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A hybrid synthesis procedure, combining microwave irradiation and conventional annealing process, is described for the preparation
of lithium-rich manganese-rich cathode materials, Li[Li0.2Mn0.54Ni0.13Co0.13]O2 (LMNC) and its aluminum-doped counterpart,
Li[Li0.2Mn0.52Ni0.13Co0.13Al0.02]O2 (LMNCA). Essentially, this study interrogates the structure and electrochemistry of these
layered cathode materials when subjected to microwave irradiation (these microwave-based produced are abbreviated herein as
LMNC-mic and LMNCA-mic). The nanoparticulate nature of these layered cathode materials were confirmed by SEM. The crystallinity
and layeredness were determined from the XRD analysis. The XPS measurements proved a definite change in the oxidation states of
the manganese due to microwave irradiation. The galvanostatic charge-discharge characterization showed that the aluminum-doped
cathode material obtained with the assistance of microwave irradiation has superior electrochemical properties. In summary, the
electrochemical performance of these cathode materials produced with and without the assistance of microwave irradiation decreased
as follows: LMNCAmic > LMNCA > LMNCmic > LMNC.

With the burgeoning world population and the ever-increasing de-
mand for energy, it comes as no surprise that the world faces an energy
crisis with fossil fuels depleting and causing global warming. In an
effort to keep up with these demands energy conversion technolo-
gies with lithium ion battery research, for energy storage, are at the
forefront. The Li[Li0.2Mn0.54Ni0.13Co0.13]O2 (LMNC) is a well-known
lithium-rich lithium ion battery cathode material.1–4 These layered
cathode materials are unfortunately still plagued by numerous short
comings and new strategies explored are the topic of many research
reports. Two of these short comings are the cycling ability and the
rate capability.5,6 It has been accepted a priori that the oxidation state
of Mn is 4+ and very unlikely 3+, but this could lead to misinterpre-
tation of data related to layered cathode materials. Interestingly, this
was shown not to be the case and that the layered cathode material
consists of a mixture of Mn3+ and Mn4+ in the starting material.7 It
becomes then important to know the ratio in the starting layered cath-
ode material since the average valence number of manganese plays a
critical role in the capacity retention and rate capability of the battery.

In a previous study,8 we demonstrated that doping the LMNC
with very small amount of aluminum (i.e., Li[Li0.2Mn0.52Ni0.13Co0.13

Al0.02]O2 (LMNCA)) improved the rate capability and cycling sta-
bility compared to the standard LMNC. This was attributed to the
increased c lattice due to Al doping that caused a better Li diffusion.
With the minute Al-doping (the same as the present work) there was
an increase in the stability but an initial lowered discharge capacity
compared to the LMNC. This was explained by the redox-inactive Al.
It was also shown from the XPS experiments that the oxidation state
of Mn decreases by substituting Mn with Al. In the present work, we
introduced microwave irradiation as a strategic step in the synthesis
process with a view to observing the impact of microwave irradia-
tion on the physico-chemical properties of these two layered cathode
materials (LMNC and LMNCA). We clearly prove that microwave
irradiation leads to improved structure and electrochemical perfor-
mance. Interestingly, contrary to the former finding where the doping
with aluminum led to an increase in the Mn3+ content, our strategic
pre-annealing stage microwave irradiation resulted in the decrease of
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the Mn3+ concentration. In a nutshell, the inclusion of microwave
irradiation step in the production process enhances the electrochem-
ical performance of both LMNC and LMNCA in terms of capacity,
cyclability/capacity retention, and rate capability.

Most experiments with microwave heating reveal results differ-
ent from those obtained with conventional heating processes.9,10 Two
main hypotheses underlying the microwave effects are known. The
first assumes the existence of a purely thermal effect (i.e. hot spots and
temperature gradient) by dipolar polarization and ionic conduction.11

The second theory assumes that, besides thermal effects there are also
non-thermal effects like molecular interaction with the electromag-
netic field as shown by Roy et al.12 It is generally accepted that there
are a number of characteristics specific to microwaves as agents for
promoting chemical reactions: (i) the quantum energy of microwaves
(10−5 eV) which is much lower than that of chemical bonds mak-
ing it improbable for microwaves to break or weaken bonds within
molecules; (ii) the intensity of electric and magnetic fields that is
unable to cause the shift of any chemical reaction equilibrium.

Generally speaking, the synthesis process for electrode materi-
als for lithium ion batteries involves two main conventional heating
stages; (i) the initial pre-heating or calcination stage (usually about
500◦C, between 7 and 10 hours), and (ii) annealing stage (≥700◦C,
between 8 and 36 hours). However, to the best of our knowledge, re-
searchers who have used microwave-assisted synthesis for the prepa-
ration of electrode materials have done so with the view of using
microwave irradiation as a means of achieving fast heating or anneal-
ing process, thereby reducing the synthesis time. This explains why,
for example, Balaji et al.10 in their ‘review of microwave synthesis
of electrode materials for lithium-ion batteries’ observed and rightly
concluded that an economical process of synthesizing electrode ma-
terials could be the use of microwave radiation as the primary stage of
pre-heating/calcination with the conventional high-temperature an-
nealing at a later stage. The aim of our work is not to replace any of
the conventional heating stages with microwave heating, as is gen-
erally the case with most researchers, but rather to incorporate fast
microwave irradiation (∼20 minutes) as a part of the primary pre-
treatment stage with the view of tuning the physico-chemical proper-
ties of the materials. This work presents the first report on this type of
microwave treatment on layered cathode materials and proves that the
process is capable of positively impacting on the structural and elec-
trochemical integrity of LMNC and LMNCA for lithium ion battery.



Figure 1. FESEM images of (A) LMNC-mic at low magnification, (B) LMNC-mic at high magnification, (C) LMNCA-mic at low magnification and
(D) LMNCA-mic at high magnification.

Experimental

The parent Li[Li0.2Mn0.54Ni0.13Co0.13]O2 (LMNC) and Al-doped
Li[Li0.2Mn0.52Ni0.13Co0.13Al0.02]O2 (LMNCA) precursor powder ma-
terials were prepared using the modified Pechini method,8 using citric
acid (CA), ethylene glycol (EG) and metal (Li, Ni, Co, Al) nitrates
as starting materials. The reducing agent, CA (dissolved in deionized
water) and EG was mixed in the ratio 1:4 (CA : EG) and heated at
approximately 90◦C while constantly stirring for 30 minutes. Stoi-
chiometric amounts of LiNO3, Ni(NO3)2 · 6H2O, Co(NO3)2 · 6H2O,
Mn(NO3)2 · 4H2O and AlN3O9 · 9H2O were dissolved in deionized
water and then introduced, drop-wise, to the reducing solution. The
solutions were then dehydrated into gels. The gels were kept at a
temperature of 90◦C until the solutions spontaneously formed the de-
sired powders. The precursor powders (LMNC and LMNCA) were
preheated at 500◦C for 6 h and each divided into two batches. The
one batch was annealed at 700◦C for 8 h (LMNC and LMNCA). The
other half was irradiated with microwaves (λ = 0.12236 m), where
the power was increased at a rate of 60 W per minute to 600 W and
irradiated at this power for 15 min (the temperature of the samples
reached a maximum of 60◦C) and then annealed at 700◦C for 8 h
(LMNC-mic and LMNCA-mic).

Results and Discussion

Figures 1A–1D compares the SEM images of LMNC-mic and
LMNCA-mic, showing that the synthesized materials comprised of
nano-sized particles with sizes in the 250–300 nm range for the
LMNC-mic (see Figure 1A and 1B), and 100–200 nm range for the
LMNCA-mic (see Figures 1C and 1D). These particle sizes are com-
parable to the un-microwaved samples with sizes in the 50–100 nm
range for the LMNC, and 50–200 nm range for the LMNCA.8

Figure 2 shows the XRD spectra of the LMNC-mic and LMNCA-
mic recorded from 2θ = 10◦–90◦. All the peaks are attributed to the
typical peaks of a hexagonal phase with space group R3̄m. Also,
the XRD patterns showed weak peaks around 21.8◦ (Fig. 2 inset)
which can be attributed to the superlattice structure of Li2MnO3,
which by contrast adopts the C2/m space group.13–15 The intensity
ratio of the 101/(006 + 102) peaks are greater than 2 which is an
indication that the cation mixing between Li and transition metal
layers is small.16 The lattice parameters, a and c, were calculated

Figure 2. XRD patterns of LMNC-mic (Li[Li0.2Mn0.54Ni0.13Co0.13]O2) and
LMNCA-mic (Li[Li0.2Mn0.52Ni0.13Co0.13Al0.02]O2). The inset is the zoomed
portion of the peaks due to the superlattice structure of Li2MnO3.
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Table I. Structure parameters of the LMNC and LMNCA samples.

Sample a (Å) c (Å) c/a

LMNC-mic 2.852 ± 0.057 14.216 ± 0.284 4.985 ± 0.100
LMNC 2.852 ± 0.057 14.173 ± 0.081 4.970 ± 0.100
LMNCA-mic 2.846 ± 0.057 14.233 ± 0.284 5.001 ± 0.100
LMNCA 2.853 ± 0.057 14.238 ± 0.285 4.990 ± 0.100

using the Rietveld and least squares methods and are summarized in
Table I.

The lattice parameters a and c represent the interlayer metal-metal
distance and the inter-slab distance, respectively. It is known that Li
ions in addition to the transition metals are found in the predominantly
transition metal layers and vice versa, which is termed cation disorder.
By decreasing the cation disorder, the diffusion of Li is increased. The
LMNCA-mic has a higher c/a ratio, indicating a higher cation ordering
compared to the LMNC-mic. There is no significant change in the a
lattice parameter but a slight increase in the c lattice parameter when
doped with a minute amount of Al (x = 0.02) which may be attributed
to the increased ionic radius of Al3+ (r(Al3+) = 53.5 pm)17 compared
to the smaller ionic radius of Mn4+ (r(Mn4+) = 53.0 pm).18 Also, the
increase in the c lattice parameter, in layered materials, is associated
with faster Li diffusion due to the decrease in the activation energy
of Li hopping.19 Again, the LMNCA-mic shows a greater c lattice
and thus faster Li diffusion is expected that would result in better rate
capability compared to the cathode materials LMNC, LMNCA and
LMNC-mic. The c/a ratio is an indication of the hexagonal setting,
with a larger ratio indicating higher cation ordering. Partial cation
mixing is said to occur if the c/a ratio falls below 4.96.20–24 The c/a
ratios obtained for all the samples clearly confirm the formation of
the layered structures for both the microwave-treated and standard
samples.

Figure 3 shows the detailed XPS spectra of the Mn 2p3/2 peaks of
the LMNC-mic (Figure 3A) and LMCA-mic (Figure 3B).

There is a broadening in both the peak widths, an indication that
the Mn exist in more than one oxidation state. In order to confirm the
oxidation states and to approximate their contribution to the total peak,
the Mn 2p3/2 of the LMNC and the LMNCA peaks were deconvoluted
into two and three peaks, respectively, as this gives the best statistical
fit. The third peak (‘sat’) observed from the LMNC-mic is a satellite
peak usually ascribed to an electron hole, with a relatively longer
life-time, created in the core levels.8 The obtained binding energy
positions and cation distribution are summarized in Table II.

The binding energy peak positions corresponding to Mn4+ and
Mn3+ are comparable with other binding energy values reported in the
literature.24,25 The microwaved materials show slightly higher average
Mn valence number compared to their corresponding un-microwaved
materials (i.e., LMNC-mic > LMNC, and LMNCA-mic > LMNCA).
The higher oxidation state of manganese with microwave radiation is
also observed by Malinger et al.26 It has recently been shown that
the rapid transformation of layered LiMnO2 to spinel is due to the
ease at which Mn3+ disproportionate to Mn2+ and Mn4+.27 This then
allows the Mn to rapidly move through tetrahedral sites as Mn2+.
Mn4+, however, has a very high activation energy barrier for diffusion
through tetrahedral sites. Therefore layered materials with a higher
oxidation state for their manganese are expected to be more stable

Figure 3. The X-ray Photoelectron Spectroscopy spectra of (A) LMNC-mic
and (B) LMNCA-mic, showing the Mn 2p3/2 peak.

as seen in this study. Also the specific capacity of Li-rich layered
cathode materials can be controlled by controlling the initial ratio of
transition metal cations, particularly lithium and manganese ions.28

This method of synthesizing Li[Li0.2Mn0.54Ni0.13Co0.13]O2 and the
Al-doped Li[Li0.2Mn0.52Ni0.13Co0.13Al0.02]O2 thus provides an oppor-
tunity to control the Mn oxidation state and thus engineer a cathode
material with better properties.

Figure 4 compares the first charge-discharge profiles of the four
layered materials (LMNC, LMNCA, LMNC-mic and LMNCA-mic)
used in coin cells at a rate of C/10 (i.e., ∼22.5 mA.g−1, note that 1 C
corresponds to 225 mA.g−1 current density in this work).

Both electrodes show similar charge profiles with a prolonged
voltage plateau at ∼4.5 V. The charge curve shapes are explained in
detail in Ref. 5. The LMNCA-mic showed a higher charge capacity of
∼375 mAh.g−1 compared to the LMNC-mic with a charge capacity
of ∼270 mAh.g−1. This was also observed for the un-microwaved
samples where the LMNCA had a higher charge capacity than the
LMNC.5 The LMNCA-mic also has a higher first discharge capacity of
∼278 mAh.g−1 compared to the LMNC-mic with a discharge capacity
of ∼224 mAh.g−1.

Figure 5 compares the cycle stability at a rate of C/10 for 50 dis-
charge cycles of the four layered materials (LMNC, LMNCA, LMNC-
mic and LMNCA-mic) used in coin cells when charged between
2.0 V and 4.8 V.

During the first 6 cycles these microwave treated samples showed
unstable discharge capacities. This behavior may be related to possi-
ble relaxation processes, or due to insufficient wetting of the electrode
materials, or a combination of the two. Detailed studies are neces-
sary to understand this behavior and improve the stability of the first

Table II. Mn 2p3/2 peak positions and cation distribution of LMNC and LMNCA based layered materials.

Binding energy position(eV) Cation distribution Mn valence

Sample Mn4+ Mn3+ Mn4+ Mn3+ Mn3+/Mn4+ Mnn+

LMNC-mic 642.8 641.8 44.9% 55.1% 1.227 3.449
LMNC 643.2 641.8 31.6% 68.4% 2.165 3.316
LMNCA-mic 643.2 641.8 30.8% 69.2% 2.247 3.308
LMNCA 643.1 641.7 18.2% 81.6% 4.484 3.176
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Figure 4. The first charge-discharge profiles of the four LMNC and LMNCA
based coin cells.

charge-discharge cycles. From the 7th cycle the discharge capacities
starts to stabilize. The first 6 discharge capacities for LMNCA-mic
vary between ca. 270 and 220 mA.h.g−1, while LMNC-mic vary be-
tween and 265 and 230 mA.h.g−1. It is worth noting that even though
the LMNC-mic material has a better capacity at first, the LMNCA-mic
shows a higher capacity from the 28th cycle due to its better stability.
Because Al is electrochemically inactive, it is expected that the capac-
ity of the Al doped cathode material (LMNCA-mic) to show a lower
discharge capacity. This reduced discharge capacity with Al-doping
is also observed in the in the paper from Wilcox et al.29 It is also
worth noting that after 50 charge-discharge cycles, the microwave-
treated materials (LMNC-mic and LMNCA-mic) were able to retain
about 78% of their initial capacity compared to the standard materials
(LMNC and LMNCA) that retained about 60% of their initial capac-
ity. The increased capacity and enhanced capacity retention of the
microwave-treated samples suggest a combined effect of microwave
irradiation and aluminum-doping.

Considering the high performance of the microwave-treated sam-
ples, their rate capabilities were investigated. Figure 6 compares the
rate capabilities of the LMNC-mic and LMNCA-mic at charge and
discharge rates of 0.5, 1, 2 and 5 C. With the XRD data showing that
LMNCA-mic has a bigger c lattice parameter compared to LMNC-mic
it is thus expected that LMNCA-mic would have a better rate capabil-
ity. As seen from Figure 6 this is indeed the case. The c lattice is not
the only factor responsible for high rate capability; the concentration

Figure 5. The cycle stability of the four LMNC and LMNCA based coin cells
at C/10 for 50 charge discharge cycles.

Figure 6. Typical rate capability of the LMNC-mic and LMNCA-mic,
charged and discharged at 0.5 C, 1 C, 2 C and 5 C.

of Mn3+ will increase the electron conductivity and better the rate
capability. The microwave-treated material with the higher c-lattice
parameter and higher Mn3+ concentration (LMNCA-mic) gave better
rate capability. Thus, it is deduced that a good combination of the two
(c lattice and Mn3+ concentration) is needed for high rate capability.

Figure 7 shows the cyclic voltammetric evolutions of LMNC-mic
and LMNCA-mic. The initial and second cycle of the LMNC-mic
and LMNCA-mic is interrogated using low scan rate cyclic voltam-
metry (0.1 mV.s−1). Again, the cyclic voltammograms of the LMNC
and LMNCA, that are similar to LMNC-mic and LMNCA-mic, are
discussed in detail in Ref. 8. The peaks at ∼4.7 V, for both LMNC-
mic and LMNCA-mic, of their initial cycles disappear with the 2nd

cycle showing the irreversible removal of Li2O. With the higher peak
current at ∼4.7 V for the LMNCA-mic, the higher first charge of
the LMNCA-mic compared to the LMNC-mic can be explained (see
Figure 4). Thus it can be assumed that the microwave irradiation in
the LMNCA-mic causes more oxygen vacancies and therefore result
in a higher concentration of Li2O being removed.

Electrochemical impedance spectroscopy (EIS) represents an im-
portant technique for evaluating interfacial electrochemistry30–33 and
diffusion coefficient of lithium ion in lithium ion battery materials.34–36

The impedance spectra for the LMNC-mic and LMNCA-mic were
measured at a potential of 3.5 V. The spectra were recorded before
the 1st cycle (Figure 8A) and after the 50th cycle (Figure 8B). Prior
to every measurement, the cell was relaxed for 1 h. Figure 8 presents
typical Nyquist plots (Z′ vs –Z′′) obtained for the LMNC-mic and
LMNCA-mic cells. A high-frequency semicircle and an intermediate-
frequency semicircle composed into one semi-circle, and low fre-
quency tails are observed. Generally, the high frequency semicircle is
related to the passivating surface film, the solid-electrolyte interface
(SEI). The intermediate frequency semicircle is ascribed to the resis-
tance to charge-transfer process at the electrode/electrolyte interface.
The low frequency tail is associated with the Li+ ion diffusion process
in the positive electrode. The EIS spectra were fitted with an equivalent
electrical circuit (EEC) shown in Figure 8A (as an inset). The fitting
parameters involve the solution ohmic resistance of the electrode sys-
tem (Rs), solid electrolyte interface (SEI) film resistance (Rf), charge
transfer resistance (Rct) due to lithium intercalation/de-intercalation
process, the capacitance of the surface film (Cf) and the interfacial
capacitance (CLi), and the Warburg element (Zw) describing the solid
state diffusion of lithium ions inside the active particles, signified by
the straight sloping line (∼45◦) at the low frequency region.

The EIS parameters obtained for the LMNC-mic and LMNCA-
mic are summarized in Table III. After 50 cycles, the Rf value for
LMNCA-mic decreased by about 80% (from 3.14 to 6.2 �) but the
standard LMNCA decreased by about 77% (from 536 to 123 �), the
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Figure 7. The cyclic voltammograms of (a) LMNC-
mic and (b) LMNCA-mic obtained at a scan rate of
0.1 mV.s−1 (first and second cycles).

Figure 8. Comparative Nyquist plots of LMNC-mic and LMNCA-mic (a) before the 1st cycle and (b) after 50 cycles.

LMNC-mic increased by about 20% (from 22.4 to 26.7 �), while that
of the standard LMNC increased by well over 1300% (from 11.1 to
159 �). On the other hand, for the RLi, after 50 cycles, the value for
the LMNCA-mic decreased by about 50% (from ca. 192 to 98 �), but
the LMNCA decreased by about 50% (from ca. 246 to 124 �), the
LMNC-mic increased by about 35% (from ca. 153 to 207 �), while
that of the LMNC increased by about 73% (from ca. 117 to 203 �).

In summary, the conductivity of these layered materials decreases
as follows: LMNCAmic (Mn3+ content: 69.2%) > LMNCA (Mn3+

content: 81.6%) > LMNCmic (Mn3+ content: 55.1%) > LMNC (Mn3+

content: 68.4%). The enhanced conductivity of the LMNCA may be
related to its higher Mn3+ content in the lattice, aided by the improved
c-lattice that enhances the diffusivity of Li during the electrochemical
cycling. In summary, these results suggest that the following: (i) the
possible mitigating factor for Rf is more of aluminum-doping than
microwave irradiation; (ii) the effect of microwave irradiation is most
pronounced for the undoped LMNC than the Al-doped samples; and
(iii) that the electrochemical performance is a combination effect of

microwave irradiation and aluminum-doping. The main consequences
of the solid-electrolyte interphase (SEI) are the increased interfacial
resistance and loss of active material.34 From the Rct and Rf values it
can be deduced that the SEI film covering the LMNCA-based elec-
trode surface is rapidly destroyed, or replaced by redox-active active
material, or that the SEI layer has been stabilized by a lithium-ion con-
ducting (non-redox-active) species upon continuous cycling. For the
LMNC-based materials, however, there seems to be some SEI growth
and/or loss of active materials hence poor lithium ion diffusion upon
continuous cycling. The apparent diffusion coefficient of lithium ions
(DLi) was calculated by means of Equation 1:8

DLi = 2R2T 2

C2
Li n

4 F4 A2σ2
[1]

Assuming diffusion coefficients of the oxidized and reduced Li species
to be equal (Dox = Dred = DLi) and equal concentrations (Cox = Cred

= CLi). DLi is the diffusion coefficient of the lithium ions, R the gas
constant, T the absolute temperature, A the geometric surface area

Table III. Summary of EIS parameters extracted from the Nyquist plots from experiment conducted at 3.5 V.

Sample Rs (�) Rf (�) Cf (μF) CLi (μF) RLi (�) Zw (×10−4)

Before cycling
LMNC-mic 7.0 ± 0.5 22.4 ± 2.2 0.7 ± 0.1 2.4 ± 0.2 152.6 ± 5.4 83.5 ± 4.6
LMNCA-mic 9.0 ± 0.6 31.4 ± 2.7 0.5 ± 0.0 2.2 ± 0.2 191.6 ± 7.2 80.2 ± 13.2
LMNC8 9.6 ± 0.4 11.1 ± 1.1 1.2 ± 0.1 3.5 ± 0.2 117.3 ± 2.7 234.5 ± 23.5
LMNCA8 3.9 ± 0.4 536.0 ± 24.6 174.5 ± 29.0 8.3 ± 0.7 245.6 ± 19.3 224.6 ± 70.5

After 50 cycles
LMNC-mic 16.1 ± 1.3 26.7 ± 2.5 0.4 ± 0.1 2.5 ± 0.2 206.8 ± 9.0 48.7 ± 2.9
LMNCA-mic 8.1 ± 0.5 6.2 ± 1.5 1.9 ± 0.5 2.4 ± 0.2 98.2 ± 3.4 146.5 ± 8.7
LMNC8 8.0 ± 0.4 158.8 ± 15.5 252.1 ± 69.0 6.6 ± 0.4 202.6 ± 11.2 150.1 ± 13.1
LMNCA8 8.2 ± 0.4 123.2 ± 12.2 124.2 ± 44.9 5.4 ± 0.6 123.6 ± 11.4 101.4 ± 5.4
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of the cathode, F the Faraday constant, n the number of electrons 
transferred per molecule during oxidation, CLi the lithium concen-
tration in the cathode material and σ is the Warburg factor obtained 
from the slope of the real impedance (Z′) vs. the reciprocal square 
root of the frequency in the low frequency region (ω−1/2) according 
to Eq. 2 (plot not shown).

Zw = σ (1 − j) ω−1/2 [2]

As expected, the calculated diffusion coefficient value for LMNC-
mic of 1.59 ± 0.24 × 10−13 cm2.s−1 is inferior to the value for 
LMNCA-mic of 2.01 ± 0.29 × 10−13 cm2.s−1.

Conclusions

A microwave-assisted Pechini synthesis method has been used to 
prepare nanostructured layered cathode materials for lithium ion 
batteries, Li[Li0.2Mn0.54Ni0.13Co0.13]O2 and 
Li[Li0.2Mn0.52Ni0.13Co0.13Al0.02]O2. The precursor powder materials 
were first produced by sol-gel like process (Pechini method), then 
pre-heated, and subjected to microwave irradiation prior to conven-
tional annealing process. This hybrid synthesis method showed that 
the oxidation states of the manganese can be controlled by doping 
LMNC with Al and microwave irradiation treatment. The 
LMNCAmic outperforms the LMNCmic and ultimately is superior 
compared to LMNC, LMNCA. From the electrochemical 
performance of these cathode materials that decreased as follows: 
LMNCAmic > LMNCA > LMNCmic > LMNC, it can be concluded 
that both Al-doping and microwave irradiation can be used to tune to 
the electrochem-ical performance of these layered cathode materials 
for lithium ion batteries.
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