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Introduction

Lithium ion batteries (LIBs) have been widely utilized in the
markets of commercial electronics, vehicles and smart grids
due to their excellent comprehensive performance.™” Similar to
other systems, LIB behaviour is highly dependent on its inter-
facial stability, particularly with regard to cyclic and rate capa-
bility.>* In contrast to the series of progress on improving the
quality of the graphite/electrolyte interface,® the similar studies
on cathodes were highly absent in the community.*

In our previous work, we developed a new method to construct
a polymer membrane on ternary layer oxides.” This membrane
significantly improved the electrochemical performance of
LiNi;;3Co4/3Mn, 30, cathode with the appropriate amount of hex-
amethylene diisocyanate (HDI), which enhanced the interfacial
electronic conductivity to ~1 kQ, i.e. ~7 orders higher than that of
LiNi, ;3Co4/3Mn4,30,. Therefore, we hypothesized that the addition
of HDI may facilitate the electron's transportation for other cath-
odes, particularly for insulated cathodes.

Lithium manganese iron phosphate-based material is a type
of promising novel cathode with electronic conductivity of
<107 s em 1L.# It is possible to replace the widely used
lithium iron phosphate due to its higher redox potential,
resulting in ~15% extra energy density."*™ Owing to its much
lower electronic conductivity compared to that of LiFePQO,, its
particles should be diminished to ~100 nm to ensure accept-
able performance,'*"* and a large amount of carbon was utilized
to sustain the good electronic transportation.'**®* Because the
cutoff potential of lithium manganese phosphate (~4.4 V vs.
Li'/Li) is higher than the decomposing potential of PC (~4.3 V
vs. Li'/Li),*>?° a similar polymer layer as we reported” is probably
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LiFeg 2Mng gPO4/C's rate capability and cyclic stability. It exerts a more significant effect on samples with
less carbon, demonstrating its function to ameliorate the conductive network.

built on the surface of phosphate materials, which may benefit
the cathodes’ electrochemical performance.

In this study, we construct a polymer membrane on
LiMn, gFe, ,PO,/C with hexamethylene diisocyanate and inves-
tigate its influence on the phosphate cathode materials. HDI is
polymerized with the oxidative species of propylene carbonate
to produce the amide-containing membrane. This protective
layer could repair the flaws of C-coating film to improve the
cathode performances in cycling and rating.

Results and discussion

The prepared LiFe, ,Mn, gPO,/C materials were tested by XRD,
TEM and SEM. In Fig. S1,t all the XRD patterns are identified as
the pure phase of crystalline olivine of LiFe, ,Mn, sPO,/C, as
reported previously.” TEM and SEM images of LiFe, ,Mn, gPO,/
C with 2 wt% C-coating are presented as a typical sample
(Fig. S2 and S3f). The particles are ~100 nm, with the
morphology of coral shapes, as shown in 1b and c. The carbon
coating contents after the calcination are 1.4 wt%, 2.0 wt%,
3.6 wt% and 6.8 wt% as confirmed by a high frequency infrared
carbon sulfur analyzer (CS844).

The film forming characteristics were investigated in an
electrolyte containing 500 mM HDI. 2 wt% carbon coating
LiFe,,Mn, gPO,/C was selected as the cathode sample. As
shown in Fig. 1 and S2,t in contrast to the almost intact
morphology of LiFe, ,Mn, gPO,/C after polarization, a new layer
with 2.6-3 nm thickness is observed on the particle surface. It
also repairs the flaws of the carbon layer and even directly grows
on the phosphate surface. The SEM images (Fig. 1c and d) show
similar characteristics. After being charged for 3 hours, the
edges of cathode grains in the base electrolyte are clear-cut, and
particles are conglutinated when 500 mM HDI was added. All
the morphology images confirm that a surface layer is auto-
matically built on the surface of carbon or LiFe, ,Mn, gPO,.

X-ray photoelectron spectroscopy measurements were per-
formed to identify the constitution of the surface layer on the
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Fig. 1 TEM (a and b) and SEM (c and d) images of electrodes in the
base and HDI-added electrolytes charged at 4.4 V (vs. Li*/Li) for
3 hours.

sample. The peak at 401 eV in the N 1s XPS spectra (Fig. 2a) is
consistent with the amide group in our previous work,” indi-
cating that the onium ionization-polymerization reaction was
performed. It could be inferred that an amide-based polymer
layer is formed on the surface of LiFe, ,Mn, gPO,/C.

The electrochemical influence of this membrane was evalu-
ated via cyclic voltammetry. The electrolyte containing 10 mM
HDI was used as the standard. The sample shows a lower start-
up oxidative potential and 36.5% higher electron quantity in the
system with HDI compared to those of the pristine system
(Fig. 2b). The improvements on the electrochemical perfor-
mance of LiFe,,Mn,gPO,/C prove the positive effects of the
HDI-built-layer on the phosphate material.

The influence of this membrane was further investigated for
the samples with different carbon coating amount via electro-
chemical impedance spectroscopy. The electrolytes without and
with 10 mM HDI were compared. As shown in Fig. 2c and d, the
first semicircle is ascribed to the surface film resistance of the
cell (R.), and the second is attributed to the charge-transfer
resistance of cell (R.). In base electrolyte, the interfacial
impedances decrease for the samples of C-coating from 1.4 wt%
to 3.6 wt% and increase from 3.6 wt% to 6.8 wt%. When 10 mM
HDI was added, all the interfacial impedances are similar and
decreased compared to the base samples (Table S1}). These
results prove that the surface films formed by HDI-PC diminish
the interfacial impedances on the electrodes, which is beneficial
for electron's transportation.

The influence of this protective polymer membrane on the
electrochemical performance of LiFe, ,Mn, gPO,/C was investi-
gated with different carbon contents in Fig. 3. The potential
differences between charge and discharge curves at 0.5C in
Fig. 3a and b reflect polarization, which is related to the inter-
facial conductance between LiFe,,Mn,¢PO,/C cathodes and
electrolytes. The lift of discharging platform potentials should
be considered as the lower interfacial resistance slumped by the
in situ-formed film in the first charging process. All samples
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deliver better cycling performances with HDI than those
without additive. The samples with 2% carbon and higher ratio
remain at ~98% of the initial capacity at the 500th cycle (Fig. 3¢
and d), 0.5C. For the 1.4 wt% carbon coating sample with HDI,
although its capacity was seriously faded, its initial discharge
capacity is improved from 74.4 mA h g~' to 149.5 mA h g ' by
this membrane and still maintains 50.7 mA h g%, 2 times
higher than the system without HDI, at the 500th cycle. These
results demonstrate that our interface design facilitates the
carriers' transportation of LiFe, ,Mn, gPO,/C. Combining pure
LiMn, gFe, ,PO, shows little discharge capacities in the base
and HDI-added electrolytes (Fig. S4t); the fast capacity fading of
the sample with 1.4 wt% C-coating may suggest that less
C-coating leads to a stable interfacial layer that cannot be built
on the cathode surface even if HDI is added.

Comparison of the rate capability of the films in Li/LiFe, »-
Mn, gPO,/C cells is shown in Fig. 3e and f. With 10 mM HDI
added, the cells with different C-coatings deliver more discharge
capacities at varied current densities. When the additive was
added, the cell with 2.0 wt% C-coating displays the best rate
capability. At a current density of 0.1C, the cell presents an initial
discharge capacity of 163.2 mA h ¢~ * and retains 100.6 mA h g~*
at 10C, whereas the cell with 2.0 wt% C-coating in the base
electrolyte is 58.1 mA h g~ " at 10C; the cell with 6.8 wt% C-coating
is 80.8 mA h g~ *. When the rate returns to 0.5C, all the discharge
capacities are recovered. At 10C, the trend of the discharge
capabilities of cells with base electrolyte only is similar to the
quantity of C-coatings. With HDI added, all of the samples show
better capacities. It may be a mere coincidence that in cycling and
rating, the capacity differences are similar, whereas the same
electrodes in base electrolyte and HDI are added (Fig. 3g and h),
but the changes in trend of capacity differences with C-coating
show that the film building strategy enhances discharge perfor-
mances of the phosphate material batteries between 0.1C and
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Fig. 2 XPS (a) and CV (b) spectra of LiFeg,MnggPO4/C (2.0 wt%)
cathodes in different electrolytes charged at 4.4 V (vs. Li*/Li) for
3 hours, scanned with 0.1 mV s~ EIS of Li/LiFeg 2Mng gPO4/C cells
with different C-coatings in base (c) and 10 mM HDI added (d) elec-
trolytes charged at 4.4 V (vs. Li*/Li) for 3 hours. The inset images are
the simulated models.
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Fig. 3 The first charge—discharge curves (a and b), cycling (c and d)
and rating (e and f) performances of Li/LiFeg>2MnggPO4/C cells with
different C-coatings in base and 10 mM HDI added electrolytes at RT,
and the capacity difference (g and h) between cells with and without
HDI added at the 500th cycle and 10C rating.

10C. As suggested above, appropriate C-coating makes the
discharge capacity and capacity retention of LiMn,gFe,,PO,
acceptable, and the HDI-formed layer could further improve the
initial capacities, capacity retentions and high rate capabilities of
samples with 1.4-3.6 wt% C-coating.

Conclusions

In summary, a polymer interfacial layer has been built
successfully on the surface of LiFe, ,Mn, gPO,/C based on an
onium ionization-polymerization reaction. The layer improved
the electrochemical performance of LiFe,,MnggPO,/C
composites and diminished the influence of carbon contents.
Among the investigated systems, the samples with 2.0 wt%
carbon and 10 mM HDI electrolyte presented the best perfor-
mance, delivering 163.2 mAh g ' at 0.1C and 100.6 mAh g " at
10C, and maintaining ~98% after 500 cycles at 0.5C. The results
confirm that the onium ionization-polymerization reaction-
based design strategy could be applied to phosphate and cath-
odes with C-coating.
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