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PVP functionalized metal oxide coatings on spinel nanoparticles

demonstrated significantly improved rate characteristics under

extensive cycling at 65 1C and exhibited over 100% improved

capacity retention compared to the bare counterpart.

Spinel LiMn2O4 cathodes have been studied for possible use in

Li-ion cells for hybrid electric vehicles (HEVs). However, the

delithiated product Li0Mn2O4, referred to as l-MnO2, may

react with the electrolyte, leading to passivating structural

changes of the active material at elevated temperatures.1–3

Substantial research has indicated that the capacity fade of 4 V

Li/LixMn2O4 cells can be largely attributed to the solubility

effects at the spinel-electrode surface and that the soluble ion is

a Mn2+-ion containing species. However, such changes seem

to occur to a lesser extent when using Li1+xMn2�xO4 type

spinels cycling at temperatures less than 55 1C, which have

reduced capacity fade, but lower initial capacity.4,5

In order to minimize the Mn solubility that governs the

catalytic activity of LiMn2O4 specimens, the surface reactivity

of the spinel with electrolytes is the most important parameter to

ensure cycling stability above 50 1C.6,7 Therefore, surface coat-

ing has been regarded as the most promising solution for

minimizing Mn dissolution, and solution-based techniques, such

as sol–gel, solution precipitation, and the sonochemical method,

have been used for improving the high temperature cycling of

the spinels.8–18 However, these methods cannot lead to a uni-

form coating layer and can lead to difficulty in controlling the

coating thickness as the coating precursors randomly adhere to

the active materials during drying and annealing. Hence, coating

with a uniform thickness is very difficult to control, and the

segregation of the coating is inevitable. If a metal oxide is

uniformly coated on the spinels, capacity fade from the Mn

dissolution should be significantly reduced, especially under

extended cycling above 60 1C, which is a critical temperature

for HEV application. In addition, it is very challenging to

produce a uniform coating on nanoparticles compared to coat-

ing on bulk particles. Recently, spinels prepared by tailoring the

morphology (mesoporous and hollow)19–21 or atomic layer

deposition22 have been studied to improve the rate capabilities

at room temperature.19–21 However, no studies for improving

both the rate capability and cycle life performance above 60 1C

have been reported.

In this study, a new metal oxide coating method that leads to a

uniform coating layer and control of coating thickness via func-

tionalized spinel surfaces with polyvinyl pyrrolidone (PVP) is

reported. This new coating method was successfully applied to

spinel nanoparticles with a high surface area. Furthermore, MgO

and Al2O3 coatings resulted in superior capacity retention at 65 1C

cycling compared to uncoated and coated spinels without PVP.

Fig. 1a shows a schematic diagram for the PVP-functionalized

metal oxide coating procedure, and as-synthesized spinel nano-

particles were functionalized with PVP groups in distilled water.

Dissolved metal ions were then complexed with the entire PVP

backbone, and the remaining ionic groups (NO3
� or C2O4

�)

dissolved in water were removed by filtering. The filtered powder

was heat-treated at 600 1C for 3 h in air. However, the previous

coatings used a mixed slurry containing the coating solution and

cathode powder for drying and the annealing processes. Accord-

ingly, it was impossible to produce a uniform coating layer.

Fig. 1b shows an SEM image of the uncoated spinel nanoparticles

with a size smaller than 90 nm. Fig. 1c indicates that the surface

morphology of the PVP-functionalized spinel nanoparticles with

absorbedMg2+ ions after drying at 100 1C is completely different

from that of the uncoated spinel nanoparticles.

Element mapping of Mg atoms using energy dispersive X-ray

spectroscopy (EDXS) confirms the presence of Mg throughout

the particles (inset of c). After annealing at 600 1C for 3 h, the

surface morphology is similar to that of the uncoated spinels

Fig. 1 (a) Schematic diagram of the metal oxide coating procedure

and SEM images of (b) uncoated spinel nanoparticles, (c) MgO-coated

PVP-functionalized spinel nanoparticles after drying at 100 1C (inset

of (c) is EDXS of Mg in the particles within the red line), and (d) and

(e) SEM images of (c) after annealing at 600 1C for 3 h in air.
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(the same morphology change after Al2O3 coating). XRD

patterns of the bare, 1 wt% MgO or Al2O3-coated spinels were

indexed based on the cubic spinel structure with a space group

of Fd�3m. The lattice constant a of the uncoated and coated

spinels was estimated to be 8.238 � 0.005 Å and 8.236 �
0.005 Å, respectively (ESI Fig. S1w). 1 wt% Metal-coated

spinels refer to 1 wt% metal oxide-coated spinel nanoparticles

obtained from the thermal annealing of the functionalized PVP

with absorbed metal ions at 600 1C in air (amount of metal

precursor relative to that of the spinel powder was 3 wt%).

Shown in Fig. 2a and c, are the cross-sectional TEM images of

the PVP-functionalized Al2O3 and MgO-coated spinel particles

after annealing at 600 1C. The ramp rate used for reaching 600 1C

was 3 1C min�1 and the particles were maintained at this

temperature for 3 h. When the fast ramp rate was used, the

coating thickness was irregular. This result indicates that a slow

burn-out of PVP is necessary to have a uniform coating layer. The

images show uniform coating layers with a thickness of B8 nm,

and the Al2O3-coated sample had a rough surface morphology,

compared to the MgO-coated nanoparticles after annealing at

600 1C. The inset of image a is the HREM image of the Al2O3

coating layer (dotted circle), and no lattice fringes are observed,

which indicates the formation of an amorphous phase. The line

scan (image b) of an Al2O3-coated nanoparticle across the red line

on image a shows co-diffused Al and Mn atoms in the bulk and

coating layer, indicating the formation of an amorphous Li–

Mn–Al–O solid solution. This solid solution is believed to provide

the Li-ion conduction pathways. The same phenomenon inMgO-

coated spinel nanoparticles, as shown in Fig. 2c, d, and e, is

observed, although the coating layer seems to be denser than for

the Al2O3-coated nanoparticles. The specific surface area deter-

mined by Brunauer–Emmet–Teller (BET) measurements of the

uncoated sample was 19m2 g�1, and was 19 and 18m2 g�1 for the

1 wt% Al2O3 or MgO-coated spinels.

When the spinel nanoparticles were coated with the same

concentration of Mg2C2O4 or Al nitrate precursors without

PVP, the coating thickness was not uniform and approximately

varied from 5 to 20 nm (ESI Fig. S2w). It has been reported that

PVP can trap Mn+ ions.23,24 Mg2+ ions can bind to the PVP-

capped spinel particles, and depending on the amount PVP of

used, the coating thickness can be controlled. When the amounts

of PVP and metal oxide precursors were increased by a factor of

two, the coating thickness increased to 20 nm (ESI Fig. S3w).
However, when the amount of only the metal oxide precursors

was doubled, the coating thickness was not increased effectively.

This means that all of these metal ions were not complexed with

the entire PVP backbone.

Fig. 3 shows the first cycling curves of the bare and 1 wt%MgO

coated spinels under 0.2, 1, 3, 5, and 7 C (1 C=140mA g�1) rates

at 65 1C. The uncoated cathode shows first charge and discharge

capacities of 138 and 129mAh g�1, respectively, with a Coulombic

efficiency of 93%. The discharge capacities at rates of 1, 3, 5, and 7

C are 117, 114, 105, and 78 mAh g�1, respectively, with a capacity

retention of 66% at a rate compared to 1 C. Alternatively, the

1 wt% MgO-coated spinel nanoparticles show first charge and

Fig. 2 (a) TEM images of a cross-section of an Al2O3-coated spinel

nanoparticle after annealing the functionalized spinel nanoparticles at

600 1C (inset is an HREM image of the coating layer indicated with the

dotted white circle); (b) line scan of Al and Mn along the red line in

image a; (c) TEM images of a cross-section of a MgO-coated spinel

nanoparticle after annealing the functionalized spinel nanoparticles at

600 1C; (d) selected area diffraction patterns of the coating layer

indicated with the dotted black circle; and (e) line scan of Mg and

Mn along the red line in image c.

Fig. 3 (a), (b), and (c) Respective first cycling curves of the bare and 1

wt% MgO-coated spinels with and without PVP functionalization

under 0.2, 1, 3, 5, and 7 C (1 C = 140 mA g�1) rates at 65 1C (the

cells were cycled once at different C rates), and (d) plot of discharge

capacity as a function of the cycle number of the bare, and 1 wt%MgO

and Al2O3-coated spinels functionalized with PVP out to 95 cycles at a

rate of 1 C in coin-type half cells between 3 and 4.3 V at 65 1C.
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discharge capacity values of 137 mAh g�1 and 134 mAh g�1,

respectively, with a Coulombic efficiency of 98% and a 5%

improvement compared to the uncoated sample. The discharge

capacities at rates of 1, 3, 5, and 7 C (1 C= 140 mA g�1) are 129,

125, 121, and 119 mAh g�1. The capacity retention at a 7 C rate is

92%, an improvement of 26% from the bare cathode. Alterna-

tively, 1 wt% MgO-coated spinels without functionalizing PVP

show a decrease of discharge capacity to 119 mAh g�1, and with

increasing C rates, the initial voltage drop is greater than that for

the same material with functionalizing PVP. This indicates the

enhanced structural degradation of the spinel particles. For

example, the first discharge voltages of the MgO-coated spinels

with and without functionalizing PVP were 4.1 V and 3.8 V,

respectively. The discharge capacity of the MgO-coated spinels

without functionalizing PVP is 102 mAh g�1 at a rate of 7 C,

which is less than with functionalizing PVP. Moreover, when the

cycling test is performed at a 1 C rate for 95 cycles at 65 1C, the

capacity retention difference was more significant. Fig. 3d shows

the cycle life performance of the uncoated, 1 wt% Al2O3, and

MgO-coated spinels functionalized with or without PVP at 65 1C

for 90 cycles at a rate of 1 C between 3 and 4.3 V in coin-type half

cells. The capacity retention of the uncoated sample approaches

zero after 35 cycles, while MgO and Al2O3-coated samples show

95% and 90% retention, respectively. The improved capacity

retention of the cell containing the MgO coating compared to

the Al2O3 coating is believed to be due to the denser coating.

However, the MgO-coated sample without functionalizing PVP

shows a capacity fade similar to that with functionalizing PVP up

to 30 cycles, after which a rapid fade out to 100 cycles is observed

with a capacity retention of 10%. This is due to localized coating

and an abnormally thick coating layer (ESI Fig. S2w).
Compared with previous studies using metal oxide coatings, the

results show much improved results even though the cells were

tested at a higher temperature. In the case of 5.5 wt% MgO-

coated LiMn2O4 prepared by the sonochemical method,13 a

discharge capacity of B65 mAh g�1 from a first discharge

capacity of 118 mAh g�1 was shown, while an uncoated bulk

sample decreased from 50 mAh g�1 to 120 mAh g�1 after 100

cycles at 60 1C and a rate of 0.2 C. In the case of 3–5 wt% Al2O3-

coated LiMn2O4 prepared by a solution method,11 the discharge

capacity after 100 cycles was 109 mAh g�1 from a first discharge

capacity of 130 mAh g�1 at 60 1C and a rate of 0.5 C. However,

an uncoated sample delivered over 60% capacity retention,

showing a discharge capacity of 78 mAh g�1 from a first

discharge capacity of 132 mAh g�1, even after 100 cycles at

60 1C. Much improved capacity retention of the uncoated sample

in this study, compared to our uncoated sample is due to the

difference in BET surface area, and previous research used

commercially available spinel powder, which usually has a BET

surface areao2 m2 g�1. It has been reported that capacity loss at

55 1C is increased by a factor of two when the BET surface area

increases by a factor of six.7

The amount of dissolved Mn significantly increases in the

uncoated cathode after 100 cycles, to 8000 ppm, but it decreases

to 130 ppm for the coated cathode functionalized with PVP (the

amount of the dissolved Mn in all the samples before cycling was

negligible, showing o40 ppm). Alternatively, the amount in the

coated cathode without functionalizing PVP was 6000 ppm,

demonstrating that Mn dissolution was the main source of poor

cycling performance at 65 1C, and the substantial amount of Mn

dissolution indicates that dissolution was an integral part of the

overall elevated temperature failure mechanism. XRD diffraction

data of the cycled electrode also show more defective phase

formation in the uncoated and MgO coating without PVP

functionalization than in MgO coating with PVP functionaliza-

tion (ESI Fig. S4w). In this regard, uniform MgO and Al2O3

coatings throughout the PVP are very effective in reducing the

reactivity at the spinel surface and electrolyte interface.

In conclusion, PVP functionalized metal oxide coatings on

spinel nanoparticles demonstrated significantly improved rate

characteristics under extensive cycling at 65 1C and exhibited

over 100% improved capacity retention compared to the bare

counterpart. The improved rate and capacity retention were

associated with the uniform and dense MgO coating layer mini-

mizing the Mn dissolution from the spinel lattice. It is believed

that this simple new coating method can be used on other cathode

materials, such as LiCoO2, LiFePO4, and LiNi1�xMxO2.
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