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FIGURE 2 | (a) SEM images of the morphology of the rGO@Cu foam current collector. (b) Magnified view of the rGO from rGO@Cu foam and corresponding element

mapping of (c) C, (d) O. (e) XPS spectra of rGO@Cu foam and the corresponding (f) C 1s, (g) Cu 2p, and (h) O 1s peaks.

spectra of GO (Stankovich et al., 2007; Luo et al., 2011; Kim et al.,
2013). At the same time, the main peak at 284.75 eV indicates
that most of the C-C functional group was formed (Stankovich
et al., 2007). This result can be explained by the fact that GO is
reduced to rGO. The high-resolution scan of Cu 2p is displayed
in Figure 2g, a double peak with binding energies at 932.75 and
952.75 eV is attributed to Cu 2p3/2 and Cu 2p1/2 of Cu2+ in
CuO, respectively. Also, the gap between the Cu 2p3/2 and Cu

2p1/2 energy levels is 20.0 eV, corresponding to the split orbit for
Cu2+ (Soleimani and Moghaddami, 2017). These results can be
considered to show that the Cu was oxidized to CuO. To further
prove the existence of oxygen-containing functional groups and
CuO, the O 1s core-level spectrum is shown in Figure 2h. There
are mainly three peaks centered at 532.88, 531.82, and 530.7 eV,
which is approximately consistent with the O-C, O=C, and O-
Cu (Novakov and Prins, 1971; Mattevi et al., 2009). The peaks
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of O 1s of the sample are significantly increased compared with
GO, indicating that most of the oxygen functional groups are
reduced and the rGO is formed (Kim et al., 2013). In addition,
the existence of O-Cu further proves the formation of CuO. As
a result, the existence of rGO and CuO without any external
conditions proves that the spontaneous reaction is real.

The electrochemical performance of the coin cells with 2D
planar Cu foil, 3D commercial Cu foam, and rGO@Cu foam as
an electrode with Li metal as a counter electrode is displayed in
Figure 3. The coin cells with three types of current collectors were
first cycled five times from 0 to 1V at 50 µA to remove surface
impurities and to help form a stable SEI film. Figures 3a–d
exhibit the galvanostatic cycling voltage profiles on the 2D
planar Cu foil, 3D commercial Cu foam, and rGO@Cu foam
electrode for cycles at 10th, 50th, 150th, and 300th. After the
initial 10 cycles, 2D planar Cu foil and 3D commercial Cu foam
display a higher discharge voltage plateau and a lower charge
voltage plateau than rGO@Cu foam (Figure 3a), indicating a
much lower polarization of planar Cu foil and 3D Cu foam
compared to rGO@Cu foam. This might be attributed to the fact
that the surface of rGO@Cu foam was not activated completely
by the electrolyte, causing the accumulation of Li+ on the
current collector. Notice that this phenomenon disappears after
fifty cycles (Figure 3b). In addition, compared with the 50th
(Figure 3b), 150th (Figure 3c), and 300th (Figure 3d) cycles, a
significant capacity decay of planar Cu foil is observed, which
may be due to the growth of Li dendrites further leading to
the formation of dead Li and the repeated consumption of the
electrolyte caused by unstable SEI. For commercial Cu foam, the
capacity decay appears about 300 cycles, illustrating that there is
less irreversible Li deposition on the 3D Cu and more stable SEI
than planar Cu. By contrast, the galvanostatic charge/discharge
profiles of the rGO@Cu foam shows outstanding stability even
after 300 cycles, and rGO@Cu foam also exhibits a superior
capacity retention. These results demonstrate that the deposition
of Li on rGO@Cu foam is more uniform and the formation of
SEI is more stable than planar Cu and commercial Cu foam. To
evaluate the long-term cycling stabilities of the Li anode with
the three types of current collectors, the symmetric cells were
assembled and examined at a current density of 1mA cm−2 with
a capacity of 1 mAh cm−2. As shown in Figure S4, after 84 h,
an abrupt voltage drop is detected for the planar Cu foil current
collector with fluctuating voltage in the later hours. This could
be explained by an internal soft short-circuit with Li dendrite
penetration (Lin et al., 2016). A distinct decrease in polarization
is observed in commercial Cu foam, in the initial 80 h, may be
due to the gradual stabilization of the SEI layer. By contrast, the
3D rGO@Cu current collector maintains a much lower and more
stable hysteresis after 400 h, illustrating that its extended reduced
graphene layer can reduce the local current density and inhibit
the growth of Li dendrites. The cycling Coulombic efficiencies
of 2D Cu foil, 3D commercial Cu foam, and rGO@Cu foam
current collectors were examined at a current density of 1mA
cm−2. CE is computed by the ratio of the total amount of Li
stripped away, vs. the deposited amount on the current collector
in each cycle. As shown in Figure 3e, the CE of 2D Cu foil is
stabilized at 97% during the 60 cycles, and then the CE is reduced

gradually to <92% after 110 cycles. This may be ascribed to the
irreversible Li deposition because of the formation of Li dendrites
and dead Li. As for the commercial Cu foam current collector,
the CE can reach more than 97% and be sustained during
225 cycles, showing that the Cu foam current collector with a
special porous structure does help to accommodate more Li+,
hence hindering the growth of Li dendrites and extending the
cycle life, whereas the CE of the 3D Cu foam becomes unstable
after only 260 cycles and drops to below 96%. The rGO@Cu
foam as current collector was conducted to further develop the
cycling performance in comparison to 2D planar Cu foil and
commercial Cu foam. The Columbic efficiency of rGO@Cu foam
maintains a stability as high as 98.5% for over 350 cycles, which
demonstrates that the covered reduced graphene oxide on the
3D Cu foam has significant effects and improves the Columbic
efficiency and cycling stability in contrast to commercial Cu
foam. To further explain the effect of the reduced graphene oxide
layer on the improvement of the Cu foam interfaces, EIS was
elected to evaluate the interfacial resistance of the planar Cu foil,
commercial Cu foam, and rGO@Cu foam current collectors. The
Nyquist plots of the three types of current collectors is displayed
in Figure 3f. Comparing the intercept and the diameter of the
first semicircle in each sample, the rGO@Cu foam possesses
smaller SEI film resistance (4� cm2) than commercial Cu foam
(5.9� cm2) and planar Cu foil (6.5� cm2), which could be
attributed to the stable SEI filmmodified by the reduced graphene
layer. In addition, the second semicircle reflects the charge
transfer (interfacial) resistance Rct (Schipper et al., 2018; Wu
et al., 2019). The rGO@Cu foam and commercial Cu foam have
considerably smaller charge transfer resistance (24 and 30� cm2)
compared with planar Cu foil (184� cm2). It suggests that a
large amount of Li dendrites and dead Li are deposited on the
surface of Cu foil. All the results confirm that the rGO@Cu
foam current collector possesses superior properties such as
higher electrochemical stability, better capacity retention, and Li
dendrite suppression.

Figure 4 illustrates the behaviors of Li deposition on the 2D
planar Cu, 3D commercial Cu foam, and rGO@Cu foam current
collectors. Li is deposited on the substrate and unavoidably form
some protuberances on the surface of planar Cu foil (Figure 4a),
leading to the electric field being distributed unevenly, further
promoting Li accumulation at the protuberances, finally growing
into Li dendrites or even forming “dead Li.” On the other
hand, the formation of Li dendrites destroys SEI and further
leads to the repeated formation of SEI film. Furthermore,
these problems could deteriorate during cycling. In a Cu foam
current collector (Figure 4b), owing to its special 3D porous
structure, more space could be provided to accommodate Li.
The porous current collector exhibits lower interfacial resistance
and local current density compared to planar Cu, therefore
Li+ will distribute homogeneously on the surface of the 3D
Cu foam and few Li dendrites will be formed. However, the
phenomenon of Li dendrites still worsens after cycling. For
the rGO@Cu foam current collector (Figure 4c), Li dendrites
are restrained effectively. The rGO@Cu foam current collector
displays outstanding electric conductive andmechanical strength
for Li deposition. Li favors deposition on the inner surface of
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FIGURE 3 | The voltage profiles for the (a) 10th, (b) 50th, (c) 150th, and (d) 300th cycles with 2D planar Cu, 3D commercial Cu foam, and rGO@Cu foam as an

electrode and Li metal as a reference electrode at a current density of 1.0mA cm−2. (e) CE of cells using Cu foil, Cu foam, or rGO@Cu foam as an electrode with Li

metal as a counter electrode at a current density of 1mA cm−2 with the deposition capacity at 1 mAh cm−2. (f) Nyquist plots of Cu foil, Cu foam, and rGO@Cu foam.

The impedance is obtained after 300 cycles with a current density at 1mA cm−2 and a cycling capacity of 1 mAh cm−2.

the rGO@Cu foam current collector. This obviously strengthens
the stability of SEI and reduces the consumption of Li. In order
to clearly observe the morphology of Li dendrite growth, the
SEM images of the surfaces of current collectors are shown
in Figures 4d–f with high magnifications. In the planar Cu
foil, many Li filaments (Figure 4d) with lengths of <3µm
(Figure S5a) could be discovered after long-term cycling, leading

to penetration of the separator and causing short circuiting of
the cell. In addition, a loose structure is composed as a result
of the formation of Li dendrites and dead Li. This loosely
aggregated structure further gives rise to the electrical field
being distributed unevenly and accelerates Li being deposited
unequally. By contrast, for a 3D commercial Cu foam, there
are only a few fibrous Li and some mossy Li formed on the
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FIGURE 4 | Schematic representations showing the process of Li deposition on (a) bare planar Cu, (b) Cu foam, and (c) rGO@Cu foam. SEM images of surfaces of

(d) bare planar Cu, (e) Cu foam and (f) rGO@Cu foam after cycles.

surface of the current collector (Figure 4e), indicating that the
porous structure of the 3D Cu foam current collector revealed
an excellent property to accommodate the expansion of the
deposited Li. Figure S5b shows a magnified surface of 3D Cu
foam after cycling, illustrating that it provides a more stable
working electrode structure and interface than planar Cu foil.
Moreover, compared with commercial Cu foam, the SEM images
of rGO@Cu foam, as shown in Figure 4f and Figure S5c, clearly
show that the surface of this composite electrode is remarkably
smooth in general without obvious Li dendrites or mossy Li
under the same conditions. This result may be explained by
the fact that the rGO@Cu foam current collector can prevent
the growth of Li dendrites and remove the potential of Li-
metal battery hazards. This flat surface could be due to the
rGO@Cu foam combined with the benefits of the rGO and 3D
porous structure. rGO works as a protective layer to inhibit the
growth of Li dendrites and the 3D porous structure promotes
uniform deposition of Li into the interspace of the rGO@Cu foam
current collector, improving cycling stability and the lifespan of
Li-metal batteries.

To further investigate the battery performance under
practical applications, the LiFePO4/2D-Cu-Li, LiFePO4/3D-Cu-
Li, and LiFePO4/rGO@Cu-Li full cells were assembled and
galvanostatically cycled from 2.0 to 4.2V at 1 C. Figure 5a

exhibits the long-term cycling performance of the LiFePO4/2D-
Cu-Li, LiFePO4/3D-Cu-Li, and LiFePO4/rGO@Cu-Li full cells
at 1 C. For LiFePO4/2D-Cu-Li cells, the discharge capacity is

about 132.2 mAh g−1 in the first cycle and starts to decrease
obviously after 15 cycles. The reversible capacity of LiFePO4/2D-
Cu-Li cells is dropped to 57.6 mAh g−1 with a CE of 95.7% at 200
cycles. The depletion of the electrolyte is due to the continuous
decomposition at Li metal and the formation of “dead Li.”
While as for the LiFePO4/3D-Cu-Li cells, the reversible capacity
degrades gradually from the beginning with 131.7 to 98.6 mAh
g−1 and the CE is maintained at about 99% during 200 cycles.
It can be seen that the cycling performance of LiFePO4/3D-
Cu-Li cells is greatly improved compared with LiFePO4/2D-
Cu-Li. By contrast, the LiFePO4/rGO@Cu-Li cells exhibit a
higher initial capacity of 132.9 mAh g−1 and better capacity
retention with a discharge capacity of 126.2 mAh g−1 after
200 cycles. Moreover, it shows a more stable CE of 99% for
more than 200 cycles, illustrating that the LiFePO4/rGO@Cu-Li
cells display outstanding capacity retention and cycling stability.
Figure 5b shows the rate performance of these three kinds of
LiFePO4 full cells with 2D Cu, 3D Cu foam, and rGO@Cu
foam current collectors under different current densities. The
rate capability of cells was evaluated under cycling at rates
varying from 0.2 C to 5C with intervals of 10 cycles. It can
be observed that the capacity almost goes back to the previous
corresponding value when the rate is recovered to 0.5 C, and all
the full cells display obvious capacity decay with current density
increases. The LiFePO4/rGO@Cu-Li cells exhibit a capacity of
88 mAh g−1 at 5 C, indicating its enhanced discharge capacity,
especially at a high cycling rate.While under the same conditions,
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FIGURE 5 | Electrochemical characterization of full cells using a LiFePO4

cathode and a Li metal anode with 2D planar Cu, 3D Cu foam, or rGO@Cu

foam as a current collector. (a) Cycling performance of LiFePO4/2D-Cu-Li,

LiFePO4/3D-Cu-Li, LiFePO4/rGO@Cu-Li at 1C. (b) Rate performance of

LiFePO4/2D-Cu-Li, LiFePO4/3D-Cu-Li, LiFePO4/rGO@Cu-Li from 0.2 to 5C.

the capacity of LiFePO4/2D-Cu-Li cells almost reach 67 mAh
g−1 and LiFePO4/3D-Cu-Li cells are 70 mAh g−1, which
is still less than the LiFePO4/rGO@Cu-Li cells. In addition,
the LiFePO4/rGO@Cu-Li cells always remain at the highest
capacity compared to LiFePO4/2D-Cu-Li and LiFePO4/3D-Cu-
Li at different current densities. These results indicate that
the LiFePO4/rGO@Cu-Li shows excellent rate performance
and a higher capacity, demonstrating its great potential for
practical application.

CONCLUSIONS

In summary, in this study, we have reported a simple but
effective strategy to suppress the growth of Li dendrites and to
facilitate the uniform deposition of Li using a rGO@Cu foam
as a current collector. After soaking in GO suspension, the
commercial Cu foam is covered with a layered structure of
rGO. The rGO@Cu foam exhibits superior performance because
the rGO layer works as a protective film to inhibit the growth
of Li dendrites. Furthermore, its special porous structure can
provide more space to accommodate Li metal deposition and
reduces the effective electrode current density. The half-cell using
rGO@Cu foam as an electrode and Li metal as a counter electrode
exhibits a high CE of above 98.5% after 350 cycles under the
current density of 1mA cm−2. As for the LiFePO4/rGO@Cu-
Li full cells, the reversible capacity is maintained at 126.2 mAh
g−1 and the CE can remain as high as 99% after 200 cycles at
1 C. The LiFePO4/rGO@Cu-Li full cells also show a stable rate
performance compared to LiFePO4/2D-Cu-Li and LiFePO4/3D-
Cu-Li cells. The superior properties of the rGO@Cu foam current
collector are beneficial in achieving the effective suppression of Li
dendrites for next-generation Li-metal battery applications.
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Lithium sulfide-based materials have been considered as potential positive electrodes

for the next generation batteries. Lithium sulfide is the fully lithiated form of sulfur, i.e.,

they share the same high theoretical capacity. However, it has the benefit of already

containing lithium, which allows making cells with lithium-free negative electrodes.

Lithium sulfide, however, shares with sulfur the polysulfide dissolution drawback upon

cycling. One possible solution to this problem is to envelop the active material particles

with carbonaceous materials. In this work, we investigate the effect of a nitrogen-rich

carbon coating on lithium sulfide particles. The effect of such coating on the surface

properties and electrochemistry of lithium sulfide cathodes is investigated in details, in

particular, regarding its interaction with fresh vs. aged electrolyte. The polymerization of

dioxalane (DOL) due to aging is found to affect the electrochemistry of lithium sulfide and,

interestingly, to improve the cycling performance.

Keywords: lithium-sulfur battery, lithium sulfide, dioxalane, electrolyte aging, N-rich carbon-coating,
ethylenediamine

INTRODUCTION

Lithium-sulfur batteries (LSBs) have attracted much attention in recent years, with the prospect
of replacing lithium-ion batteries (LIBs) as energy source for automotive and, especially, flight
applications as soon as 2030 (International and Agency, 2018). The main reason for this is the high
theoretical capacity of sulfur, around 1,675mAh g−1, promising Li-S batteries with energy densities
(based on the electrode materials only) as high as 2,600 Wh kg−1. Sulfur-based cathodes, however,
still possess a multitude of problems that need to be solved. The main challenge posed by sulfur is
the high solubility of the intermediates formed during cycling (Xu et al., 2015). These intermediates
take the form of polysulfides with general formula Li2Sx, which are chain of sulfur atoms with x
usually comprised between 3 and 8. At the end of discharge, solid discharge products (Li2S and
Li2S2) are finally formed. The first and most obvious consequences of polysulfides dissolution are
low Coulombic efficiencies and loss of active material during battery operation.

In order to avoid these effects, a commonly used strategy is to physically constrain the
polysulfides in the positive electrode (cathode), often by enveloping the active material’s particles
with an inert coating, such as carbon (Jeong et al., 2013; Agostini et al., 2014; Chen et al., 2014; Nan
et al., 2014; Hwa et al., 2015; Wu et al., 2016). Carbon coating of sulfur, however, is all but trivial,
owing to its low melting point and tendency to easily sublimate at moderate temperature. In these
terms, the use of lithium sulfide as cathode active material presents interesting advantages. Besides
being already in the lithiated state, which allows it to be paired with lithium-free negative (anode)
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electrodes (Nanda et al., 2018), lithium sulfide is thermally
stable up to rather high temperature allowing processing such
as carbonization.

In this work, we investigate the effect of a nitrogen-
rich carbon coating on lithium sulfide particles. Specifically,
ethylenediamine-embedded lithium sulfide, previously reported
by our group (Lodovico et al., 2019), is pyrolized in order to
obtain carbon-coated lithium sulfide, with the ethylenediamine
molecules serving as the carbon source. The use of this
kind of diamine lead to a N-doped carbon coating with
C:N weight ratios around 2:1. The effect of such coating on
the surface properties and electrochemistry of lithium sulfide
cathodes is investigated in details, in particular, regarding its
interaction with fresh vs. aged electrolyte. It was found that upon
prolonged storage (12+months) the dioxolane-based electrolyte
tends to polymerize, which greatly affects the behavior of
Li2S-based cathodes.

METHODS

Chemical and electrode preparations, infrared measurements,
and cell assembly were carried out in a glove box (MBraun)
filled with argon (O2 and H2O content below 0.1 ppm). The
1:1 volume ratio mixture of Dimethoxyethane (DME, Solvionic)
and 1,3-Dioxolane (DOL, Solvionic) was used as the electrolyte
solvent. Prior to mixing, the two solvents were individually
dried using 3Å molecular sieves (Sigma Aldrich) to reach water
contents below 20 ppm as determined via Karl-Fischer titration
(Mettler-Toledo Titrator Compact C30). Appropriate amounts of
lithium bis(trifluoromethanesulfonyl)imide (LiTFSI, Solvionic)
and lithium nitrate (LiNO3, Alfa Aesar) were dissolved into
the DME-DOL solvent mixture to achieve concentration of 1
and 0.25mol L−1, respectively, using aluminum bottles. This
electrolyte was used soon after its preparation (i.e., within 2
weeks; labeled as “fresh”) or after storage (i.e., after more than 1
year, labeled “aged”). Besides the aging, both the electrolytes were
stored in sealed aluminum bottle inside the glove box.

Carbon-coated lithium sulfide (Li2S-CC) was prepared
using ethylenediamine-containing lithium sulfide (Li2S-En) as
precursor. Li2S-En synthesis, carbon coating procedure, and
electrode preparation is described in a previous work (Lodovico
et al., 2019). The final material possesses a particle coating with a
C:N weight ratio of about 2:1.

Li2S-CC was employed as active electrode materials. The
electrodes were prepared by manually grind-mixing the active
material (Li2S-CC) with the conductive carbon (Super C65;
Imerys Graphite & Carbon) and the binder (polyvinylidene
fluoride; PVdF 6020 from Solvay). The respective weight ratios
were 53:37:10. The mixed powders were then dispersed with N-
Methyl-2-pyrrolidone (NMP, Sigma Aldrich), and the resulting
slurry cast over aluminum current collectors using the doctor
blade method. Finally, the electrode tapes were dried at 60 ◦C
under Ar.

For the determination of the electrolyte electrochemical
stability window, carbon electrodes composed of Super C65 and
PVdF were prepared in the 85:15 weight ratio. NMP was added

to prepare the slurry, which was cast over the aluminum current
collector as well.

Carbon electrodes were also prepared using nitrogen-
rich carbon derived from carbonization of 1-ethyl-3-
methylimidazolium tricyanomethanide (EMImTCM, IoLiTec).
In short, EMImTCM was placed in an alumina boat inside a
horizontal tube furnace under argon flow. The temperature was
raised to 500◦C at a rate of 5◦C min−1 and kept for 5 h. The
resulting carbonized sample (N-rich carbon) was composed of
62% carbon, 33% nitrogen, 2% hydrogen, and 3% oxygen (all
values given as weight percentages). This composition is rather
similar to that of the carbon coating in Li2S-CC. The N-rich
carbon was used to prepare electrodes as well, in which Super
C-65, N-rich carbon, and PVdF were mixed in a 70:15:15 weight
ratio, dispersed in NMP, and cast over aluminum foil, and dried
at 120◦C under vacuum for 48 h.

Electrochemical tests were performed using three electrode T-
type cells (Swagelok), with lithium metal as both the reference
and counter electrodes. The cells were assembled using 100 µL of
electrolyte soaked into glass fiber separators (Whatman GF/A).
For the capacity retention experiments, the cells stored at 20◦C
in climatic chamber (Binder) were galvanostatically cycled using
a battery tester (Maccor S4000). The Li2S-CC based cells were
activated by charge at a C/20 rate (1C = 1,165mAh g−1) up to
4V vs. Li/Li+, followed by cycling at C/10 between 1.9 and 3.0V
vs. Li/Li+.

Electrochemical impedance spectroscopy (EIS) measurements
were performed using a BioLogic VMP3 multi-channel
potentiostat. For that, the cells were cycled using the
same procedures as mentioned above. However, after each
discharge, the cell was allowed to rest at open-circuit for
2 h prior to measuring impedance. Spectra were recorded
between frequencies of 200 kHz and 100 mHz, using a 5mV
signal amplitude.

The anodic electrochemical stability of the electrolytes was
studied by cyclic voltammetry (CV), where the potential was
scanned from 3 to 4V vs. Li/Li+. After cycling, each cell was
disassembled inside a glove box, and the electrolyte recovered by
centrifuging the glass fiber separators at 6,000 rpm for 10min.
The recovered electrolytes were analyzed via ATR-IR.

RESULTS AND DISCUSSION

Figure 1A shows the capacity retention of Li2S-CC-based
electrodes when using either the fresh (Li2S-CC_F) or the aged
(Li2S-CC_A) electrolyte. It is evident that the electrolyte aging
has a large impact on the cell performance. Surprisingly, the aged
electrolyte provides higher discharge capacity as well as capacity
retention upon 100 cycles. In order to better understand the
reason behind this effect, the discharge curves of the cathode in
each electrolyte were closely examined. The inset of Figure 1A
shows the typical discharge curve of a Li2S-based electrode
after the initial activation charge leading to fully oxidized S.
The first region (I) shows a potential plateau (around 2.4V vs.
Li/Li+) followed by a slopy region, both associated with the
reduction of molecular sulfur (S8) to medium chain polysulfides
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FIGURE 1 | (A) Capacity retention for cells using carbon-coated Li2S either in fresh (Li2S-CC_F) or aged electrolyte (Li2S-CC_F). Inset: Typical discharge profile

showing the two main discharge plateaus. Evolution of the capacity of (B) region I and (C) region II for selected cycles.

FIGURE 2 | (A) ATR-FTIR spectra of freshly prepared (blue line) and aged (red

line). DME, DOL-based electrolyte. (B) Scheme of the polymerization reaction

of DOL.

(Li2Sx, x= 4–6). Afterwards, a second region (II) characterized
by a long plateau at lower potential (around 2.1V vs. Li/Li+)
appears, resulting from the reduction of lithium polysulfides to
form the final solid discharge products (Li2Sx, 1 ≤ x ≤2) (Xu
et al., 2015).

Figures 1B,C show the evolution of the capacity arising
in regions I and II, respectively, for a few selected cycles

(1st to 10th and 50th to 60th cycle). The individual capacity of
each region is calculated as shown in the inset of Figure 1A.
Namely, Region I is delimited between the beginning of discharge
until the dip in potential before the low-potential plateau. Region
II starts at the dip in potential until the end of discharge. As
shown in Figure 1B, the capacity in the first region decrease
sharply during the first 10 cycles to stabilize, however, after
the 50th cycle. This indicates that, in both cells, less and less
elemental sulfur (S8) is formed in each charge, until a minimum
is reached. In Figure 1C, the evolution of the capacity associated
with the second region shows a considerably more peculiar
behavior. It is clearly observed that the initial lower capacity
of the fresh electrolyte cell with respect to that employing the
aged one mostly arose from region II, where the solid discharge
products are formed. In fact, while the Li2S-CC_A cell delivered
a stable capacity upon cycling, the Li2S-CC_F cell showed a
lower and more rapidly decreasing capacity in this region. This
indicates that understanding the effect of the N-rich carbon-
coating and the aged electrolyte on this voltage region is vital to a
deeper comprehension of the lithium sulfide electrochemistry.

First of all, the electrolytes were studied by IR spectroscopy.
Figure 2 shows the infrared spectrum of a freshly prepared

electrolyte (fresh), as well as that of one (with the same
composition) after storage for at least 12 months (aged). Clearly,
there are significant changes occurring during storage. The band

at around 1,450 cm−1 due to the –CH3 deformation in DME
(Bailey, 1985) has a constant intensity before and after aging,

showing that DME is stable. On the contrary, the band at 960
cm−1 due to the ring-breathing mode of DOL (Yang et al.,
2005) shows an appreciable decrease upon storage. In fact,
DOL is known to be relatively unstable (Okada et al., 1964),
being prone to ring-opening reactions such as isomerization
and polymerization (Okada et al., 1964). Isomerization of DOL
leads to the formation of ethyl formate. However, no band
corresponding to the vibration of the carbonyl group can be
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FIGURE 3 | Evolution of the electrochemical impedance spectra from the first to the eleventh cycle of (A) Li2S-CC_F and (B) Li2S-CC_A. The baselines of the spectra

are shifted upward for clarity. All spectra were taken on 3-electrode cells in the discharged state.

detected in the aged electrolyte, thus ruling out this option. On
the other hand, polymerization of DOL has been extensively
studied and known to happen when a cationic initiator is present
(Okada et al., 1964; Berman et al., 1969; Yang et al., 2005), leading
to the formation of polydioxolane (polyDOL, Figure 2B), a poly-
ether. The formation of polyDOL in the aged electrolyte is proven
by the increase in the band at around 1,190 cm−1, which is
caused by the vibrations of the C-O bonds in linear molecules
(Yoshida and Matsuura, 1998). Being a cyclic compound, C-
O-C vibrations in DOL involve the whole ring and are thus
heavily shifted (Makarewicz and Ha, 2001). The exact cause of
this polymerization, in this case, is still unknown. Although DOL
is known to be reactive, polymerization only happens in the
presence of an appropriate initiator, usually one that can promote
chain growth through a cationic mechanism. Analysis of the pure
solvent mixture (1:1 DME:DOL) without addition of salt and
stored under the same conditions for the same period of time
shows no change in its spectrum, such that the culprit is likely
the salts added to form the electrolyte (LiNO3 and LiTFSI). Li

+ is
known to coordinate the oxygen atoms in ether molecules (Blint,
1995), placing a partial positive charge on it. This weak initiating
ability could explain the long storage times necessary to observe
the polymerization appreciably.

In summary, the polymerization of DOL occurring upon
prolonged storage of the electrolyte appears to be beneficial
in Li2S-CC_A cell, which shows a higher capacity than the
Li2S-CC_F cell (Figure 1A) mainly due to a higher and more
stable capacity delivered in region II (Figure 1C). Similar
results have been already reported in literature (Li et al.,
2016). The comparison of electrolytes based on DME:DOL,
TEGDME:DOL, and poly(ethylene glycol) dimethyl ether
(PEGDME):DOL, for which the chain length increases in
the aforementioned order, showed an increase in capacity
of up to 2.5 times for the PEGDME:DOL based electrolyte
compared to the DME:DOL based one. In order to better

clarify the reason for the Li2S-CC cell behavior, the EIS
response of all electrodes in the discharged states upon cycling
was collected.

The spectra of Li2S-CC_F (Figure 3A) show a small high
frequency (HF) semicircle evolving into a pseudo-inductive
loop, followed by the beginning of a large, partially depressed,
semicircle at low frequencies (LF). The pseudo-inductive loop has
been related to intermediate species, i.e., polysulfides, adsorbed
on the electrode’s surface (Ding et al., 2013; Jeong et al., 2013; Lin
et al., 2013; Xie et al., 2017). The depressed LF semicircle is typical
of charge-transfer reactions, and corresponds to the reversible
conversion of polysulfides to solid products. However, for Li2S-
CC_A (Figure 3B) some differences are clearly observed, the
most relevant being the large HF semicircle before the pseudo-
inductive loop. This feature may be associated to the presence of
a surface layer on the electrode. The formation of a passivation
layer is not unexpected. In fact, during the activation step the
cathode is charged up to 4V vs. Li/Li+, while the electrolyte is
only stable up to 3.6V vs. Li/Li+ (Yim et al., 2013). To test the
effect of the N-rich carbon-coating on the electrode passivation,
the anodic stability window of carbon electrodes (Li2S-free)
was investigated.

Figure 4 shows the anodic stability limit measurements of the
electrolytes performed using carbon electrodes containing either
the conductive carbon only (labeled as SC 65) or the mixture
of conductive carbon and nitrogen-rich carbon (labeled as SC
65 + N-rich C), the latter mimicking carbon coating in Li2S-
CC electrodes. As seen in Figures 4A,B, the two electrolytes
showed oxidation peaks above 3.5–3.6V vs. Li/Li+. For the fresh
electrolyte, comparable peaks were observed with both kinds of
carbon electrodes in the first cycle. The same occurred in the
second cycle, where almost no oxidation current was recorded,
indicating that the carbon electrodes underwent a passivation
process upon the previous scan. However, the recorded peak
current was substantially larger with the aged electrolyte,
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FIGURE 4 | Electrochemical stability window determined by cyclic voltammograms with different carbon-based electrodes, of (A) fresh and (B) aged electrolytes. IR

spectra of (C) fresh and (D) aged electrolyte extracted from the cell. The spectra of the uncycled electrolyte is also shown for comparison.

especially for the electrode solely composed by SuperC 65 and
the binder.

The electrolyte was then extracted from such cells and
analyzed. The infrared spectra of the electrolytes after cycling
(Figure 4C) show the disappearance of the DOL band, indicating
its consumption to form the passivation layer on the carbon
electrodes. The aged electrolyte (Figure 4D) contains less DOL
than the fresh one even before cycling, due to the age-induced
polymerization. However, there is only a little, if any, change
in the spectra of the recovered aged electrolyte in comparison
to the pristine aged electrolyte. Still, the cyclic voltammograms
show pretty clearly that the oxidation current of the electrode
using only Super C65 is much larger than that of the electrode
containing also the N-rich carbon. This is a strong indication
that the formation of a passivation layer still occurred, but at
a much reduced extent on the electrode containing the N-rich
carbon. Though the exact mechanism is not clear yet, it can be
proposed that the N-rich carbon layer facilitates the anchoring of
the PolyDOL from the aged electrolyte, resulting in the formation
of a protective layer on the carbon-coated Li2S, which leads to the
improved performance of such electrodes in the aged electrolyte.

CONCLUSIONS

In summary, the effect of N-rich carbon-coating of Li2S-based
cathode was studied. The presence of polyDOL in the aged

electrolyte has an unexpected, but appreciable impact on the
performance of the Li2S electrodes, improving the performance
of the N-rich carbon-coated Li2S electrodes. The obtained
results suggest that PolyDOL can form a stable, hydrophilic
passivation layer over theN-rich carbon-coating, which improves
the lithium sulfide formation during discharge leading to larger
discharge capacities.
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Batteries
Zhixiong Yan 1,2, Dequan Huang 1,2, Xiaoping Fan 1,2, Fenghua Zheng 1,2*, Qichang Pan 1,2,

Zhaoling Ma 1,2, Hongqiang Wang 1,2, Youguo Huang 1,2 and Qingyu Li 1,2*

1 School of Chemical and Pharmaceutical Sciences, Guangxi Normal University, Guilin, China, 2Guangxi Key Laboratory of

Low Carbon Energy Materials, Guangxi Normal University, Guilin, China

Fluorine-doped carbon coated olivine LiFePO3.938F0.062 composite (LFPF/CF) is

synthesized by a simple solid-state reactionmethod, and the Tween40 and polyvinylidene

fluoride (-(CH2-CF2)n-, PVDF) were used as carbon source and fluorine sources,

respectively. Benefiting from the Tween40 (C22H42O6(C2H4O)n) is attributed to formation

a homogeneous carbon layer on the surface of LiFePO4 particles. And polyvinylidene

fluoride could produces fluoride in the thermal decomposition process, which is doped

into carbon and LiFePO4 to form fluoride-doped carbon layer and LiFePO3.938F0.062,

respectively. In this constructed architecture, the F-doped carbon layer acts as

conductive network for LFP, which can enhance the electronic conductivity of overall

electrode. Furthermore, the crystal lattice of LFP was enlarged by the F doping, which

facilitates the Li+ intercalation/deintercalation. On the other hand, a strong electronic

coupling between F-doped carbon and LiFePO3.938F0.062 can effectively suppress the

shedding of carbon layer during cycling process, which keep stabilized of the reaction

interface, and thus enhance the cycling stability. As a result, LFPF/CF composite shows

superior rate performance (164.8, 159.2, 148.6, 135.8, and 102.3 mAh g−1 at 0.1, 0.5,

1, 5, and 10C), and excellent cycling stability (high capacity retention of 95.6% after 500

cycles at high rate of 5 C).

Keywords: lithium ion batteries, cathode materials, LiFePO3.938F0.062, fluorine-doped carbon, electrochemical

performance

INTRODUCTION

Lithium ion batteries (LIBs) have been considered as one of the promising power sources
in practical applications, for examples, electric vehicles (EVs), hybrid electric vehicles (HEVs)
(Armand and Tarascon, 2008; Van Noorden, 2014; Whittingham, 2014). The energy storage
mechanism of LIBs is the extraction/insertion of Li+ in the electrode materials during
charge/discharge process, and all of the Li+ from cathode materials (Dunn et al., 2011). Therefore,
cathode materials are very important for lithium ion battery (Zheng et al., 2015; Pan et al.,
2017). Among commercial cathode materials, lithium iron phosphate (LiFePO4) has aroused great
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interest because of its high theoretical capacity (170 mAh g−1),
high safety, stability, low cost, and environment friendly (Park
et al., 2007; Huang and Goodenough, 2008; Liu et al., 2009; Wu
et al., 2011; Li et al., 2015, 2018; Zheng et al., 2015). However,
LiFePO4 shows poor rate performance, resulting in lower mass,
and charge transport kinetics, which caused by its low electronic
conductivity and Li-ion diffusivity at room temperature (Wang
et al., 2005; Sun et al., 2011; Yang et al., 2012; Kuss et al., 2017).

Many strategies have been proposed to improve the rate
performance, such as cationic doping and surface coating.
Cationic doping is a effective method to expand lithium ion
diffusion channels of cathode materials, e.g., cations include
Al3+, Mg2+, Co2+, Zn2+, Al3+, and anions include F−, S2−,
Cl− (Chung and Chiang, 2003; Ni et al., 2005; Hui and Zhou,
2006; Liu et al., 2006; Sun et al., 2010; Chiang et al., 2012; Gao
et al., 2017; Gupta et al., 2017). On the other hand, surface
coating have been confirmed is another strategy to improve
rate performance which due to surface coating can improve the
electronic conductivity of materials (Belharouak et al., 2005; Shin
et al., 2006; Liu et al., 2008; Lu et al., 2009; Wagemaker et al.,
2009; Wu et al., 2013; Lepage et al., 2014; Wang B. et al., 2016;
Wang L. L. et al., 2016;Wang et al., 2019). Zheng et al. synthesized
carbon coated LiFePO4 by solid-state reaction method, which
shows higher capacity of 125 mAh g−1 at 5 C (Huang et al.,
2013). Zhang et al. prepared Li4SiO4-coated LiFePO4 by sol-
gel method and microwave heating, delivers reversible capacity
of 100 mAh g−1 at 5 C (Zhang et al., 2012). Therefore, these
results indicate that the cationic doping or surface coating is
effective approach to improve rate performance of LiFePO4.
However, the electrochemical potential of LiFePO4 cannot be
completely realized only by cationic doping or surface coating.
Thus, an upgrade strategy combined with cationic doping and
carbon coating is used to enhance the rate performance of
LiFePO4. Nevertheless, the common strategy combined with
cationic doping and the carbon coating is very complicated,
which must via a two or three steps including the preliminary
synthesis of lithium iron phosphate and subsequent surface
coating and cationic doping (Shu et al., 2014; Li et al., 2015).
In addition, the carbon was only modified on the surface of
LiFePO4, which shows weak interaction between LiFePO4 and
the carbon layers, resulting in poor rate performance and cycling
stability. Therefore, it is necessary to develop simple and effective
strategies to modified LiFePO4 by the combined with surface
coating and cationic doping.

In this study, fluorine-doped carbon coated LiFePO3.938F0.062
was synthesized by facile one step solid phase method. And
choice carbon source and fluorine sources is very important
for the electrochemical performance. The Tween40 surfactant
contain hydrophobic group and hydrophilic group. Therefore,
Tween40 surfactant without impurity elements could uniformly
mix with materials in aqueous solution and adsorb on the
particle surface to form a carbon layer during heat treatment,
which can coat tightly on the surface of the cathode material.
While, PVDF only contains two elements of carbon and fluorine,
and the fluorine content is 59%, which can contribute to
form fluorine doping successfully in the heat process. The
incorporation of fluorine (F) into carbon materials could tailor

their electron-donor properties, which could further enhanced
electronic conductivity of carbon layer and increase bonding
force between carbon layer and LiFePO4. Meanwhile, fluorine
(F) doped into LiFePO4 could enlarge lithium ion diffusion
channel, and thus facilitates the Li+ intercalation/deintercalation.
We focus on study the effect of the F-doped carbon coating
and cationic doping on electrochemical performance. In
addition, the physical, structural, and electrochemical properties
of the F-doped carbon coat LiFePO4−xFx composites were
systematically investigated. As a result, benefiting from combined
the advantages of surface coating and cationic doping, the
obtained LFPF/CF exhibits high reversible capacity, excellent
cycling stability, and rate performance.

EXPERIMENTAL

Preparation of Materials
F-doped carbon coat LiFePO3.938F0.062 composites (LFPF/CF)
were prepared by one step solid phase method, using Tween40
and PVDF as carbon sources and fluorine sources, respectively.
The stoichiometric amount of FePO4, Li2CO3, Tween40, and
PVDF were mixed by ball milling for 2 h and using deionized
water as the liquid medium (The mass ratio of Tween40
and PVDF equal to 2:0.60). The obtained mixture was dried
at 80◦C for 12 h and disintegrated by crusher to obtain the
precursor powders. As-prepared precursors were calcined at
750◦C for 10 h to obtain F-doped carbon coat LiFePO3.938F0.062
composites (LFPF/CF). The same procedure was also used
to synthesize carbon modified LiFePO4 in the absence of
the polyvinylidene fluoride (PVDF) and pure LiFePO4 in the
absence of the Tween40 and polyvinylidene fluoride (PVDF).
Pure LiFePO4, carbon coated LiFePO4, and fluorine-doped
carbon coated LiFePO3.938F0.062 are denoted as LFP, LFP/C, and
LFPF/CF, respectively.

Characterizations
An X-ray diffraction (XRD: Rigaku, D/max 2500v/pc, Cu Kα

radiation) was used to analysis the structure of all samples. In
order to observe the microstructure of the powder, the scanning
electron microscopy (SEM: Philips, FEI Quanta 200 FEG) and
transmission electron microscopy (TEM: JEM-2010, JEOL) were
carried out. Thermo gravimetric analysis (TGA) was determined
by thermal analyzer (SDTO600) in air flow with temperature
rising of 5◦C min−1. X-ray photoelectron spectroscopy (XPS)
measurements were carried out by a Phi X-Tool XPS system to
determine the valence state of an element on the surface of all
samples. Raman measurement of the composite was performed
using a laser Raman spectrometer (Jobin Yvon, T6400).

Electrochemical Evaluation
The electrochemical performances of all samples were evaluated
using CR2032 coin cells. The active materials, acetylene black,
and polyvinylidene fluoride (PVDF) at a weight ratio of 8:1:1
were mixed for 2 h in an N-methyl-2-pyrrolidene (NMP) solvent,
and finally obtain the cathode slurry. The slurry were coated on
aluminum foil and dried in vacuum at 120◦C for 24 h. Then
the CR2032-type half coin cells was assembled in a Ar-filled
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glovebox (Etelux LAB2000). The components of the CR2032-
type half coin cells are as prepared samples as cathode, lithium
metal as the counter electrode, Celgards 2200 separator and
A 1:1 volumetric ratio mixture of ethylene carbonate (EC)
and dimethyl carbonate (DMC) containing 1M LiPF6 as the
electrolyte. The LAND CT2001A battery testing system (Wuhan,
China) was used to test electrochemical performance at voltage
range of 2.3–4.3V under different rates. The cyclic voltammetry
(CV) measurements were carried out on IM6 electrochemical
workstation at a scan rate of 0.1mV s−1. Electrochemical
impedance spectroscopy (EIS) of the cell was measured by
using IM6 electrochemical workstation, with the 5mV amplitude
of the AC signal at the frequency range between 100 kHz
and 0.01 Hz.

RESULTS AND DISCUSSION

Scheme 1 illustrates the detailed formation process of F-doped
carbon coated LiFePO3.938F0.062 composites (LFPF/CF). First, the
FePO4, Li2CO3, Tween40, and PVDF were mixed through a
ball mill method. In this process, Tween40 could bonded with
the raw materials, and adsorbed their surface, which could form
obstructer film. While, PVDF exists between FePO4 and Li2CO3.
Subsequently, the obtained precursor was sintered at 750◦C in
Ar atmosphere, and LFPF/CF composite was obtained. Tween40
form a homogenous carbon layer on the surface of particles, and
fluoride from PVDF decomposition at high temperature process
is doped into carbon layer and bulk materials to form F-doped
carbon coat LiFePO3.938F0.062 composite. Hence, the optimal
x value, F content of F-doped carbon layer and the carbon
content were chosen in the follow-up investigation (Table S5 and
Figures S5, S6).

Figure 1A shows the XRD patterns of pure LFP, LFP/C, and
LFPF/CF composite. The characteristic peaks of all samples
belong to single phase of orthorhombic olivine-type structure
LiFePO4 with the Pnma space group (Figure 1D) (Choi and
Kumta, 2007). There are no other characteristic peaks in the
LFP/C and LFPF/CF sample, suggesting that carbon content
is extremely low, and have little effect on the structure. In
order to analysis the XRD data of all samples (Figure 1B
and Figures S1A,B), the Rietveld refinement method was
implemented, and the crystallographic data were summarized
in Table S1. A slight decrease of the lattice parameter a, b, and
c indicated that F has been successfully doped into the crystal
lattice. Concerning fluorine ion, some references suggest that it
is substituted for the oxygen rather than the whole PO3+

4 group.

Meanwhile, PO3+
4 group has very high formation energy, so it

can’t be replaced by fluorine (Liao et al., 2007; Pan et al., 2011;
Milovic et al., 2013). The lattice parameters evolution inferred
that the average bond lengths of P-O in the PO3+

4 group decrease
after F doped, which due to the ionic size of F− (1.33 Å) is smaller
that of O2− (1.40 Å) and fluorine are highly electronegative
(Shannon and Prewitt, 1969). Therefore, the contractions of the
PO3+

4 group enlarged the lithium ion diffusion tunnel after F
doped, which lead to the lithium ions deintercalate/intercalate
more easily in the tunnel (Figure 2).

Raman spectroscopy was used to study the exist of carbon and
the effect of F-doped on the structure of carbon layer. Figure 1C
exhibits the Raman spectra of pure LFP, LFP/C, and LFPF/CF.
All samples shows a relatively small band at about 948 cm−1,
which is assigned to the symmetric PO4 stretching vibration of
the LiFePO4. The bands below 400 cm−1 are assigned to vibration
of Fe-O (Wu et al., 2013). In addition, two bands at 1,350 and
1,605 cm−1 for both LFP/C and LFPF/CF composite are related
to the D and G bands of carbon, respectively. The D and G
bands are ascribed to the sp2 graphite-like structure and the
sp3 type carbon, respectively (Tian et al., 2015). Furthermore,
LFPF/CF composite shows higher ID/IG (0.975) value than that
of LFP/C (0.911), which are assigned to increase the defects in
carbon layer after fluorine doped. Therefore, the F-doping carbon
layer provides sufficient electronic pathways, and consequently
enhances the kinetic process. In addition, The carbon content
of LFP/C and LFPF/CF composites are analyzed by TGA, and
the carbon content in the samples is about 1.83 and 2.02%,
respectively (Figure S2).

In order to analyze the chemical states and compositions
of pure LFP, LFP/C, and LFPF/CF, the X-ray photoelectron
spectroscopy (XPS) was carried out, and the results are shown
in Figure 3. The high-resolution of Fe 2p for pure LFP splits
two peaks at 709.2 and 723.2 eV along with two satellite peaks
at 713.6 and 727.6 eV, corresponding to Fe 2p3/2 and Fe 2p1/2,
which proved that iron is oxidation state of +2 (Zhou et al.,
2016). For LFP/C, there is no different in the position of the Fe
2p spectrum compare to pure LFP. While, the main peaks of Fe
2p for LFPF/CF composite shows a lower binding energy shifted
compared to that of pure LFP, which due to the density of electron
clouds increase around LiFePO4. As illustrated in Figure 4,
Fluorine doping can make the carbon atom in the electron-rich
state, and electron cloud tends to LFP, forming a strong electronic
coupling between carbon layer and bulk material. The C1s high
resolution XPS spectrum is de-convoluted into three peaks at
284.6, 285.4, and 287.9 eV, which belong to the C-C (sp3-C), C=O
(sp2-C) and C-F bonds, respectively (Wu et al., 2018). Moreover,
there are two peaks at 686.2 and 688.2 eV in the fitting of F1s high
revolution XPS spectrum, which correspond to F-Li and F-C,
respectively (Feng et al., 2017). Therefore, above results indicated
that F was doped into the LFP lattice and carbon, respectively.

The effect of F-doped on the microstructure was studied by
SEM. Figure 5 exhibits the SEM images of pure LFP, LFP/C, and
LFPF/CF. As seen in Figure 5A, pure LFP shows agglomerated
particles with a larger diameter of about 600–800 nm. However,
for LFP/C and LFPF/CF, the size of particles are smaller than that
of pure LFP, suggesting that carbon and F-doped carbon coated
could effectively inhibit the growth of particles. Figures 5D1–D4

shows the EDX elemental mapping images of LFPF/CF. As
seen Figures 5D1–D4, Fe, C, and F elements shows uniform
distribution in the LFPF/CF composite, which indicated that F-
doped carbon layer is homogeneously coated on the surface of
the LFP particles. In addition, the tap densities of pure LFP,
LFP/C, and LFPF/CF are 1.25, 1.22, and 1.20 g/cm3 (Table S2),
suggesting that tap density not vary after surface modified.

Meanwhile, the microstructures of pure LFP, LFP/C, and
LFPF/CF composite were further investigated by the TEM and
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SCHEME 1 | Schematic illustration of the fabrication of fluorine doped carbon coated LiFePO4−xFx composite.

FIGURE 1 | (A) XRD pattern of LFP, LFP/C, and LFPF/CF composite, (B) Rietveld refinement plot of LFPF/CF, (C) Raman patterns of LFP, LFP/C, and LFPF/CF

composite, and (D) The crystal structure of LFPF/CF composite.

HRTEM, and the results are shown in Figure 6. Figure 6A1

shows that the pure LFP particles with size range of 600–
800 nm, which is in consistent with the SEM results. In addition,

the HRTEM image shows that pure LFP exhibits a smooth
surface without carbon layer (Figure 6A2). Figures 6B1,B2

shows the TEM and HRTEM images of LFP/C. The particles
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FIGURE 2 | Refined crystal structure of each material of (A) pure LFP and (B) Fluorine-doped carbon coated olivine LiFePO3.938F0.062.

FIGURE 3 | XPS patterns of (A) survey spectrum of LFPF/CF composites, (B) Fe 2p of LFP, LFP/C, and LFPF/CF composite, (C) C 1s, and (D) F 1s of LFPF/CF

composite.

size of LFP/C are smaller than that of pure LFP, whereas
thin carbon layer with the thickness of 2–5 nm on the
surface of LFP particles were observed. Moreover, as shown
in Figure 6C1, LFPF/CF shows smaller particles size than that
of pure LFP, and there are F-doped carbon between LFP
particles. HRTEM image of the LFP@CF (Figure 6C2) shows
the F-doped carbon layer with 2–5 nm were coated on the

surface of LFP particles. Meanwhile, it is observed that the
d-spacing of lattice fringes for LFP and LFP/C are almost
0.272 nm, corresponding to the (102) plane of the LFP. While,
LFPF/CF composite show the d-spacing of lattice fringes of
0.274 nm, which is higher than that of LFP and LFP/C. Obviously,
the interlayer spacing was enlarged with fluorine doping into
LiFePO4 lattice.
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FIGURE 4 | Illustration of the strong interaction between LiFePO4−xFx and F-doped carbon.

FIGURE 5 | SEM images of pure LFP (A1,A2), LFP/C (B1,B2), LFPF/CF (C1,C2), and corresponding EDX elemental mapping images of Fe, P, C, and F (D1–D4).
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FIGURE 6 | TEM images and HRTEM images of pure LFP (A1,A2), LFP/C (B1,B2), and LFPF/CF (C1,C2).

Figure 7A shows the initial charge/discharge curves of pure
LFP, LFP/C, and LFPF/CF at 0.1 C. There are two plateaus for
charge/discharge curves of pure LFP, LFP/C, and LFPF/CF, which
is ascribed to Li+ intercalation/deintercalation from LiFePO4,
accompanied by the oxidation/reduction of Fe2+/Fe3+ (Wang
et al., 2018). Pure LFP delivers a discharge capacity of 131.8 mAh
g−1 with a coulombic efficiency of 85.8%. However, the LFP/C
exhibits slightly higher coulombic efficiency of 91.2%, which due
to the carbon coated can increase the electronic conductivity.
However, for LFPF/CF, the discharge capacity reach to 164.8mAh
g−1 with a high coulombic efficiency of 97.5%, which is higher
than that of pure LFP and LFP/C. Meanwhile, LFPF/CF exhibits
a lower charge voltage plateau and a higher discharge voltage
plateau compared with the pure LFP and LFP/C, suggesting
that LFPF/CF has lower polarization. Therefore, these results
confirmed that the LFPF/CF with better ion transport ability and
high electronic conductivity compare to pure LFP and LFP/C.

Figure 7B and Figure S3 shows the rate performance of pure
LFP, LFP/C, and LFPF/CF. As seen Figure S3, the discharge
capacity of LFPF/CF are 164.8, 159.2, 148.6, 135.8, and 102.3
mAh g−1 at 0.1, 0.5, 1, 2, 5, and 10C, respectively, which shows
excellent rate performance. However, the pure LFP and LFP/C
delivers lower discharge capacity of 131.8, 121.7, 103.4, 83.2, and
41.6mA h g−1 and 147.8, 139.5, 123.3, 106.8, and 72.8mA h
g−1 at 0.1, 0.5, 1, 5, and 10C. In order to study the common
effect of the F doped into LFP lattice and F-doped carbon
coated the kinetic process, the cyclic voltammograms of pure LFP,
LFP/C, and LFPF/CF composite at different scanning rate were
performed out, and the results are provided in Figure 7C and
Figure S4. The potential intervals (1V) are increased between
the anodic peak and cathode peak of all samples with the
increased scanning rate, which can be attributed to the kinetic
process limitations (Huang et al., 2014). However, the LFPF/CF
(Figure 7C) shows lower potential interval (1V) than that of
pure LFP (Figure S4B) and LFP/C (Figure S4A) at different

sweeping rates. Meanwhile, the redox peak current value of
all samples also increases with the increase of scanning rate.
The LFPF/CF exhibits higher redox peaks current than that of
pure LFP and LFPF/CF composite. Above result indicated that
LFP/CF has excellent kinetic process, which are attributed to
the introduction of F into the lattice could enlarged interlayer
spacing and F-doped carbon coated could form an electronic
conductive network.

Figures 7D,E shows the cycling performance of pure LFP,
LFP/C, and LFP/CF at 0.5 C and 5C, respectively. Pure
LFP can deliver a discharge capacity of 124.7 mAh g−1

with capacity retention of 82.1% after 100 cycles at 0.5 C.
Nevertheless, low capacity retention of 43.5% were achieved
after 500 cycles at 5C. The poor cycling stability is attributed
to the kinetic process limitations, which lead to Li+ are
irreversibly intercalation/deintercalation from LiFePO4 during
charge/discharge process. However, LFP/C shows a capacity
retentions of 92.7 and 82.3% after 100 cycle at 0.5 C and 500
cycles at 5 C, respectively, which is higher than that of pure
LFP. Therefore, these results suggested that carbon coated can
effective increase electronic conductivity, resulting in increased
kinetic process, as well as suppress the capacity degradation to
some extent during cycling process. On the other hand, the
LFPF/CF can deliver outstanding cycling stability compare to
that of LFP/C. The LFPF/CF deliver high specific capacity of
158.7 mAh g−1 after 100 cycles, and a high capacity retention of
98.6% is maintained. More importantly, a high capacity retention
of 91.4% can be achieved even over 500 cycles at 5 C. Such
excellent cycling stability can be ascribed to the introduction of
F into the lattice and F-doped carbon coated enhance lithium
ion diffusion and electron transport, so that more lithium ions
can reversibly de/intercalate into LiFePO4 during long cycling
at high rate. Meanwhile, a strong electronic coupling form the
binding force between F-doped carbon layer and bulk material,
which could keep the reaction interface stability of LFPF/CF.
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FIGURE 7 | (A) The initial voltage profiles of (A1) pure LFP, (A2) LFP/C, and (A3) LFPF/CF composites; (B) rate performance of (B1) pure LFP, (B2) LFP/C, and (B3)

LFPF/CF composites, (C) the CV curves of LFPF/CF composites at different scanning rates and cycling performance at 0.5C rate (D) and 5C rate (E) of (D1,E1 ) pure

LFP, (D2,E2 ), LFP/C, and (D3,E3 ) LFPF/CF composite.

To better explore the reasons for the improved cycling
stability of LFPF/CF compare to pure LFP and LFP/C, the
ICP and TEM analysis after cycling were carried out, and the
results as shown in Table 1 and Figure 8. As seen Table 1,
the lithium content for pure LFP in charge/discharge state
are 28.53 and 72.32% after 300 cycles, suggesting lithium
ion are irreversibly from the LiFePO4 lattice. Above results
indicated that the irreversible deintercalation/intercalation of
lithium ion increase as the increased cycles. Figures 8A1,A2

exhibits the TEM images of pure LFP after 300 and 500 cycles,
and the surface and structure of pure LFP have not change,
suggesting that the deterioration of cycling stability which be
attributed to poor the kinetic process that cause lithium ions
be irreversibly intercalated/deintercalated from LiFePO4 lattice
at high rate. The lithium percentage in charge/discharge state
for the LFP/C after cycling are lower/higher than that of pure
LFP, suggesting that carbon coated could enhance the kinetic
process. However, after 500 cycles, the lithium ion percentage

after charge/discharge of LFP/C show a certain degree of
increase/decrease (12.3%/85.38%). Through TEM observation, it
was found that the expansion and contraction of LiFePO4 led to
the shedding of carbon layer during the charge/discharge process
at high rate (Figures 8B1,B2), which was caused by the different
expansion coefficients of the two materials. The shedding of
carbon layer directly decreases the electrical conductivity of
LFP/C. By contrast, the lithium ion percentage of the LFPF/CF
not vary much with the increased cycles. While we observe that
the F-doped carbon layer still coated on surface of LiFePO4 after
300 and 500 cycles (Figures 8C1,C2). The difference between
LFP/C and LFPF/CF is attributed to a strong electronic coupling
form the binding force between F-doped carbon layer and
bulk material, so as to prevent the carbon layer shedding
from LiFePO4 surface, and stabilized the reaction interface of
LFPF/CF composite.

Figure 9A exhibits the Nyquist plots of pure LFP, LFP/C,
and LFPF/CF before and after cycling. As seen Figure 9A, the
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FIGURE 8 | TEM images of all samples of pure LFP: (A1) after 300 cycles, (A2) after 500 cycles, LFP/C: (B1) after 300 cycles, (B2) after 500 cycles and LFPF/CF:

(C1) after 300 cycles, (C2) after 500 cycles at 5C rate, respectively.

TABLE 1 | The ICP analysis of pure LFP, LFP/C, and LFPF/CF composite after

cycling, respectively (fully charged/discharge).

Samples Percentage of lithium in LiFePO4/wt/%

After 300 cycles

(charge/discharge)

After 500 cycles

(charge/discharge)

Pure LFP 28.53/72.32 22.81/61.65

LFP/C 12.34/91.56 16.63/85.38

LFPF/CF 2.51/98.37 3.12/96.82

impedance spectrum is consist of an intercept at high frequency,
a depressed semicircle at medium frequency and a straight
line in the low frequency region, which relates to the ohmic
resistance (RΩ ), the charge transfer resistance (Rct) and the
Warburg impedance (W), respectively. These impedance spectra
were analyzed by the equivalent circuit model (Figure 9E),
and corresponding parameters are shown in the Tables S3, S4.
Meanwhile, the Li+ ion diffusion coefficiency (D+

Li) is calculated
by the following equations (Li et al., 2010; Wang L. L. et al., 2016;
Wang et al., 2017):

D+
Li =

R2T2

2A2n4F4C2
Liσ

2
(1)

Z′ = R� + Rctσω−1/2 (2)

where T, R, A, F, n, C, ω is constant temperature, gas constant,
surface area of cathode, Faraday constant, number of involved
electrons, Li+ ions concentration, and angular frequency in the
low frequency region, respectively. Meanwhile, σ is the Warburg
coefficient, it is associated with Z′ against ω−1/2.

The LFPF/CF composite shows Rct value of 178.6Omega,
which is lower than that of pure LFP (558.8�) and LFP/C
(339.2�) before cycling. In addition, the Li+ diffusion

coefficiency of LFPF/CF composite is 2.72 × 10−12 cm2

s−1, which is higher that of pure LFP (0.87 × 10−12

cm2 s−1) and LFP/C (1.43 × 10−12 cm2 s−1). The results
suggest that the introduction of F-doped carbon coated
could greatly improve the charge and Li+ ion diffusion
transport coefficiency.

Figures 9B–D show the Nyquist plots of pure LFP, LFP/C
and LFPF/CF at 5 C after different cycles, respectively. For pure
LFP, when the number of cycles goes from 1st to 500th, the
Rct values increase from 629.8� and 1372.9�, and the D+

Li
value decreased from 0.77 × 10−12 cm2 s−1 to 0.35 × 10−12

cm2 s−1. The LFP/C show the increased Rct values and the
decreased D+

Li value after 300 and 500 cycles, which are lower
than that of pure LFP. While, for LFPF/CF, the Rct values is
254.7� after 300 cycles, and increased to 314.8� after 500 cycles
which are lower than those of pure LFP and LFPF/CF composite.
Meanwhile, the D+

Li value of LFPF/CF composite not vary much
as the increased cycle numbers. This case clearly shows that the
F-doped carbon coated can significantly keep the stability of
resistance and Li+ diffusion coefficient during cycling, which is
attributed to a strong electronic coupling form the binding force
between F-doped carbon layer and bulk material to stabilize the
reaction interface.

CONCLUSIONS

In summary, the F-doped carbon coated LiFePO3.938F0.062
composite (LFPF/CF) were synthesized by a simple solid-state
reaction method. The surface of LiFePO4 particles is uniformly
coated by F-doped carbon layer, and a strong electronic coupling
was formed between LFP and F-doped carbon layers, which
resulting in enhanced electronic conductivity and reaction
interfacial stability. In addition, minor F fluorine doped into
the LiFePO4 lattice, which can enlarge the lithium ion diffusion
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FIGURE 9 | (A) Nyquist plots of all samples [(A1) pure LFP, (A2) LFP/C, and (A3) LFPF/CF] before cycling, (B) pure LFP, (C) LFP/C, and (D) LFPF/CF after cycling at

5C, (E) equivalent circuit models.

channel. As a result, the LFPF/CF shows excellent rate capability
(164.8, 159.2, 148.6, 135.8, and 102.3 mAh g−1 at 0.1, 0.5, 1,
2, 5, and 10C, respectively) and high cycling stability (high
capacity retention reach 91.4% after 500 cycles at 5 C). Therefore,
we believe that as-prepared F-doped carbon coated LFPF/CF
composite could be one of an advanced cathode materials for
Li-ion battery technology.
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High Efficient and Environment
Friendly Plasma-Enhanced Synthesis
of Al2O3-Coated LiNi1/3Co1/3Mn1/3O2
With Excellent Electrochemical
Performance
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1 Institute of Hybrid Materials, National Center of International Research for Hybrid Materials Technology, National Base of
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PLA-1-Al2O3@LNCM synthesized using an efficient and facile plasma-enhanced method
exhibits markedly improved capacity retention of 98.6% after 100 cycles, which is
much larger than that of LNCM at 80% after 100 cycles. What is more, it also
exhibits significantly enhanced cyclicity compared to that of 1-Al2O3@LNCM cathodes
prepared using the normal solid state method, which further illustrates the efficiency and
superiority of this plasma-enhanced method. More importantly, the rate performance of
PLA-1-Al2O3@LNCM is improved because of the better electrolyte storage of
the assembled hierarchical architecture of the Al2O3 coating layer according to
unimpeded Li+ diffusion from electrode to electrolyte. When cycling at 55◦C, the
PLA-1-Al2O3@LNCM shows 93.6% capacity retention after 100 cycles, which is greatly
enhanced due to the uniform Al2O3 layer. Further, growth of polarization impedance
during cycling can be effectively suppressed by the Al2O3 layer, which can further confirm
the effect the Al2O3 layer coated on the surface of the LNCM. The enhanced cycling
performance and thermal stability illustrates that this facile surface modification, using the
plasma-enhancedmethod, can form an effective structured coating layer, which indicates
its prospects as an application in the modification of other electrode materials.

Keywords: plasma-enhanced method, Al2O3 layer, LNCM, elevated temperature performance, Li-ion batteries

INTRODUCTION

With the development of the global energy demand and the urgency of protecting the environment,
there is a growing need to develop clean and more efficient power sources like lithium ion batteries
(LIBs) (Tang et al., 2013; Chen et al., 2016), which have become the most feasible power source for
portable electronic devices, mainly due to their high gravimetric and volumetric energy densities
(Xu et al., 2017; Lv et al., 2019) Considering that the specific capacity of LIBs heavily relies on
cathode materials, efforts have been made to develop cathode materials with a high energy density
and large power capability (Lee et al., 2014; Zhang et al., 2018).

Until now, in cathode materials, such as layered LiCoO2 (Zhao et al., 2015), spinel LiMn2O4

(Jiang et al., 2016b), LiNiO2, and olivine LiFePO4 have been widely applied for commercial LIBs
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in electrical vehicles (EVs) or hybrid electric vehicles (HEVs).
Among them, LiCoO2 is the earliest commercialized cathode
material which cannot meet the increasing practical demand
due to its low practical capacity, relatively high cost, toxicity
of cobalt, and unreliable safety. Researchers have therefore
focused on finding alternative cathode materials to satisfy the
required environmental, safety, and cost standards for LIBs
(Ohzuku and Makimura, 2001; Deng et al., 2008; Makkus et al.,
2010). In comparison with LiCoO2, layered LiNixCoyMnzO2

(x + y + z = 1) is considered an excellent candidate as a
cathode for commercial LIBs. In 2001, LiNi1/3Co1/3Mn1/3O2

(LNCM) was successfully implemented, and has the same layered
α-NaFeO2 structure with overall hexagonal symmetry (space
group R-3m) as LiCoO2 (Xia et al., 2014) but with a much
higher capacity, better thermal stability, is more environmental
friendly and costs less (Lee et al., 2004; Luo et al., 2006; Cho
et al., 2011). Nevertheless, LNCM still has some disadvantages,
such as an inferior cycle performance at high working voltage,
relatively poor conductivity, and irreversible side reactions with
electrolytes and cation a disorder between Li+ and Ni2+, which
leads to some technical challenges related to cyclability and rate
capability, seriously affecting its large-scale applications (Yao
et al., 2013; Cui and Xu, 2015; Zhu et al., 2015). Researchers
worldwide have proposed various solutions to overcome these
disadvantages. For example, surface coating is an easy and
effective way to improve the electrochemical performances of
cathodes. Various coating materials such as carbon and metal
oxides (Al2O3, Li et al., 2014; Li2TiO3, Lu et al., 2013; ZrO2,
Hu et al., 2009; TiO2, Li et al., 2006; AlF3, Myung et al., 2010;
AlPO4, Wang et al., 2013, etc.) have been studied, which can
increase the electronic conductivity and inhibit the side reactions
between cathode and electrolyte (Jiang et al., 2018). Among
the metal oxides mentioned above, Al2O3 is regarded as a
desirable surface coating material due to its excellent chemical
and thermal stability, which is good for the electrochemical
performance cathode material. However, the normal method
used for coating Al2O3 is solid-state (Kim et al., 2006) or
solution methods (Qiu et al., 2014), which often result in
no uniform elemental distribution and inferior electrochemical
performance (Yan et al., 2016). In addition, the experimental
conditions (pH, temperature, and mixing speed) should be
carefully controlled to synthesize homogeneous hydroxide
or carbonate precipitates, making this method complicated
(Manthiram et al., 2016). Therefore, it becomes challenging to
develop a facile and general approach for the preparation of
coating on the LNCM with favorable structures and excellent
electrochemical performance.

Herein, we first report a novel facile plasma-enhanced low-
temperature approach in LiNi1/3Co1/3Mn1/3O2 coated with
Al2O3 with a superior hierarchical structure, as illustrated in
Scheme 1. This method produces a simple, uniform coating,
which can delay the cathode/electrolyte interfacial reactions
and facilitate Li-ion diffusion in the batteries. The cell made
of LiNi1/3Co1/3Mn1/3O2 coated with Al2O3 delivers a high
specific reversible capacity of 213.8 (0.2◦C), 208.4 (0.5◦C),
199.6 (1◦C), and 189.0 (2◦C) mAhŁEg−1, respectively. More
importantly, all the LiNi1/3Co1/3Mn1/3O2 coated with Al2O3

FIGURE 1 | Powder X-ray diffraction patterns of LNCM and
PLA-1-Al2O3@LNCM.

composite electrodes show improved cycling performance and
rate capability, especially in an elevated temperature, compared
to the pristine LiNi1/3Co1/3Mn1/3O2 electrode, which further
illustrates the effect of the Al2O3 layer as a medium of preventing
the material from degradation during cycling.

EXPERIMENTAL

Synthesis of PLA-1-Al2O3@LNCM and
1-Al2O3@LNCM Cathode Electrodes
The LiNi1/3Co1/3Mn1/3O2 coated with Al2O3 layer was prepared
by an efficient plasma-enhanced method. In order to make
the uniform mixture, the LiNi1/3Co1/3Mn1/3O2 (denoted as
LNCM) powder was supplied by one Tech. Company. Aluminum
isopropoxide (C9H21AlO3, purchased from Aladdin official
online mall) was chosen as the source of aluminum, and the
Al content was set at molar ratios of Al:(Ni + Co + Mn) =

0, 0.5, 1.0, and 1.5% by controlling the amount of C9H21AlO3.
First, the mixture was transferred into the plasma-enhanced tube
furnace. The oxygen gas was introduced into the reactor for about
20min to remove the air in the tube. The temperature of the tube
furnace was set to 350◦C with the heating rate at 10◦/min. Then
the pressure was controlled under 50 Pa. During the process, the
applied RF power was set to 200W. The plasma treatment time
was controlled for 20min. The samples of LiNi1/3Co1/3Mn1/3O2,
coated with Al2O3 synthesized by the plasma-enhanced method
using C9H21AlO3 as the Al source, was defined as PLA-XAl2O3@
LNCM (X represents the Al content: 0.5, 1.0, and 1.5%). For
comparison, the conventional annealingmethod was also utilized
to prepare LiNi1/3Co1/3Mn1/3O2 coated with a Al2O3 layer using
C9H21AlO3 for the Al source. The mixed powders with an Al
content of 1% were sintered at 500◦C for 6 h. Finally, the Al2O3-
coated LiNi1/3Co1/3Mn1/3O2 was obtained after naturall cooling
the product to room temperature (denoted as 1-Al2O3@LNCM).
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SCHEME 1 | Schematic diagrams for PLA-1-Al2O3@LNCM.

Materials Characterizations
The crystalline phases and morphologies of the samples
were characterized by an X-ray diffractometer (D/MAX-2200V,
Rigaku, Japan) using Cu Kα radiation (k = 0.15406 nm)
and scanning electron microscopy (JEOL JSM-7800F, Japan)
equipped with an energy dispersive spectrometer (EDS) for
elemental analysis. X-ray diffraction studies were carried
out using Cu-Kα radiation. The morphology, crystal lattice,
and the micro-region structure of the sample coating layer
were characterized by the HR-TEM (HR-TEM, JEOL JEM-
2100Plus, Japan).

Cell Fabrication and Electrochemical
Measurements
Electrochemical experiments performed in R2032 coin type cells
were assembled in an argon-filled glove box, using lithium
metal as the counter electrode. The electrolyte consisted of a
solution of 1M LiPF6 in ethylene carbonate (EC), dimethyl
carbonate (DMC), and ethyl methyl carbonate (EMC) solution
(1:1:1 by volume). The composite electrodes were made
from the active materials powder (80 wt.%), acetylene black
(10 wt.%), and polyvinylidene fluoride (PVDF) binder (10 wt.%),
homogeneously mixed in Nmethyl pyrrolidinone (NMP) solvent.
The slurry was then coated onto the aluminum foil current
collector and dried under a vacuum at 100◦C for 12 h. The
mixed slurry was pasted on Al foil and subsequently dried at
120◦C for 12 h under a vacuum and then roll-pressed. All cells
were assembled in an argon filled gloved box. The galvanostatic
charge and discharge cycle tests were carried out at 25 and 55◦C
between 2.8 and 4.3V using a battery tester at the current density
of 0.2◦C (1◦C = 1,675 mAhŁEg−1) (LAND CT2001A, China).
The electrochemical impedance spectra (EIS) were conducted on
UT85794 (made in the Netherland) in the range from 100 kHz
to 10mHz.

RESULTS AND DISCUSSION

The X-ray diffraction patterns of the bare LNCM and PLA-1-
Al2O3@LNCM are shown in Figure 1. All the peaks of the two

samples in the XRD patterns can be indexed to the NaFeO2

structure using space group R-3m without impurity phases, and
matched well with those reported in the literature (Li et al., 2018).
Furthermore, distinct splitting (006)/(102) and (108)/(110) peaks
were observed in all the XRD patterns, indicating that a well-
formed layered structure was obtained, illustrating that the
thin Al2O3 surface coating did not change the structure of
the LNCM. No peak of Al2O3 was observed due to the low
quantity, which reveals that only Al2O3 exists and no other
impurity presents during the plasma-enhanced coating process.
To confirm the differences between PLA-1-Al2O3@LNCM and
LNCM, the lattice parameters calculated by Rietveld refinement
programs are shown in Table S1. From this data, it can be seen
that a slight difference is noted for PLA-1-Al2O3@LNCM, which
has a slight increase in the a and c axes. In addition, there is
no shift in the peaks, indicating that Al-doping does not take
place during the plasma-enhanced process, further illustrating
the efficiency of the plasma-enhancedmethod for the preparation
of PLA-1-Al2O3@LNCM electrode materials.

The morphologies of LNCM and Al2O3 coated LNCM are
shown in Figure 2. The two samples fall under a similar size range
of 0.5–0.8µm. It can however, clearly be seen that the surface
of PLA-1-Al2O3@LNCM becomes rough and loses its smooth
contours, due to the Al2O3 grown on the surface of LNCM
with layermorphology. When analyzed using EDS during SEM
analysis, as-prepared Al2O3 coated electrodes, clearly revealed
that the molar ratios of Ni, Co, and Mn of the two samples are
both close to 1:1:1, which agrees with the ideal layer structure
LNCM. In addition, it exhibits an increase in Al and O content
compared to that of pristine LNCM as shown in Figure S1, which
can further confirm that the Al2O3 has successfully grown on
the surface of LNCM. At the same time, the SEM images of
the LNCM with different Al2O3 consent, have been invested
as shown in Figure S2. We can see that when the consent of
Al2O3 is 1 wt.%, it shows a uniform morphology, which will
be good for the electrochemical performance of the material.
When the consent of Al2O3 is less or more, it may not grow
uniformly or may aggregate on the surface of LNCM, which
will hinder the speed of the lithium ion insert/disinsert during
cycles. SEM images of the PLA-1-Al2O3@LNCM and LNCM,
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FIGURE 2 | SEM images of (a) LNCM and (b) PLA-1-Al2O3@LNCM.

FIGURE 3 | EDS maps for PLA-1-Al2O3@LNCM: (a) SEM image PLA-1-Al2O3@LNCM powders, corresponding elemental mappings images of (b) Ni, (c) Co, (d) Mn,
(e) O, and (f) Al.

after cycling at 0.2◦C, are shown in Figure S3. It can be clearly
seen that the SEM image of PLA-1-Al2O3@LNCM presents no
obvious changes in the morphology, which further illustrates
the stability of sample PLA-1-Al2O3@LNCM due to the uniform
Al2O3 layer.

In order to check the uniformity of the Al2O3 coating layer on
the surface of LNCM, EDS mapping was performed, as shown in
Figure 3. The bright dots assigned to the elements O and Al are
similar to the SEM of the PLA-1-Al2O3@LNCM sample, which
indicates that Al2O3 has uniformly dispersed on the surface of
LNCM. This result is consistent with that of XRD patterns, SEM,
and EDAX, which further confirms that the Al2O3 layer has
successfully grown on the surface of LNCM.

In order to further analyze the thickness and microstructure
of Al2O3 on the surface coating layer, TEM of LNCM and
PLA-1-Al2O3@LNCM materials at different magnification are
shown in Figure 4. Because the coating carbon layer is very thin,

it is difficult to find any obvious differences in Figures 4a,b.
However, the HR-TEM image in Figure 4c clearly shows that
the host LNCM with interplanar distances of the parallel lattice
value of 0.47 nm, indexed to the distance of the closely packed
(003) plane of the R3m-layered structure (Guo et al., 2015), which
illustrates that the Al atom has not changed the structure of
LNCM and only grows on the surface of LNCM. In addition,
it can be seen that the Al2O3 coating layer with an amorphous
phase is about 5 nm, and is clearly distinguishable from the
crystalline LNCM, which is consistent with XRD and SEM
analysis. TEM analysis demonstrates that the coating method
is an effective way to coat the Al2O3 layer on the surface of
LNCM, which can reduce the contact area between the electrode
and electrolyte, and further protects the cathode material from
dissolving into the electrolyte.

The initial charge-discharge capacity of PLA-1-
Al2O3@LNCM at the rate of 0.2◦C in the voltage of 2.8–4.3V
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FIGURE 4 | TEM image of (a) LNCM and (b) PLA-1-Al2O3@LNCM, (c) HR-TEM image PLA-1-Al2O3@LNCM.

FIGURE 5 | (A) The initial discharge curves and (B) Discharge capacities vs. cycle number of LNCM and PLA-1-Al2O3@LNCM at the rate of 0.2◦C in the voltage of
2.8–4.3 V at room temperature.

at room temperature are compared with LNCM as shown in
Figure 5A. It can be seen that the initial discharge capacity of
PLA-1-Al2O3@LNCM is much higher than that of bare LNCM,
probably due to the uniform Al2O3 layer, which can improve the
electrical conductivity of the material and even prohibit the Jahn-
Teller distortion occurring at the surface under non equilibrium
conditions (Jiang et al., 2016a). At the same time, LNCM
coated with different Al2O3 consent are also characterized
in Li-ion batteries (as shown in Figure S4A). Among the
three samples, PLA-1-Al2O3@LNCM shows the highest initial
discharge performance, due to the suitable thickness of Al2O3

formed only with the consent Al of 1%. In order to further
make sure the efficient of this plasma-enhanced method, the
initial discharge performance of Al2O3@LNCM synthesized
form the normal solid state method are invested as shown in
Figure S5A. The initial discharge of Al2O3@LNCM is 196.9
mAh·g−1, which is lower than that of PLA-1-Al2O3@LNCM.
This result illustrates this method not only can improve the
efficient of this coated experiment, but also can improve
the electrochemical performance of the material, indicating
that the plasma-enhanced method can synthesized the coated
LNCM with suitable Al2O3 layer with lower temperature and
less reaction time.

Figure 5B summarizes cycling performances of LNCM and
coated LNCM cathodes cycled at 0.2◦C in a potential range
of 2.8–4.3V at room temperature. Capacity retention of

PLA-1-Al2O3@LNCM upon cycling between 4.3 and 2.8V is
98.46%, which is much higher than that of LNCM (74.66%). In
other words, the discharge capacity of LNCM only maintained
74.66% of its initial capacity; while the discharge capacities of
PLA-1-Al2O3@LNCM only decrease slightly from 213.8 to 210.5
mAhŁEg−1 after 100 cycles, maintaining 98.46% of its initial
capacity, which may be associated with cobalt dissolution and
structural deterioration at the high operating voltage, resulting
in increased interfacial resistance. At the same time, LNCM
coated with different Al2O3 consent are also characterized in
Li-ion batteries as shown in Figure S4B. The capacity of The
PLA-0.5-Al2O3@LNCM and PLA-1.5-Al2O3@LNCM samples
suffers 11.51 and 10.54% capacity loss, respectively, while PLA-
1-Al2O3@LNCM has the highest capacity retention of 98.46%
after 100 cycles at 0.2◦C between 2.8 and 4.3V. It can be seen
that when the mass concentration of Al2O3 is less or more than
1 wt.%, the capacity loss also undergoes a certain fading, which
further illustrates that the suitable consent of Al content is 1 wt.%.
For the PLA-1-Al2O3@LNCM sample with a proper coating
amount, the hierarchical nanosheets of metal oxide can sequester
HF in electrolytes containing LiPF6. The rich pores improve
the ionic conductivity of the coating layer and the suitable thin
film of Al2O3 can strongly inhibit the electronic conductivity
(Jung and Han, 2013). Additionally, to confirm the efficiency
of this plasma enhanced method, the cycling performance of
Al2O3@LNCM, synthesized form the normal solid state method,
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FIGURE 6 | (A) Nyquist plots of bare LNCM and PLA-1-Al2O3@LNCM. (B) Rate capabilities vs. cycle number for bare LNCM and PLA-1-Al2O3@LNCM electrodes
cycled at 0.2, 0.5, 1, 2, 0.2◦C rates between voltage limits of 2.8 and 4.3 V.

is also invested, as shown in Figure S5B. Compared to PLA-1-
Al2O3@LNCM, 1-Al2O3@LNCM, reaches a discharge capacity
of only 181.8 mAhŁEg−1 after 100 cycles, which only represents
92.38% of its initial discharge capacity (196.9 mAhŁEg−1).
However, PLA-1-Al2O3@LNCM shows much higher capacity
retention (98.46%) after 100 cycles, which further illustrates that
the plasma-enhanced method has higher efficiency than that of
the normal solid state method. These results clearly indicate that
the materials obtained by the plasma-enhanced strategy can be
used as a promising cathode material in lithium-ion batteries.

To further investigate the effect of the Al2O3-coating on
the electrochemical performance, the AC impedance curves of
all the cycled samples were performed as shown in Figure 6A.
The EIS plot consists of a depressed semi-circle in the high-
medium frequency region that is attributed to the lithium-ion
migration, through the SEI film and charge transfer reaction,
and a straight line in the low frequency region attributed to
the lithium-ion diffusion in the bulk electrode (Wang et al.,
2014). A more detailed analysis of the impedance spectra was
studied on the basis of the proposed equivalent circuit, where
Rs represents the solution resistance and Rct represents charge
transfer resistance during the electrochemical reactions. The
inclined line in the low-frequency region represents theWarburg
impedance (Zw) associated with Li-ion diffusion in the electrode
active material (Liu et al., 2004). EIS plots in Figure 6A were
fitted using the equivalent circuit model. During cycling, the
formation of the solid-state interface layer may lead to raised
impedance. From the fitted impedance parameters, it can be seen
that the charge transfer resistance (Rct) of PLA-1-Al2O3@LNCM
is much smaller (Rct ≈ 152.78 Ł) than that of the pristine LNCM
(Rct ≈ 343.97 Ł), which indicates that the Al2O3 layer can
enhance Li+ transportation with enlarged interlayer. Moreover,
it may be due to the removal of the unidentified phase in the
precycled electrode or the influence of a native passivation layer
on the electrodes (Lin et al., 2014). Therefore, the decrease of
impedance illustrates the effect of the Al2O3 layer on restraining
the process during cycling, which further verifies the fact that
the Al2O3 layer is responsible for the good performance of
PLA-1-Al2O3@LNCM. In addition, the impedance reduction
exhibits an enhancement in the kinetics of the lithium-ion

diffusion through the surface layer, and an obvious increase in
rate capability as shown in Figure 6B. During rate capability
testing, the effect of the coating layer on improving capacity
retention is relatively apparent. Rate measurement is performed
as the currents gradually increase to 2◦C, finally returning
back to 0.2◦C, as shown in Figure 6B. The pristine LNCM
delivers a capacity of 168.2, 142.9, 111.8, and 77.8 mAhŁEg−1

at 0.2, 0.5, 1, and 2◦C, respectively. For PLA-1-Al2O3@LNCM,
the corresponding capacity is 213.8, 208.4, 199.6, and 189.0
mAhŁEg−1, respectively, which shows an obvious improved rate
performance than that of the pristine LNCM. Moreover, when
the current returns back to 0.2◦C, the PLA-1-Al2O3@LNCM
electrodes recover 99.58% of their original 0.2◦C discharge
capacity, compared to 89.66% for the uncoated electrode due
to the attack from the electrolyte, further concluding that
coating LNCM with Al2O3 can significantly improve its rate
performance. The superior retention capability is due to the
coating which improves the homogeneity of near-surface current
density on the coated electrodes and uniform Al2O3 layer for
the improvement transfer of lithium ions between the electrode
and electrolyte. Therefore, the excellent rate performance can be
attributed to the uniform coating, which can cut off contact with
the electrolyte and suppress the dissolution of active substances.

The cyclic performances of bare LNCM and PLA-1-
Al2O3@LNCM at 0.2◦C in a potential range of 2.8–4.3V
at a high temperature (55◦C) are shown in Figure 7. The
initial discharge capacity of bare LNCM is 165.2 mAhŁEg−1,
whereas that of the PLA-1-Al2O3@LNCM is 209.1 mAhŁEg−1.
There is a lot of difference between the LNCM and PLA-1-
Al2O3@LNCM sample, indicating that the 5 nm Al2O3 coating
layer affects the Li+ diffusion between the LNCM particles
and the electrolyte during the first cycle. More importantly,
there are significant differences in cyclic performance between
LNCM and PLA-1-Al2O3@LNCM as shown with the increasing
cycling numbers. After 100 cycles, the discharge capacities of
bare LNCM is only maintained at 86.6 mAhŁEg−1, suggesting
that the material suffers stronger destruction as compared to
the side reaction aggravated under a higher temperature. PLA-
1-Al2O3@LNCM shows better capacity retention with 85.08%
of the initial discharge, presumably to an inhibiting effect of
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FIGURE 7 | Cyclic performances at 0.2◦C of LNCM and PLA-1-Al2O3@LNCM
at 55◦C.

the Al2O3 coating layer on the metal ion dissolution from the
LNCM electrode to the electrolyte. In order to further confirm
the effect of the plasma-enhanced method on the material,
the cyclic performances of 1-Al2O3@LNCM are invested, as
shown in Figure S6. The initial discharge capacity of PLA-1-
Al2O3@LNCM is much higher than that of 1-Al2O3@LNCM,
which indicates that the different synthesis methods have many
differences on the first discharge cycle. Moreover, PLA-1-
Al2O3@LNCM exhibited much better cyclic performance than
that of 1-Al2O3@LNCM, which further confirms the superiority
of the plasma-enhanced method in synthesizing the LNCM
with the uniform Al2O3 layer. The proper coating using a
special synthesis method can also suppress the formation of
the passive film of the solid state electrolyte acting as a
highly effective lithium ion conductor, which consequently
improves the rate capability even at an elevated temperature.
In addition, we can clearly see that PLA-1-Al2O3@LNCM
exhibits excellent electrochemical performances compared to
many relevant references as shown in Table S2.

CONCLUSION

A novel and effective Al2O3 coating has been successfully
achieved via a facile plasma-enhanced route method,
investigating the effects of the Al2O3 coating on the high
temperature cyclic performance of LNCM. From the physical
test, it can clearly be seen that the Al2O3 uniformly grows on
the surfaces of LNCM particles with a thickness of about 5 nm,
causing no changes on the structure of LNCM. Futhermore,

PLA-1-Al2O3@LNCM exhibited a better cyclic performance
and its discharge capacity was 213.8 mAhŁEg−1 at 0.2◦C, and
its capacity retention was 98.46% after 100 cycles, which is
much higher than that of bare LNCM and 1-Al2O3@LNCM
synthesized using the normal solid state method. What’s more,
PLA-1-Al2O3@LNCM shows better rate capability and cycling
stability, which can be attributed to the uniform coating of
Al2O3. When cycling at 55◦C, PLA-1-Al2O3@LNCM shows
85.08% capacity retention after 100 cycles, which is much
higher than that of bare LNCM only, with a 52.42% capacity
retention. The enhanced electrochemical performance further
illustrates the efficiency and superiority of the Al2O3 layer, which
is achieved using the plasma-enhanced method, and which can
protect cathode material thus alleviating the severe dissolution
of metal ions from dissolving in the electrolyte and reduces
decomposition of the electrolyte at the cathode. This facile and
efficient surface modification with low-cost starting material and
an effective coating layer structure can be adopted to enhance
the cycling performance and thermal stability for other electrode
materials, which can be used to synthesize other candidate
cathode materials for lithium ion batteries.
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