and the lowest discharge overpotential among all the LOBs
(Fig. 2a). Therefore, CNTs were chosen as the optimal electrolyte
additive for further study.

The experiment depicted in Fig. 2b explored the effect of
CNT content on the battery discharge performance. The
discharge capacity increases with an increase in CNT content up
to 1.0 mg mL™ ", reaching the highest discharge capacity of
5.7 mA h em™?, which is twice that of the battery with 0.2 mg
mL ™" CNTs (2.57 mA h em™?). Besides, increasing CNT content
also decreases the discharge overpotential, which is likely
caused by the higher CNT content providing a larger electro-
chemical active surface area. When the CNT content exceeds

Fig. 1 Scanning electron microscope (SEM) images of the cathodes
discharged to 2 V at 0.1 mA cm™2. (a and b) Without a conductive
additive. (c and d) With 3 mg mL™* CNTs. (e and f) With 3 mg mL~* KB.
(g and h) With 3 mg mL~* SP.

24978 | J. Mater. Chem. A, 2024, 12, 24977-24982

View Article Online

Paper
35
a Pristine b 0.2mg mL™" 0.4 mgmL™"
Super P 3.0 0.6 mgmL™" 0.8mgmL™"
-1 -1
s 30 (K:B s 1.0 mg mL 1.2 mg mL
@ NT o
o o
£ S25
S 25 S
20 20
0 1 2 3 4 5 6 0 2 4 6
Capacity (mAh) Capacity (mAh cm™)
35
c d il Pristine
30 = il
€25 5 3h
) E40 4h
2 20 e bh
o~ £
> N 20
1.5 !
1.0 0
0 4 8 12 0 20 40 60 80 100
Time (min) Z,, (Ohm cm?)
e Without CNT Without CNTs
0.2 0.2 mgmL™' CNT 5.0 02mg mL’: CNTs
~r" 1.0 mg mL™" CNT s 1.0 mg mL™" CNTs
E 0.0 S 4.0
E s
E 3
=02 >30
04 20
20 25 30 35 40 45 0.0 0.1 02 03
Potential (V vs Li*/Li) Capacity (mAh cm™)
Fig. 2 (a) Discharge curves of LOBs with and without different

conductive additives (current density: 0.1 mA cm~2). (b) Discharge
capacities of LOBs with various CNT contents ranging from 0.2 to
1.2 mg mL™tat 0.1 mA cm~2. (c) Rate performance of LOBs with 0, 0.2,
and 1.0 mg mL™* CNTs. (d) EIS curves of LOBs with 1.0 mg mL™ CNTs
discharged for 1 to 5 hours at 0.05 mA cm 2. (e) CV curves of LOBs
with 0, 0.2, and 1.0 mg mL™ CNTs (scan rate: 0.1 mV s™2). (f) The first

discharge and charge curves of batteries with 0, 0.2, and 1.0 mg mL™*
CNTs (current density: 0.1 mA cm™2).

1.0 mg mL™, the discharge capacity exhibits a decrease
phenomenon. This can be attributed to the high concentration
causing the CNTs to aggregate together. As a result, it becomes
harder for them to move freely and deposit with Li,O,. This view
can be supported by Fig. S2,7 where the CNTs aggregate more
rapidly at 1.2 mg mL ™' than at 1.0 mg mL " It should be
mentioned that the electrolyte used in each cell is 100 pL,
containing 0.1 mg CNTs (for 1.0 mg mL™"). To illustrate the
superiority brought by the CNT additive, we also sprayed 0.1 mg
CNTs on carbon paper (CP) and tested the discharge capacity of
LOBs. As shown in Fig. $3,1 the capacity is only 0.64 mA h cm 2,
much lower than the 5.7 mA h cm ™2 delivered by the batteries
with the CNT additive. Fig. 2c compares the rate performance of
batteries with 0, 0.2, and 1.0 mg mL~' CNTs. Only the battery
with 1.0 mg mL ™" CNTs can return to its initial state after dis-
charging at a maximum current density of 0.125 mA cm 2,
equivalent to 1.41 A gcnr | based on the mass of the active
material, highlighting the effectiveness of the CNT additive in
boosting the rate capability of LOBs.

In typical LOBs, the accumulation of insulating discharge
products will passivate the cathode, leading to a rapid increase
in charge transfer resistance (R.).>> However, with the method
developed here, the growth of R.; will be much slower, as the
CNTs could continuously connect to the cathode and remain
exposed to the electrolyte. To confirm this, electrochemical

This journal is © The Royal Society of Chemistry 2024
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impedance spectroscopy (EIS) measurement was conducted.
Fig. 2d and S4f present the EIS curves of LOBs with 1.0 mg mL ™"
CNTs and without CNTs at various states of discharge. All EIS
plots exhibit a typical semicircular shape followed by a diffusion
line. The diameter of the semicircle in the middle frequency
represents the R.. The R, of the battery with CNTs changes
from 41 Q (initial) to 47 Q (after 5 hours of discharge), while the
R of the battery without CNTs rapidly increases from 39 Q
(initial) to 71 Q (after 5 hours of discharge). These results
provide solid evidence that the CNTs co-deposit with Li,O,. In
addition, Fig. S5t presents the EIS curves of the LOB with 1.0 mg
mL ™" CNTs before and after being discharged to 2 V. The small
increase in R, indicates that the sudden death of LOBs should
not be simply attributed to the charge transfer impedance.”

The CV experiment provides further evidence that the CNTs
co-deposit with Li,O, (Fig. 2e). The battery with 1.0 mg mL "
CNTs exhibits a higher onset reduction potential (2.86 V)
compared to the batteries with 0.2 mg mL~" CNTs (2.77 V) and
without CNTs (2.68 V). Additionally, the shape of the CV curve
for the battery with 0.2 mg mL ™' CNTs closely resembles that of
the battery without CNTs, except for a larger current response.
In contrast, for the battery with 1.0 mg mL™" CNTs, an addi-
tional reduction peak at 2.69 V (left dashed line) and an addi-
tional oxidation peak at around 3.85 V appear, consistent with
the first discharge and charge curves shown in Fig. 2f. The
battery with 1.0 mg mL~" CNTs exhibits a higher discharge
plateau and a lower charge potential (around 3.9 V). The
reduced charge overpotential should not solely be attributed to
the decomposition of Li,O, promoted by the CNT surface,
because the charge potential of the battery with 0.2 mg mL ™"
CNTs shows no significant change compared to the battery
without CNTs. The appearance of the two additional peaks in
Fig. 2e and the change in charging voltage in Fig. 2f may be
attributed to the amount of co-deposited CNTs in these
batteries reaching the percolation threshold.

Percolation theory is well suited to describe the conductivity
of the mixture of CNTs and Li,O, reported here.>*>* According
to the percolation theory, a percolation threshold exists. Below
this threshold, a giant connected component would not form.
Above this threshold, a giant component connects the bound-
aries, resulting in significantly improved conductivity.”” To
describe the percolation behaviour of this system and deter-
mine the approximate percolation threshold, CNTs of different
mass percentages were uniformly mixed with commercial Li,O,.
Subsequently, the mixtures were compressed into samples.
Before testing electronic conductivity, a layer of silver paste was
applied to the ends of these samples. Fig. 3a and b display the
digital photographs of the samples, and Fig. 3c depicts their
conductivity. Specific data are listed in Table S1.T The conduc-
tivity of pure Li,O, is only 1.50 x 10~ "' Secm ™, closely matching
the reported data in the literature.”® The conductivity increases
rapidly with the increase in CNT content. At 10 wt%, the
conductivity reaches 8.26 x 10~ S em™", significantly higher
than the conductivity predicted for defect-rich and amorphous
Li,0,.5° This indicates that the problems caused by insulating
Li,O, can be alleviated by just introducing CNTs into the
electrolyte.

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (a) Optical images of Li,O, samples mixed with different

amounts of CNTs. (b) The end face of a sample that is covered with
silver paste. (c) Relationship between the conductivity and the CNT
content. (d) Comparison curves of the experimental and calculated
conductivities.

The conductivity variation with respect to the CNT content
was also simulated using a percolation model (Fig. S6-S97). The
percolation threshold obtained here, approximately 3 wt%,
aligns with the result presented in Fig. 3c. The conductivity of
Li,0, shows almost no change at low CNT content (from 1 wt%
to 3 wt%). As shown in Fig. 3d, the conductivity of Li,O,/CNTs
was calculated using the Kirkpatrick-Zallen model and
compared with the experimental values. As shown in eqn (1), &
represents the conductivity of the mixture, o, represents the
conductivity of the filler (obtained by testing the 100 wt% CNT
sample), v represents the content of the filler, v. represents the
content of the percolation threshold, and x represents the
coefficients related to the dimensions of the system.? The good
agreement between the two datasets demonstrates the validity
of using the percolation model for this kind of analysis. Fig. S77
shows the SEM image of the sample containing 10 wt% CNTs,
where CNTs are tightly entangled with Li,O,. The similarity
between the mechanically mixed sample and the co-deposited
sample during discharge (Fig. 1la and b) suggests that the
conductivity of the co-deposited sample is also enhanced.

g=0, (V=) (1)

SEM images of the cathodes after the first discharge and
charge processes are captured to illustrate the functions of
CNTs. As shown in Fig. 4a and b, during discharging, large
amounts of CNTs entangle with Li,O,, and some CNTs even
embed into Li,O, (highlighted by the red dotted line in Fig. 4a).
In LOBs with CNTs as the cathodes, the discharge products are
typically localized very close to the cathode side.**** However,
for the batteries reported here, Li,O, tends to continue stacking
on the surface of the cathode. After the subsequent charge
process, no significant Li,O, can be observed on the cathode
surface (Fig. 4c and d). Also, most of the deposited CNTs return
to the electrolyte, while only a few CNTs still agglomerate and
remain on the cathode surface (Fig. S107). Fig. 4e schematically
illustrates the possible discharge process enabled by the CNT

J. Mater. Chem. A, 2024, 12, 24977-24982 | 24979
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Fig. 4 SEM images of the cathodes of LOBs with 1.0 mg mL™ CNTs
after the first (@ and b) discharge and (c and d) charge processes. A
schematic illustration of the function of CNTs in the (e) discharge and
(f) charge processes.

additives. The first step involves the adsorption of CNTs on the
CP surface. As depicted in Fig. 4c, some CNTs are tightly
adsorbed to the surface of the cathode, likely due to the w-m
interaction between the CNTs and CP surface.*” For the disso-
ciated CNTs, they could approach the cathode surface through
thermal motion. Subsequently, Li,O, preferentially grows on
the surface of CNTs, because the discharge potential of batteries
with CNTs is higher than that of batteries without CNTs. As the
discharge progresses, the Li,O, grown on the surface of CNTs
could connect the adjacent CNTs and eventually be woven into
a conductive network. During the charge process (Fig. 4f), the
continuous decomposition of Li,O, leads to the deconstruction
of the conductive network. Electrostatic repulsion primarily
influences this process* and would become more significant
during charge due to the higher potential of the cathode, which
results in more positive charges on the surfaces of CNTs and the
cathode. This is because the cathode has a higher potential
during charge, which leads to more positive charges at the
surfaces of CNTs and the cathode.**

Cycling performance is crucial for rechargeable batteries.
However, as shown in Fig. 5a, the battery with 1.0 mg mL "
CNTs could only maintain steady operation for about 250 hours.
This poor cycling performance is mainly attributed to the
sluggish reaction kinetics of the CP cathode without catalysts
and the detachment of CNTs from the cathode before complete
oxidation of Li,0,.**** To improve cycling performance,
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Fig. 5 (a) Cycle performance of LOBs with CNTs or Ru@CNT additive

(CNT content: 1.0 mg mL™%, current density: 0.05 mA cm™2, and areal
capacity: 0.125 mA h cm~2). The discharge and charge curves of the (b)
1st cycle and (c) 55th cycle.

ruthenium-decorated carbon nanotubes (Ru@CNTs) were
prepared as the electrolyte additive for further investigation,*”
since metals and metal oxides are often used as catalysts to
improve the electrochemical performance of LOBs.***° The
transmission electron microscopy (TEM) image shows that the
diameter of the ruthenium particles on the surface of CNTs is
approximately 5 nm (Fig. S111). High resolution transmission
electron microscope image (HRTEM, inset of Fig. S11t), XRD
patterns (Fig. S127), and X-ray photoelectron spectroscopy
spectra (XPS, Fig. S137) all confirm the presence of ruthenium
particles. Due to the improved catalytic activity enabled by
ruthenium particles, the battery with 1.0 mg mL ™' Ru@CNT
exhibits lower overpotential in both the charge and discharge
processes (Fig. 5b and c) and a much longer cycle life of 550
hours. Additionally, as revealed by the XRD patterns of the
cathodes at different states (Fig. S147), the battery follows the
typical Li-O, electrochemistry with highly reversible formation
and decomposition of Li,O,.

Conclusions

In summary, we have developed a simple but effective method
of introducing CNTs as the additive into the electrolyte to alle-
viate the shortcomings brought by insulating Li,O,. With the
assistance of CNTs, Li,O, can connect adjacent CNTs and ulti-
mately weave the CNTs into a conductive network, enhancing
the conductivity of Li,O,. The battery with 1.0 mg mL ™" CNTs in
the electrolyte exhibits a high capacity of 5.7 mA h cm 2 and
superior rate performance at 1.41 A gonr - This performance
improvement can be attributed to the reduced passivation of
the cathode induced by the co-deposition of CNTs and Li,O,.
This viewpoint is supported by the fact that the existence of the
CNT additive decreases the increase rate of R, by five times.
Moreover, both the experimental and calculated results indicate
that the conductivity of Li,O, begins to increase when it

contains approximately 3 wt% CNTs, reaching 8.26 x

This journal is © The Royal Society of Chemistry 2024
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10% S em ™' with 10 wt% CNTs. Besides, by incorporating
ruthenium nanoparticles onto the CNTs, the battery ultimately
achieves a satisfactory cycle life of about 550 hours. This study
proposes a new strategy for enhancing the conductivity of
discharge products to boost the performance of LOBs.
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