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ABSTRACT: Surface defects on carbon nanotube cathodes
have been artificially introduced by bombardment with argon
plasma. Their roles in the electrochemical performance of
rechargeable Li−O2 batteries have been investigated. In
batteries with tetraethylene glycol dimethyl ether (TEGDME)-
a n d N - m e t h y l -N - p r o p y l p i p e r i d i n i u m b i s -
(trifluoromethansulfonyl)imide (PP13TFSI)-based electro-
lytes, the defects increase the number of nucleation sites for
the growth of Li2O2 particles and reduce the size of the formed
particles. This leads to increased discharge capacity and
reduced cycle overpotential. However, in the former batteries,
the hydrophilic surfaces induced by the defects promote carbonate formation, which imposes a deteriorating effect on the cycle
performance of the Li−O2 batteries. In contrast, in the latter case, the defective cathodes promote Li2O2 formation without
enhancing formation of carbonates on the cathode surfaces, resulting in extended cycle life. This is most probably attributable to
the passivation effect on the functional groups of the cathode surfaces imposed by the ionic liquid. These results indicate that
defects on carbon surfaces may have a positive effect on the cycle performance of Li−O2 batteries if they are combined with a
helpful electrolyte solvent such as PP13TFSI.
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■ INTRODUCTION

Rechargeable Li−air (or Li−O2) batteries with nonaqueous
electrolytes have been the focus in recent years because of their
great potential for use as storage units with superhigh energy
densities for electric vehicles and grid applications.1−9 A typical
Li−O2 battery consists of a Li anode, an oxygen diffusion
cathode, a nonaqueous lithium ion conducting electrolyte, and
a (flow or static) oxygen atmosphere. During discharge, the
large capacity results from deposition of a large amount of
Li2O2 crystals on the cathode surface via the half-reaction 2Li+

+ 2e− + O2 → Li2O2.
10−12 Since these products are insulating

and not soluble in the electrolyte, it is highly demanded that the
cathodes are conductive with sufficient space to accommodate
the solid products.13−16 During charge, the formed Li2O2
crystals need to be decomposed via the half-reaction Li2O2
→ 2Li+ + 2e− + O2,

10−12 which also calls for cathodes with high
electron conductivity. As a result, carbon-based cathodes have
been widely used for nonaqueous Li−O2 batteries because of
their high conductivity, large surface area, great porosity, light
weight, and low cost.17−22

Unfortunately, as many previous papers have pointed out,
carbon-based cathodes might not be stable during cell

operation. For instance, Thotiyl et al.23 reported that the
carbon can be oxidatively decomposed to form Li2CO3 upon
charging above 3.5 V, especially for hydrophilic carbons, which
become less stable against Li2O2 and more catalytically active
toward decomposition of the ether-based electrolytes compared
with hydrophobic carbons. McCloskey and co-workers reported
that a monolayer of Li2CO3 could be formed at the C−Li2O2

and Li2O2−electrolyte interfaces,24,25 which is consistent with
the results on carbonate evolution during discharge and charge
as reported by Black et al.26 In addition, Itkis et al.27 found that
superoxide radicals react with functional groups and defects on
the carbon surface to form epoxy groups and carbonates,
limiting the cell rechargeability.
In contrast, Nakanishi and co-workers28,29 reported that

defects on carbon surfaces are beneficial for improvement of
battery performance. Careful examination of the above research
reports showed that Nakanishi et al.’s results were obtained
using batteries with ionic-liquid-based electrolytes, while other
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reports used ether-based ones. This indicates that the role of
defects on the carbon surface in battery performance should be
examined in combination with the electrolyte.
Therefore, in this work, defects were artificially created on

the surfaces of carbon nanotube (CNT)-based cathodes by
bombardment with argon plasma. The effect of the interplay
between the defects and the electrolytes [including tetra-
ethylene glycol dimethyl ether (TEGDME)- and N-methyl-N-
propylpiperidinium bis(trifluoromethansulfonyl)imide
(PP13TFSI)-based electrolytes] on the overpotential and
capacity retention of Li−O2 cells was investigated. It was
found that in comparison with pristine CNT cathodes, surface
defects increase the number of nucleation sites and reduce the
size of Li2O2 particles in both TEGDME- and PP13TFSI-based
cells, leading to increased discharge capacities and decreased
overpotentials in the first discharge−charge cycle. In the
TEGDME-based cells, however, the defects enhance the side
reactions and promote the formation of Li2CO3, which worsens
the cell cyclability. In contrast, in the PP13TFSI-based ones, the
defects do not increase the Li2CO3 formation. This effect
improves the cycle stability during cell operation. The
underlying mechanism is most probably attributable to the
protection effect on the carbon surfaces led by the molecules of
the ionic liquid.

■ EXPERIMENTAL SECTION
Each Li−O2 cell of the Swagelok type was assembled in an Ar-filled
glovebox with oxygen and moisture levels below 0.1 ppm; the cells
consisted of a 0.5 mm thick lithium foil anode, a vertically aligned
CNT (VACNT) cathode, and a Whatman glass fiber separator soaked
with the electrolyte. The pristine VACNTs, which were grown on
stainless steel (SS) by chemical vapor deposition, were purchased from
Microphase Co. Ltd. (Tsukuba, Japan).30 The loading amount of
VACNTs grown on SS was approximately 2 mg cm−2. Defects on the
surfaces of the VACNTs were artificially made by the implantation of
argon plasma into the pristine VACNTs using plasma immersion ion
implantation (PIII) technology.31 The main arc current and pulsed
high voltage applied were synchronized at a pulsing frequency of 30
kHz. The VACNTs were treated for 30 min with a radiofrequency
argon plasma source at a bias of −300 V, and the sample stage was
actively cooled by circulating water to keep the sample temperature at
25 °C. Both the pristine and treated VACNTs were dried at 80 °C
under vacuum for 48 h before the cell assembly. LiClO4 (99.99% trace
metal basis, Aldrich) and the ionic liquid PP13TFSI (Kanto Chemical
Corporation) in battery grade were baked at 80 °C under vacuum for
24 h. TEGDME (Aldrich) and PP13TFSI with water contents below 5
ppm, as measured using a Metrohm 831 KF coulometer, were used as
the electrolyte solvents.

After the assembly, the cells were sealed in gastight containers with
inlet and outlet tubes for oxygen exchange. Under a flowing O2

atmosphere the cells were rested for 4 h first, and then the discharge
and charge measurements were conducted using an Arbin BT 2000
cycler.

Figure 1. (a, b) Typical SEM images of (a) pristine and (b) defective VACNTs. (c, d) TEM images of (c) pristine and (d) defective VACNTs. (e)
Raman spectra and (f) XPS spectra of the defective VACNTs in comparison with those of pristine VACNTs.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am506564n | ACS Appl. Mater. Interfaces 2014, 6, 21567−2157521568



After the measurements, the discharged and charged VACNT
cathodes were removed from the batteries in the Ar-filled glovebox and
rinsed with anhydrous CH3CN (i.e., <4 ppm H2O). This can dissolve
the residual electrolytes on the cathodes and then effectively purge
them away, and it is chemically stable toward the reaction products
including Li2O2 and Li2CO3, thus benefiting the study of the reactions
occurring at the cathodes. In addition, the excess CH3CN is volatile to
move away from the cathodes. Then cathodes were dried on a filter
paper under vacuum and characterized by X-ray diffraction (XRD)
(Bruker D8 Discover), field-emission scanning electron microscopy
(SEM) (FEI Magellan 400), and X-ray photoelectron spectroscopy
(XPS). More details on characterizations of the cathodes and
composition analysis can be found in our previous work.32

Raman spectra were recorded on a Thermo DXR spectrometer with
an excitation wavelength of 532 nm. Cyclic voltammetry (CV)
measurements were performed with an electrochemical workstation
(Autolab) utilizing homemade three-electrode electrochemical cells.33

Each cell employed a dual reference electrode, a platinum mesh
counter electrode, and a glassy carbon working electrode in a diameter
of 3 mm. The dual reference electrode consisted of parallel Ag/Ag+

and platinum wire electrodes. It can reduce the impedance as well as
the response time to the potentiostat, thus improving the signal-to-
noise ratio during the measurements.34 The Ag/Ag+ electrode
consisted of a silver wire immersed in an electrolyte of 0.1 M
AgCF3SO3/TEGDME in a glass tube and separated with a Vycor frit.
The potential of the reference electrode was measured against a Li foil
in an Ar-filled glovebox and was found to be −3.6 V vs Li/Li+ with
respect to 0.1 M LiClO4 in TEGDME. The working electrodes were
made by coating pristine or defective VACNTs on the surface of glassy
carbon and then fixed with Nafion solution and finally dried at 80 °C
for 12 h under vacuum.

■ RESULTS AND DISCUSSION

Characterization of Defects on Surfaces of the VACNT
Cathode. Figure 1a,b shows the morphologies of typical
pristine and defective VACNT cathodes, respectively, as
detected by SEM. It can be seen that while most of the

pristine CNTs are straight and separately distributed, the
defective CNTs are bent and tending to connect. Transmission
electron microscopy (TEM) observations revealed that the
surfaces of the pristine CNTs are smooth, whereas those of the
defective ones have many kinks (Figure 1c,d). High-resolution
TEM indicated that formation of the kinks is due to
dislocations between the multiple carbon layers led by the
bombardment with Ar plasma (Figure S1 in the Supporting
Information). Consistently, Raman spectroscopy measurements
(Figure 1e) showed that the ratio of the peak intensities of the
D and G bands greatly increases after bombardment of the
VACNTs, clearly indicating that the amount of defect sites
significantly increases.35,36 XPS was used to study the chemical
identities of functional groups on the pristine and defective
VACNTs. As shown in Figure 1f, the O/C ratio is much larger
for the defective VACNTs than for the pristine ones. It is
proposed that after the Ar bombardment, the C−C covalent
bonds on the CNT surfaces were broken off, forming many
dangling carbon bonds. These dangling bonds might absorb
oxygen functional groups that exist either in the residual
atmosphere of the vacuum chamber during bombardment or in
the protection atmosphere during transfer.
In addition, high-resolution XPS scans revealed that the peak

intensities of oxygen species, including carboxylic (534.4 ± 0.1
eV), ester (533.4 ± 0.1 eV), hydroxyl/epoxide (532.5 ± 0.2
eV), and carbonyl groups (531.6 ± 0.1 eV), obviously increased
after the Ar bombardment in comparison with the O 1s spectra
of the pristine VACNTs (Figure 2c,d). This corresponds to the
higher hydroxyl/epoxide (286.1 ± 0.2 eV) and carboxylic
(288.9 ± 0.2 eV) peak intensities in the C 1s spectrum of the
defective VACNTs (Figure 2b) compared with that of the
pristine VACNTs (Figure 2a).
Because of these oxygen functional groups introduced by the

Ar bombardment, the water contact angle with the VACNT

Figure 2. XPS patterns of the (a, b) C 1s and (c, d) O 1s binding energy regions of (a, c) pristine and (b, d) defective VACNTs. The O 1s intensity
of pristine VACNTs is magnified 8 times.
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cathode surface changes from 140.47° to 43.90° (Figure 3),
which represents a clear transition from the hydrophobic to the
hydrophilic property.

Interplay between the Surface Defects and the
TEGDME-Based Electrolyte. The first discharge and charge
behaviors of the cells with pristine and defective VACNT
cathodes in TEGDME-based electrolytes were investigated
comparatively. The typical curves measured over the potential
range of 2−4.5 V at a current density of 0.1 mA cm−2 are
shown in Figure 4a. From the figure it is obvious that the
discharge capacity of ∼5800 mA h g−1 with the defective
VACNTs is much larger than that of ∼1900 mA h g−1 with the
pristine ones. The CV measurements also indicate that the
defective VACNTs show a higher cathodic current than the
pristine ones (Figure 4b). The two oxygen reduction reaction
(ORR) peaks in the CV curves can be attributed to the
processes of LiO2 and Li2O2 formation.37 These results indicate
that defects on the VACNTs promote the ORR reaction,
leading to an increased discharge capacity. In addition, an
obvious reduction in the discharge overpotential in the case of
the defective VACNTs can be seen in both Figure 4a and
Figure 4b. The peak intensity corresponding to the
decomposition of Li2CO3

37 also increases in the case of
defective VACNTs, as shown in Figure 4b. The explanations
for these phenomena will be given in the following.
In order to clarify the role of defects on the VACNT surfaces

in the formation and decomposition of the reaction products,
the chemical and morphological changes of cathodes after they
were discharged to 2.0 V and recharged to 4.5 V were
investigated by SEM, XRD, and XPS. As shown in Figure 5a,b,
after the discharge to 2.0 V, while many abacus-ball-shaped
particles with sizes of ∼200 nm grown around the nanotubes
can be found for the pristine VACNT cathode, a large number

of particles smaller than 50 nm are grown around the defective
VACNTs. XRD measurements confirmed that the discharge
products are dominated by crystalline Li2O2, as shown in Figure
S2a,b. It is clear that the introduced defects lead to the
decreased size and increased numerical density of the Li2O2

particles, in agreement with the increased discharge capacity.
Moreover, as shown in Figure 5e,f, the XPS results indicated
that although a small amount of Li2CO3 was formed on the
pristine VACNTs after the full discharge, its amount increased
substantially in the case of the defective VACNTs. These
results are consistent with the increased peak intensity of
Li2CO3 decomposition shown in Figure 4b, clearly indicating
that the defects enhance the side reactions during discharge. It
has been proven that hydrophobic carbon is relatively stable
upon discharge, having a minor direct chemical reaction with
the TEGDME-based electrolyte and forming only a small
amount of carbonate species.23 This is consistent with our
results. Hydrophilic carbon is less stable and more catalytically
active toward electrolyte decomposition.23 Therefore, we can
draw the conclusion that the defects on VACNTs promote
decomposition of the electrolyte during discharge, increasing
the amount of Li2CO3 deposited on the cathode surfaces.
However, the hydrophobic carbon nanotubes with fewer
defects in our work possess fewer nucleation sites, leading to
a smaller capacity and larger discharge products in the lithium−
oxygen battery.
After recharge to 4.5 V, the residual materials on the surfaces

of the pristine VACNTs become much less (Figure 5c).
Meanwhile, XRD measurements indicate that the peak
corresponding to the crystalline Li2O2 disappears (Figure
S2a). The XPS results also indicate the existence of negligible
carbonates (Figure 5e). These results mean that after the
recharge to 4.5 V both Li2O2 and carbonates resulting from the
electrolyte decomposition can be greatly removed from the
pristine VACNTs. In contrast, after the recharge to 4.5 V a lot
of materials are still coated on the defective VACNTs (Figure
5d). XRD measurements reveal no existence of the crystalline
Li2O2 (Figure S2b). Instead, the XPS results show signals of
carbonate species, as can be seen in Figure 5f. It should be that
the peak at 287 eV in Figure 5f is a hint of residual electrolyte
on the cathode, which was also observed in the previous
work.30 These results indicate that the introduced defects
promote the formation of carbonates during charge. This could
be attributed to the high reactivity of Li2O2 particles with the
reduced size led by the defects.

Figure 3. Water contact angles with the surfaces of (a) pristine and
(b) defective VACNT cathodes.

Figure 4. (a) First full cycle curves for the TEGDME-based cells with pristine and defective VACNT cathodes measured at a current density of 0.1
mA cm−2 over the voltage range of 2.0−4.5 V. (b) CV curves for the pristine and defective VACNT cathodes tested in an Ar/O2 (80:20 v/v)
atmosphere between 2.0 and 4.5 V vs Li/Li+ at a scan rate of 20 mV s−1.
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Consequently, when being operated with a discharge capacity
cutoff of 1000 mA h g−1 and a charge cutoff potential of 4.5 V
at a current density of 0.1 mA cm−2, the cells with the defective
VACNT cathodes exhibit a slightly lower discharge over-
potential than those with the pristine ones, as can be seen in
Figure 6a. Meanwhile, the charge overpotential of the defective
VACNTs increases, becoming larger than that of the pristine
ones after 10 cycles. Therefore, the cells with the defective
VACNTs run fewer cycles than those with the pristine ones as
the discharge capacity is maintained as 1000 mA h g−1 (Figure
6b). This is attributed to the fact that the defective VACNTs
promote electrolyte decomposition and oxidation of carbon
during discharge and charge, forming a great deal of residual
carbonates on the cathode surfaces. These carbonate species
cause passivation of the active cathodes, thus dramatically
deteriorating the cell cyclability.
It should be noted that under the condition of complete

discharge (i.e., Figure 4a), the overpotentials of defective
VACNTs are much lower than those of pristine ones. Under
the condition of a discharge cutoff capacity of 1000 mA h g−1

(i.e., Figure 6a), the overpotentials for the defective and pristine
VACNTs are similar. In the former case, the complete
discharge leads to the large capacity as well as the large
number of Li2O2 particles. While the typical particle size for the

pristine VACNTs is approximately 200 nm, that for the
defective VACNTs is only ∼50 nm. The smaller particles are
obviously easier to decompose, thus resulting in the lower
overpotential. In the latter case, the sizes of Li2O2 particles for
both pristine and defective VACNTs are expected to be similar
because of the limited discharge capacity. This leads to the
similar overpotentials observed in Figure 6a.

Interplay between the Surface Defects and the
PP13TFSI-Based Electrolyte. The first discharge and charge
curves of the cells with the pristine and defective VACNTs
cathodes in the PP13TFSI-based electrolytes, measured
between 2.0 and 4.5 V at a current density of 0.1 mA cm−2,
are shown in Figure 7a. From the figure it can be seen that the
discharge capacity of the defective VACNTs is larger than that
of the pristine ones and that the overpotential for the former is
smaller than that for the latter. Figure 7b shows the cycle
performance of the cells operated with a limited discharge
capacity of 1000 mA h g−1. It can also be found that the cycle
overpotential of cells with the defective VACNTs cathodes is
slightly smaller than that for the pristine VACNTs cathodes.
This is consistent with the fact that the defects on VACNTs
lead to easy formation and decomposition of Li2O2.
To clarify the role of defects on the VACNT surfaces in the

interplay between the cathode and the PP13TFSI-based

Figure 5. (a−d) SEM images of the pristine and defective VACNT cathodes disassembled from the TEGDME-based batteries after the first
discharge and recharge processes: (a) pristine and (b) defective VACNTs discharged to 2.0 V; (c) pristine and (d) defective VACNTs recharged to
4.5 V. (e, f) XPS spectra of (e) pristine and (f) defective VACNTs after the first discharge to 2.0 V and recharge to 4.5 V.
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electrolyte, SEM, XRD, and XPS were used to investigate the
chemical and morphological changes of the cathodes after they
were discharged to 2.0 V and recharged to 4.5 V. As shown in
Figure 8a,b, after discharging, many abacus-ball-shaped particles
were grown around the nanotubes of the pristine VACNT
cathode. In contrast, a greater number of particles with smaller
sizes were grown around the defective VACNTs. XRD
measurements (Figure S3a,b) confirmed that the discharge
products are mainly crystalline Li2O2. These results are in
agreement with the conclusion that the introduced defects
decrease the size of Li2O2 particles and increase the number
density of the particles, leading to the increased discharge
capacity and decreased overpotential. Comparison of the
discharge products in the two kinds of electrolytes (Figure 5b
with Figure 8b) shows that the Li2O2 particles in the
TEGDME-based electrolyte are smaller in size and have a

higher density than those in the PP13TFSI-based electrolyte.
This result indicates that the TEGDME-based electrolyte favors
the formation of smaller-sized Li2O2 particles in larger numbers
compared with the PP13TFSI-based electrolyte, in accord with
the observed discharge capacities. However, the XPS results
(Figure 8e) show a negligible amount of Li2CO3 formed in
PP13TFSI, which is different from the situation in the case of
TEGDME (Figure 5e). This is consistent with the fact that the
PP13TFSI-based electrolytes have better stability than the
TEGDME-based ones during discharge.30

On the basis of XRD (Figures S2 and S3), the crystallinity of
Li2O2 seems similar for both pristine and defective VACNTs in
different solvents. From SEM, we can observe that the size of
Li2O2 particles formed in the TEGDME-based electrolyte
(Figure 5a,b) after full discharge to 2 V are smaller than in the
PP13TFSI-based electrolyte (Figure 8a,b). Meanwhile, the size
of the Li2O2 particles formed on pristine VACNTs (Figures 5a
and 8a) is larger than that on defective VACNTs (Figure 5b
and 8b) in both electrolytes. It should be noted that these
results provide information only about the particle size rather
than crystalline size. For clarification of the crystalline size,
more investigations are needed.
Figure 8c,d shows SEM images of the surface morphologies

of the pristine and defective VACNTs after recharge to 4.5 V,
respectively. It can be seen that in both cases the residual
products are negligible. Correspondingly, XRD measurements
reveal that the peaks arising from crystalline Li2O2 disappear
(Figure S3a,b). This is in accord with the conclusion that the
recharge to 4.5 V can decompose most of the discharge
products for both cases. More interestingly, Figure 8f shows
that the Li2CO3 signals for both pristine and defective
VACNTs after recharge in the PP13TFSI-based cells are
negligible. Since in the TEGDME-based cells the peak intensity
of Li2CO3 obviously increases after the recharge (Figure 5f),
the above results indicate that in comparison with TEGDME
the PP13TFSI-based electrolyte most probably has a protecting
effect on the surfaces of defective VACNTs. This is not
unreasonable considering that the cations in the ionic liquid can
interact with the defects and form a monolayer on the surface
of the VACNTs.38 The ionic liquid can depress the formation
of side products such as Li2CO3 through the passivation layer
for both pristine and defective VACNTs. Moreover, the defects
on VACNTs may act as additional nucleation sites for Li2O2,
which leads to the reduced particle size. These factors will
promote the cycle life of the defective VACNTs in the ionic
liquid. In addition, the surface hydrophobicity or hydrophilicity

Figure 6. (a) First and 10th cycle curves of TEGDME-based batteries
with pristine and defective VACNT cathodes tested at a current
density of 0.1 mA cm−2 with a capacity cutoff of 1000 mA h g−1. (b)
Discharge capacity as a function of cycle number for the pristine and
defective VACNT cathodes in the TEGDME-based electrolyte.

Figure 7. (a) First full cycle curves for PP13TFSI-based cells with pristine and defective VACNT cathodes measured at a current density of 0.1 mA
cm−2 over the voltage range of 2.0−4.5 V. (b) First and 10th cycle curves of PP13TFSI-based batteries with pristine and defective VACNT cathodes
tested at a current density of 0.1 mA cm−2 with a capacity cutoff of 1000 mA h g−1. All of the PP13TFSI-based cells were measured at 60 °C.
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may have a great influence on the side reaction between the
cathode and the electrolyte. According to our results,
hydrophobic carbon is more stable and less active with the
TEGDME-based electrolyte than hydrophilic carbon, thus
forming less side products in the former case. This is in
agreement with the results presented in ref 23. Nevertheless, in
the PP13TFSI-based electrolyte, the difference in the influence
of hydrophobic and hydrophilic VACNTs on side reactions is
negligible because of the good stability of the electrolyte

solvent. These results indicate that the influence of the surface
property on the reaction should be considered under the
specific electrolyte system. Overall, the introduced defects on
the VACNTs surfaces lead to the easy formation and
decomposition of Li2O2 by decreasing the particle size of
Li2O2. Moreover, PP13TFSI improves the stability of the
electrolyte as well as the oxygen cathode. All of these factors
consequently reduce the cycle overpotential and improve the
cycle stability.

Figure 8. (a−d) SEM images of pristine and defective VACNT cathodes disassembled from PP13TFSI-based batteries after the first discharge and
recharge processes: (a) pristine and (b) defective VACNTs discharged to 2.0 V; (c) pristine and (d) defective VACNTs recharged to 4.5 V. (e, f)
XPS spectra of (e) pristine and (f) defective VACNT surfaces after the first discharge to 2.0 V and recharge to 4.5 V.

Figure 9. (a) Discharge capacity as a function of cycle number for the pristine and defective VACNT cathodes in the PP13TFSI-based electrolyte.
(b) Raman spectra of defective VACNT cathodes after the first discharge and recharge processes.
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Consistently, as shown in Figure 9a, the cells with pristine
and defective VACNT cathodes in the PP13TFSI-based
electrolyte run 39 and up to 63 cycles, respectively, as the
discharge capacity is maintained at 1000 mA h g−1. It should be
noted that the pristine VACNTs in TEGDME electrolyte
terminate after 32 cycles under the same capacity cutoff. This
result is consistent with the better stability of the PP13TFSI-
based electrolytes compared with the TEGDME-based ones.
Furthermore, further reducing the depth of discharge to 500
mA h g−1 allows the cycle number to be extended to
approximately 90, as shown in Figure 9a. Comparing the
discharge−charge curves for the defective VACNTs in different
electrolytes, we can observe that the discharge capacity in the
PP13TFSI-based electrolyte (Figure 7a) is lower than that in
the TEGDME-based one (Figure 4a). It is known that the
discharge capacity is dependent on the amount of formed
products. On one hand, the oxygen solubility is expected to be
higher in TEGDME than in PP13TFSI, which can promote the
formation of L2O2. On the other hand, TEGDME is more
reactive with defective VACNTs than PP13TFSI. This causes
more lithium carbonates to form in the case of TEGDME. Both
factors may lead to the larger discharge capacity in TEGDME
than in PP13TFSI. In the previous report,39 it was pointed out
that the LiOH might be formed as a result of extraction of H
from PP13TFSI. To examine whether this is also the case here,
Raman spectra were measured on the first discharged and
recharged products for the cells with the defective VACNTs
cathodes. As shown in Figure 9b, Li2O2 and LiOH formed after
discharge and decomposed after recharge can be clearly seen.
This is consistent with the results in ref 39, indicating that the
stability of PP13TFSI still needs to be improved for
construction of further long-lived Li−O2 cells.

■ CONCLUSIONS

Artificial defects have been introduced on surfaces of the
carbon nanotube cathodes, which leads to an increased amount
of defect sites and the transition from the hydrophobic to
hydrophilic property. The interplays between the defective
cathodes and the TEGDME- and PP13TFSI-based electrolytes
have been investigated. It was found that in both types of
electrolytes the defects act as additional nucleation sites for
Li2O2 formation, leading to an increase in the density of Li2O2

particles along with a size decrease of the individual particles.
Correspondingly, the cells with the defective VACNT cathodes
show increased discharge capacities and reduced cycle over-
potential in the case of full discharge and charge operation.
However, the defects on VACNTs enhance the formation of
side products (i.e., carbonate species) by oxidation of
hydrophilic carbon and decomposition of the TEGDME
electrolyte, reducing the cycle life of the Li−O2 cells. In
contrast, such an effect does not exist in the cells with the
PP13TSFI-based electrolyte, which is most probably attribut-
able to a passivation effect on the functional groups of the
cathode surfaces imposed by the ionic liquid. The results here
clearly indicate that the interplay between the cathode surface
and the electrolyte should be considered for improving the
performance of Li−O2 batteries. Defects on the cathode
surfaces could be helpful for the battery performance if the
interface between the cathode and the electrolyte is suitably
manipulated.
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