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ABSTRACT: The LiMn, ¢Ni,;O, spinel is an important lithium ion battery cathode
material that has continued to receive major research attention because of its high
operating voltage (~4.8 V). This study interrogates the impact of microwave irradiation
on the Mn*" concentration and electrochemistry of the LiMn, (NiysO, spinel. It is
shown that microwave is capable of tuning the Mn®* content of the spinel for enhanced
electrochemical performance (high capacity, high capacity retention, excellent rate
capability, and fast Li* insertion/extraction kinetics). This finding promises to
revolutionize the application of microwave irradiation for improved performance of

the LiMn, sNi, 5O, spinel, especially in high rate applications.
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B INTRODUCTION

Lithium-ion batteries (LIBs) have been described as the next
generation of energy-storage devices for a variety of everyday
applications such as electric vehicles, laptop computers, cell
phones, etc. LiMn,O, has received considerable attention as a
cathode material for lithium-ion batteries as it is a low-cost and
eco-friendly cathode material that can replace LiCoO,, which is
expensive and toxic."” Considering that LiMn,O, has a
relatively low operating voltage and suffers from capacity loss
during cycling, the Mn site in LiMn,O, has been substituted by
various cations such as Co, Cr, Al, etc.®™> The spinel cathode
material, LiMn, (Ni;O,, is considered an advanced LIB
material and has been receiving major research attention
because of its high operating voltage (~4.8 V) and the high
intrinsic rate capability.’ Because of this high operating voltage,
the LiMn, ;Niy5O, full cells are shown to have an average
(operating) voltage of ~3.4 V with an appropriate anode."
Despite its many advantages, LiMn, sNi, O, still encounters
many obstacles for high-rate applications. It is very difficult to
synthesize a pure and stoichiometric Li;_,[NiysMn, ]O, spinel
as Li)Ni;_,O (impurity) appears as a se6c$nd phase, negatively
impacting the electrochemical behavior.”

LiMn, (Niy O, has two different crystal structures; (i) the
stoichiometric ordered, composed only of Mn*', and (ii) the
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nonstoichiometric disordered, face-centered cubic structure
(Fd3m) composed of Mn* and Mn*". The ordered phase
(LiNiy¢Mn, ;O,) is a primitive simple cubic structure (P4,32)
in which Ni, Mn, and Li atoms respectively occupy the 4a, 12d,
and 8c sites, whereas the O atoms reside in the 8c and 24e sites.
The nonstoichiometric (LiNipsMn, O, ) is a face-centered
cubic structure (Fd3m) where Ni and Mn atoms are randomly
distributed in the 16d sites, whereas Li and O occupy 8a
tetrahedral sites and 32e sites, respectively.® It has been well-
established that the preparation of either of the phases is
determined by the annealing temperatures, ordered spinel at T
= 700 °C and disordered spinel at T > 700 °C’ (eq 1)'7"*

LiMn, (Niy O, < aLiNij_,O + SLiMn, 5, Niy; 0, ,

(1)

The electrochemical performance of this spinel as a cathode
material for lithium ion battery is intricately linked to the (i)
presence of Mn®" ions and/or the degree of disorder, (ii)
doping/substitution with cations, and (iii) presence of

+ 70, (T > 700°C)
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Li,Ni;_,O impurity. These factors explain why it still remains a
huge challenge to correlate synthesis, structure and perform-
ance of this spinel material. The electrochemical performance
of the disordered spinel is better than the ordered one mainly
because of the enhanced Li* diffusion coefficient in the former.
The formation of the disordered spinel is usually accompanied
with the Li,Ni;_,O phase that lowers the obtainable capacity.
To maintain charge neutrality in the disordered spinel (as a
result of the loss of oxygen) part of the inactive Mn** ions are
reduced to Mn*" ions. The redox-active Mn>** improves the
spinel electronic conductivity, and gives a small signature peak
plateau around 4 V. Higher Mn®" ion content delivers a better
discharge capacity at higher charge/discharge rates because of
the improved electronic conductivity. However, a high
concentration of Mn®" would lead to disproportionation
reactions that produce soluble Mn®* in the electrolyte, which
may cause severe capacity fading.">'* In a nutshell, if every Mn
ion in the spinel is maintained at the 4+ state, we will only
obtain a stoichiometrically ordered LiNi,Mn, ;O,, an undesir-
able situation that may conspire against the fast Li* trans-
portation. It is understandable therefore why the amount of
Mn*" ions is considered quite critical in determining the
electrochemical performances of the spinel. In a recent report,
Xiao et al." elegantly showed that the concentration of Mn®*
ions in the spinel lattice is controlled by combining
postsynthesis annealing and partially substituting Ni** with
Cr**. In summarizing their findings, the authors concluded that
the “comparison of the electrochemical performances of spinels
with different Mn®" contents demonstrates that careful control
of the amount of Mn®" ions and, thus, the disordered phase, is
the key for synthesis of high-performance spinel and provides
valuable clues for understanding the structure—property
relationships in energy materials”. To our knowledge, there
are four reported methods for controlling the Mn** content in
LiNipsMn; sO4; (i) careful control of the cooling rate after
high-temperature calcination;'* (i) partial substitution of Ni
and/or Mn with elements such as Co, Al, Ti, Fe, Cr, Ru, or
Mg;é’ls’ls_18 (iii) combined postsynthesis annealing and partial
substitution of Ni with Cr;"* and (iv) long-hour acidic
treatment.'”

In this report, we introduce microwave-assisted synthesis as
an elegant strategy to control the Mn®* concentration (degree
of disorder) and enhance the electrochemical performance of
the LiMn, {Ni;sO, spinel material. Our proposed strategy is
novel, simple, fast, and efficient, and importantly, promises to
avoid many of the disadvantages associated with the state-of-
the-art procedures such as (i) the use of energy-intensive and
time-consuming careful controlling of the cooling rates after
high-temperature calcination or the postsynthesis annealing;
(ii) partial substitution of Ni or Mn with expensive metals (e.g.,
Ru), which may be toxic and environmentally unfriendly (e.g.,
Cr); and (iii) long-hour acid treatment.

The use of microwave irradiation to improve the perform-
ance of metallic materials has long been known,**?*" and we
recently showed how the microwave irradiation can be used to
induce top-down nanostructuring for enhanced performance of
core—shell palladium-based catalyst.”> The microwave-en-
hanced chemical reaction is dependent upon the efficient
interaction of molecules with the electromagnetic waves. Unlike
the traditional heating process, the temperature of the
surrounding in the microwave heating process is colder than
that of the target sample (i.e., “in-core” heating, generated from
within the sample). Although the mechanism of microwave-
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matter interaction is not perfectly understood, it is thought to
occur via two physical phenomena, the electric (E) and
magnetic (H) field vectors."

B EXPERIMENTAL SECTION

The LiMn,NiysO, was prepared by a one-step powder-forming,
Pechini-modified method involving the use of citric acid (CA),
ethylene glycol (EG), and nitrate salts.*” The reducing agent, CA
(dissolved in deionized water) and EG was mixed in the ratio 1:4 (CA:
EG) and heated at 90 °C while being stirred constantly for 30 min.
Stoichiometric amounts of LiNO; Ni(NO,;),-6H,0 and Mn-
(NO;),-4H,0 were dissolved in deionized water and introduced
dropwise to the CA/EG solution. After heating the resultant solution
to and maintaining it at 90 °C with constant stirring, the viscosity of
the solution increased constantly because of evaporation of the water;
the viscous solution subsequently dehydrated into a gel. The gel was
kept at a temperature of 90 °C until the gel spontaneously burnt
(typically about 30 min after the salt-containing solution was added to
the reducing agent) to form the desired powder. The powder was
preheated at 500 °C for 6 h to get rid of the carbonaneous materials,
and then annealed at 700 or 800 °C for 8 h (herein referred to as
LMN-700 or LMN-800, respectively). To study the impact of
microwave irradiation, two batches of the preheated powder at 500
°C were subjected to microwave irradiation (using the Anton Paar
Multiwave 3000 system, A = 0.12236 m) at 600 W for 15 min, where
the temperature of the samples reached a maximum of 60 °C
(measured with an infrared thermometer, which is approximately S cm
away from the bottom of the vessel containing the powders), and then
annealed at 700 or 800 °C for 8 h (herein referred to as LMN-700-mic
or LMN-800-mic, respectively).

The structural characterization was done by XRD using a Bruker
AXS D8 ADVANCE X-ray Diffractometer with Ni-filtered Cu K,
radiation (A = 1.5406 A) for the LMN-700/LMN-700-mic and a
PANalytical X'pert Pro Powder Diffractometer with Fe-filtered Co K,
radiation (A = 1.7890 A) for the LMN-800/LMN-800-mic. The
scanning speed was 0.02° per step with a dwell time of S s for all
samples. The LMN-700/LMN-700-mic and LMN-800/LMN-800-mic
powders were mounted in a PHI 5400 ESCA and PHI 5000
Versaprobe—Scanning ESCA Microprobe vacuum chambers with base
pressures <1 X 107* Torr. X-ray Photoelectron Spectroscopy (XPS)
was performed for LMN-700/LMN-700-mic and LMN-800/LMN-
800-mic using a nonmonochromatic aluminum (Al) K, source (1486.6
eV) and an Al monochromatic K, source (1486.6 eV), respectively.
The XPS data analysis was performed with the XPS Peak 4.1 program
and a Shirley function was used to subtract the background.

Electrochemical measurements were performed in a two-electrode
coin cell (LIR-2032) assembled with the LMN materials as the positive
electrode and lithium metal foil as the negative electrode using a
MACCOR series 4000 tester. The cathodes were prepared by coating
the slurry of a mixture composed of 80% active material, 10%
acetylene black, and 10% polyvinylidene fluoride onto cleaned and
polished aluminum foil, with active mass loading of ~2.5 mg.
Subsequently, the materials were dried at 90 °C under vacuum (~1 X
107" Torr) for 24 h. The cells were assembled in an argon-filled
MBraun glovebox (O,, H,0 < 0.5 ppm). The electrolyte was 1 M
LiPF; in a mixture of 1:1 (v/v) EC:DMC. A polypropylene film
(Cellgard 2300) was used as the separator.

Bl RESULTS AND DISCUSSION

Figure 1 shows typical FESEM images of (a) LMN-800 and (b)
LMN-800-mic, the latter depicting a spider weblike layered
morphology made up of interconnected primary crystallites
with hierarchical pores. The difference in the morphologies is
due to the microwave irradiation that changes the growth
kinetics. The LMN-800 sizes ranged between ~50 and 200 nm
and LMN-800-mic between ~50 and 100 nm. The LMN-700
particle sizes ranged between ~100 and 200 nm, whereas those
of the LMN-700-mic ranged between ~50 and 100 nm (Figure
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Figure 1. Typical FE-SEM images of (a) LMN-800 and (b) LMN-
800-mic. Scale bar = 200 nm.

SI 1 in the Supporting Information). Thus, the particle sizes of
the microwave-treated samples are smaller than the bare
samples, suggesting that upon microwave irradiation, crystal-
lization of the spinel is almost complete thus making further
particle growth via annealing (at 700 or 800 °C) slow
compared to the bare samples.

The powder XRD patterns (Figures 2 and Figure SI 2 in the
Supporting Information) are characteristic of the cubic spinel
structures with the microwave-treated samples showing sharper
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Figure 2. Typical powder X-ray diffraction patterns of (a) LMN-800
and (b) LMN-800-mic.
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diffraction peaks than the bare samples, meaning that
microwave irradiation enhanced crystallinity in the spinel.
The impurity phase is virtually nonexistent in the materials.
The lattice parameters (a-value/A and unit cell volume/A?)
were calculated as 8.153 A and 541.907 A? for the LMN-700;
8.160 A and 543.170 A3 for the LMN-700-mic; 8.180 A and
547.417 A3 for the LMN-800; 8.179 A and 547.109 A3 for the
LMN-800-mic. These values are comparable to values in the
literature.”®

From the XRD patterns of the LMN-700 and LMN-700-mic,
the latter shows preferential crystal growth according the (111)
reflection (Figure SI 2 in the Supporting Information), which
may be ascribed to the microwave irradiation that changes the
crystal growth kinetics. The slight increase in the lattice
parameters for the pristine 800 sample compared to its 700
counterpart further proves that the 800 sample is Mn**-
enriched (disordered phase). The increase in the lattice
parameter for the LMN-700-mic indicates the creation of
some oxygen vacancies in the spinel structure following the
microwave irradiation process which causes some Mn*" ions to
be converted to Mn*" due to charge compensation.">** On the
other hand, the lattice parameters for the LMN-800 and LMN-
800-mic suggests a slight decrease in the oxygen vacancies for
the microwave-irradiated disordered material. This is interest-
ing as it suggests that at the experimental conditions employed
in this work, microwave irradiation simply adjusts the Mn®"
content to a lower value. As we will see later, these adjustments
of the Mn*"/Mn*" ratios (or oxygen vacancy concentration)
have profound effects on the electrochemical properties of the
spinel as a cathode material for lithium ion battery.

During the microwave treatment that follows the preheating
process, the microwave energy exerted onto the sample
penetrates the sample and oxygen vacancies are created.
Then the sample is annealed at a temperature lower than the
onset temperature to create oxygen vacancies (T = 700 °C),’
which will cause no further increase in the oxygen vacancies in
the lattice. Therefore, it is seen that with the microwave
treatment, oxygen vacancies are created and with the annealing
process at T = 700 °C it remains in the lattice. When the LMN-
800 is treated with microwave radiation, oxygen vacancies are
created in the lattice. When annealed at 800 °C the oxygen-
deficient cathode material will allow oxygen back into the lattice
to achieve an equilibrium concentration. Also, the so-called
specific or nonthermal microwave effects can still still play a
role, though this is still a subject of some controversy.*>>°

To determine the actual amounts of the Mn** and Mn* in
the spinel, XPS experiments were performed for the powdered
spinel samples. Figure 3 show the deconvoluted, detailed XPS
of the Mn 2p;/, peaks of the LMN-700/LMN-700-mic and
LMN-800/LMN-800-mic samples. Two peaks (as marked) are
attributed to Mn** and Mn*" and another (in the LMN-700/
LMN-700-mic spectra) to a Ni Auger peak. The binding energy
peak positions corresponding to Mn*' and Mn’" are
comparable with other binding energy values reported in
literature.””**

As shown in Table 1, the ratio of Mn** to Mn*" (i.e., Mn**/
Mn*) is 2.2 and 3.3 for the LMN-700 and LMN-700-mic,
respectively. This increase in the Mn®" content is in good
agreement with the XRD data of the increased a-lattice
parameter, further confirming that microwave irradiation causes
oxygen deficiency causing the Mn*" to be converted to Mn** in
the ordered spinel. For the LMN-800 and LMN-800-mic, the
Mn?**/Mn*" is 2.6 and 1.7, respectively. Again, this is in good
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Figure 3. X-ray photoelectron spectra of the Mn 2p;, peak of (a) LMN-700, (b) LMN-700-mic, (c) LMN-800, and (d) LMN-700-mic.

Table 1. Mn 2p3,, Peak Positions and Cation Distribution

binding ener

position (eV. cation distribution

sample Mn* Mn**  Mn* (%) Mn* (%) Mn®"/Mn*
LMN-700 6432 6421 31.5 68.5 217
LMN-700-mic 6434 6422 23.4 76.6 327
LMN-800 6434 6421 27.9 72.1 2.58
LMN-800-mic 6433 6419 37.5 62.5 1.67

agreement with the XRD data that predicted a slight downward
adjustment of the Mn*" content of the disordered sample.

Figure 4 displays the cyclic voltammetric evolutions of LMN-
700/LMN-700-mic and LMN-800/LMN-800-mic cathode
materials, depicting the Li extraction/insertion behavior of
the samples. The CVs of the bare and microwave-treated
samples are significantly different, the latter showing better
resolved and sharper peaks than the former. The difference in
the peak-to-peak potential (AE,) for the Ni**/Ni** redox
couple is smaller for the LMN-700-mic (0.288 V vs Li/Li")
than the LMN-700 (0.637 V vs Li/Li*), a clear indication that
the microwave-treated sample is more reversible with faster
electrochemical kinetics than the bare samples. In addition, the
Mn*"/Mn*" redox wave at 4 V is more defined than that of the
bare samples. The peaks for the disordered spinel are more
resolved with narrower AE, than those of the ordered spinels.
The AE, for the nickel peaks, Ni**/Ni** (II/V or II'/V’) and
Ni**/Ni** (III/IV or III'/IV’), are smaller (0.219 and 0.165 V)
for the LMN-800-mic than the LMN-800 (0.371 and 0.287 V),
meaning that the LMN-800-mic gives faster lithium extraction/
insertion kinetics.
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Figure 5 compares the first and 25th discharge profiles of
LMN-700/LMN-700-mic and LMN-800/LMN-800-mic dis-
charged at 0.1 C (14 mA g '). Unlike the materials obtained at
700 °C, the samples from 800 °C showed well-defined plateaus
at 4 V due to the Mn*/Mn*" redox couple, signature of
‘disordered’ spinel. In addition, the Ni**/Ni** and Ni**/Ni*"
redox couples of the disordered spinel are activated upon
cycling, suggesting some structural changes induced by
electrochemical cycling. The Mn**/Mn*" peaks are well-defined
in the 800 °C compared to the 700 °C samples. The capacity of
the LMN-700 decreased from the first cycle (103 mAh/g) to
the 25th cycle (96 mAh/g), which is typical of ordered spinel.””
However, upon microwave treatment, the initial capacity of the
LMN-700-mic (117 mAh/g) increased to 130 mA h/g at the
25th cycle. For the 800 °C samples, the initial cycles of the bare
and the microwave-treated samples (105 and 125 mA h/g,
respectively) increased upon cycling (117 and 138 mA h/g at
the 25th cycle, respectively). This increase in capacity upon
cycling could be atributed to the wetting process of the
electrodes with the electrolytes prior to stabilization of the
electrochemical reactions.® The higher performance of the
LMN-800-mic over the bare sample suggests the intrinsic
ability of microwave irradiation to adjust the Mn®" concen-
tration in the spinel for enhanced electrochemistry.

Next, we explored the cycle stability of the spinel samples at
50 repetitive cycles. This number of cycle was chosen as it
provided enough information for the comparative studies, and
also considering that other workers have used the same
number®' or even less®” for the same LMN spinel. Figure 6
compares the cycle stability of the bare and microwave-treated

dx.doi.org/10.1021/am401894t | ACS Appl. Mater. Interfaces 2013, 5, 7592—7598
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Figure 4. Representative cyclic voltammograms of (a) LMN-700/
LMN-700-mic and (b) LMN-800/LMN-800-mic obtained at a scan
rate of 0.1 mVs™".

samples, which clearly proves that microwave irradiation
improves the cyclability of the spinels (for both the ordered
and disordered structures, with the latter benefitting the most).
The extreme capacity fading for the 700 °C samples after the
25th cycle is related to the high amount of the nonconductive
Mn*" ions in the spinel. This fading behavior is consistent with
LMN obtained at 700 °C regardless of the synthetic method or
particle size."”" It is interesting, however, to observe that
microwave irradiation may serve as a viable strategy to improve
the capacity retention for such LMN at 700 °C.

As indicated by Figure 7, the best performance is always
obtained by the LMN-800-mic sample, with a capacity
retention of ca.100% between the 10th and S50th cycle,
compared to the capacity retentions of ~97 and 84% for
LMN-800 and LMN-700-mic, respectively. The excellent
capacity retention of the LMN-800-mic may be partly due to
the higher connectivity of the nanoparticles as seen in the
FESEM pictures, and partly to the “appropriate” amount of
Mn*" induced by the microwave irradiation. In general, it is
common knowledge that the LMN sample obtained at higher
temperature (800 °C, disordered) shows better electrochemical
performance than the 700 °C (ordered). Some of the reasons
may be due to the better crystallinity and increased conductivity
for the the Mn®" compared to the Mn*".

For high-power applications, good rate capability is of utmost
importance for any cathode materials for lithium-ion battery. In
this study, the 800 °C samples were charged at 14 mA/g (0.1
C) and discharged between 70 mA/g (0.5 C) and 1400 mA/g
(10 C). Figure 7 clearly proves that microwave treatment
greatly enhances the rate capability of the spinel material. The
high rate capability of the LMN-800-mic compared to the
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Figure S. 1st (solid line) and 25th (broken line) discharge curves of
LMN-800/LMN-800-mic at 0.1 C.

LMN-800 suggests that lithium-ion diffusion path length is
shorter in the former than the latter. Our results are comparable
and even superior to many LMN samples obtained by the
Pechnini method”'? and other methods.”"** For example, at a
high current density (e.g, S C), our LMN-800-mic recorded
above 100 mAh/g, which compares with the values for the
micrometer-sized carbon-coated LMN obtained by carbon-
ization of sucrose at 850 °C, and even much better than the
uncoated LMN sample that gave only about 70 mA h/g.*’

Considering the high performance of the disordered LMN-
800 and LMN-800-mic materials, further studies on their
lithium diffusive properties were explored using the electro-
chemical impedance spectroscopy (spectra not shown) and
employing the established equation®*

2RT

2
Dy = =
[ V2n*F*6AC, ) @)

where Dy; is the diffusion coefficient of lithium ions, R the gas
constant, T the absolute temperature, A the geometric surface
area of the cathode, F the Faraday constant, n the number of
electrons transferred per molecule during oxidation and Cy; the
lithium concentration in the cathode material. The Warburg
factor, o, is the obtained from the slope of the real impedance
(Z') vs the reciprocal square root of the frequency in the low
frequency region (@™"/*) (Figure 8).>* The estimated diffusion
coefficients showed that the microwave treated sample is about
an order of a magnitude (ca. 1.3 X 107> cm® s™") higher than
the bare sample (ca. 2.7 X 10™"* cm?s™"). The Dy; values are in
the same range found in the literature %>

2R*T?

2422
n*Fie’ACl
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Figure 7. Typical rate capability plots for the LMN-800 and LMN-
800-mic, charged at 0.1C but discharged at different rates, 0.5—10C.

Bl CONCLUSIONS

This work has shown, for the first time, that microwave
irradiation is capable of tuning the Mn®" concentration (and
hence the degree of disorder) for enhanced electrochemical
performance (high capacity, high capacity retention, excellent
rate capability, and fast Li* insertion/extraction kinetics) of the
high-voltage LiMn, sNi, ;O, spinel cathode material for lithium
ion battery. Indeed, this preliminary finding promises to
revolutionize the application of LiMn, sNi;sO, spinel for high
rate applications. However, further studies toward micrometer-

sized spinel, thermal stability, and scale-up will be needed.
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