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Abstract

Li,MnO; nanowires (NWs) are synthesized using a scalable two-step process involving a
solvo-plasma technique, utilizing inexpensive precursors such as commercially available MnO,
microparticle powders and KCl, followed by a solid state lithiation process. Lithium manganese
oxide (Li;MnOj3) nanowires exhibited high capacity retention of 120 mAh/g in the 2V—- 4.5V
voltage window even at high C-rates such as 20 C. The specific capacity of the Li,MnO3; NWs
gradually increased with cycling and subsequently stabilized. Further, the Li,MnO3; NW cathodes
exhibited no loss in the capacity for 100 cycles with close to 100 % coulombic efficiency. Most
importantly, single crystalline Li,MnO3 nanowires with short transport length scales for Li, O
and Mn atoms along the radial direction allow for the formation of thick and conformal LiMn,04
shell resulting in increased capacity, excellent capacity retention and high coulombic

efficiencies.
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Layered lithium rich manganese oxides, such as Li,MnOj; and its related alloys, have
attracted significant interest due to their potential for achieving high capacity (~280 mAh/g) and
energy density (~ 1000 Wh/Kg) when compared to the commercially available cathodes for Li
ion batteries." Slow diffusion of lithium ions, voltage loss during cycling and low faradaic
efficiencies have been identified as the major scientific barriers associated with the utilization of
layered lithium rich manganese oxides in Li ion batteries." > The use of 1-D nanostructures such
as nanowires (NWs) can provide an attractive solution to overcome these barriers. A few reports
have already reported the advantages of using NW architectures for lithium manganese oxides.
In the case of spinels such as LiMn,04, Cui and coworkers reported that using ultrathin single
crystalline nanowires can result in fast Li ion transport and facile strain relaxation during
cycling, leading to improved kinetics and good capacity retention at high charge-discharge rates.’
In particular, they found that phase change associated with the transformation of cubic LiMn,04
to tetragonal Li,Mn,04 owing to Jahn-Teller effect, occurs without any loss of capacity in thin

single crystalline NWs.

In spite of all these interesting properties of NWs, the large scale synthesis of NWs of
manganese related oxides is still a challenge. Many reports on the synthesis of 1-D nanomaterials
of manganese oxides have utilized hydrothermal® >, solvothermal® and template based methods®
that are very difficult to scale up due to the long reaction times scales,” ® low yields, and the use
of expensive precursors. For instance, the commonly used hydrothermal method for making 1D
nanostructures of manganese oxide requires at least 12 h of autoclaving.®” We have recently
reported a scalable approach, called solvo-plasma process, for making titanium dioxide NWs.
The process involves the exposure of inexpensive precursors such as titania nanoparticle

powders and alkali metal salts to an atmospheric microwave plasma.'’ The reaction times scales
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in this process are very short from about a few seconds to 5 minutes. In this paper, we report a
similar scheme for the large-scale synthesis of manganese oxide nanowires followed by their

conversion to lithium manganese oxide by solid state alloying with lithium hydroxide.

Apart from developing scalable methods for synthesis, achieving high coulombic
efficiency has been another major challenge with Li,MnO; The Li extraction process from
Li,MnO3 has been found to occur by two competing processes, the first involves the removal of
oxygen and the second involves ion-exchange of Li"in the lattice with H" from the electrolyte."’
The initial discharge process was shown to involve a small loss of oxygen anions from the lattice
to balance the charge associated with Li" extraction. Subsequent Li extraction is shown to
proceed with Li" ions exchanging with H™ ions from the electrolyte during discharge and
exchange of H' ions with Li' ions during charging. The repeated shearing of the layers
containing oxygen atoms has been shown to result in structural degradation and subsequent
capacity loss in the case of Li;MnOs.'* A prior report indicated a coulombic efficiency of 50 %
for Li,MnO3; NWs and 30 % for bulk Li,MnO; particles.2 Further, achieving minimum capacity
loss at high C-rates is a crucial requirement for the commercial viability of electrode materials
for Li ion batteries. Li,MnO3; NWs prepared in this work showed no capacity fade even at 20 C
discharge rate, with close to 100 % coulombic efficiency. The reasons for such high capacity
retention are explained by characterizing the Li,MnO3; NW electrodes that have been tested for

several charge and discharge cycles.

The large-scale synthesis of Li;MnOs; NWs is schematically illustrated in Figure 1. The
process involves two steps: (i) the synthesis of manganese oxide nanowires by solvo-plasma
technique followed by (ii) solid state alloying with lithium hydroxide. The synthesis of the
MnO; NWs by the solvo-plasma technique is detailed in the supporting information. Briefly, the

3
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process involves the deposition of micron sized MnO, powder mixed with KCI on a stainless
steel foil followed by the exposure of the foil to an atmospheric microwave plasma flame. The

powder on the stainless foil is scraped off, immersed in 1M HCI for an hour, rinsed with

deionized water several times and annealed at 200 °C to produce MnO, NWs. These MnO,; NWs
are subsequently alloyed with LiOH at 480°C to form Li,MnO; NWs. The Li,MnO3; NWs have

an average diameter of 50 nm and lengths close to a 1 um. The as-synthesized Li,MnO3; NWs are
found to be single crystalline and have a d-spacing of 0.32 nm (Figure 2b) which is close to the
d-spacing value of 0.317 nm for the (022) plane of Li,MnOs; NWs according to the PDF# 00-

018-0737.

Prior to testing the Li,MnO3; NWs, we evaluated the performance of the MnO, NWs as
cathodes in Li ion batteries. The electrochemical testing of MnO, NWs shows severe capacity
loss with cycling. This can be attributed to slow kinetics of Li intercalation and deintercalation
and poor conductivity of MnO, NWs (Supporting information, Figure S2). In contrast to MnO,
NWs, the Li,MnO; NWs showed faster Li intercalation and deintercalation kinetics as indicated
from closer separation of the Li insertion and extraction peaks in the cyclic voltammogram of
Li;MnO3;NWs shown in Figure 2. The cathodic peaks at 4.05 V and 2.7 V correspond to Li
intercalation while the anodic peaks at 3.1 V and 4.1 V correspond to Li de-intercalation
respectively. The redox peaks close to 3 V can be attributed to the phase transformation of the
layered structure to a spinel structure.” ' Although the oxidation state of Mn in Li;MnOs is

expected to +4 in theory, recent reports indicated the presence of both +4 and +3 states of Mn in

Li;MnOj; prepared at low temperatures (< 800 °C). Our prior work showed that oxygen vacancies

are typically present in metal oxide nanowires.'* The +3 oxidation state for Mn could also be
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caused by the oxygen vacancies present in Li,MnOsNWs_Hence, the peaks observed at 4.05V

and 4.1 V can be attributed to the Mn">/Mn" redox reaction in LizMnO3_13’ 15

The electrochemical performance and cycling stability of the Li,MnO; NWs was
evaluated by determining the charge-discharge characteristics using a coin cell configuration.
Figure 3 shows charge and discharge voltage profile for Li,MnO3;NWs. It should be noted that
our coin cell testing has been done at relatively good cell loading of 5 mg/cm?” of active material.
The cycling was carried out in the 2 V to 4.5 V range. The pseudo plateau region observed at 4.1
V is due to the lithium extraction from LiMn,0Oy spinel phase. This plateau is not clearly seen in
the first charge-discharge cycle, but becomes more dominant in the subsequent charge-discharge
cycles indicating that LiMn,0; is formed in the first few cycles of lithiation and delithiation. The
diagonal shape of the voltage profile between 4 V and 3 V is similar to that of LixMnO, phase
and the plateau region at 3 V has been attributed to lithium insertion/extraction in the octahedral
sites of the spinel Li;MnyO4 phase.16 Li,MnO3; NWs showed a low initial capacity of ~80
mAh g at 1C and ~90 mAh g' at 5C, which is much lower than the theoretical capacity of
Li;MnOs of 280 mAh g'l. This is due to Li;MnOs being electrochemically inactive when cycled

below 4.5V.!7 13

In order to understand the different structural transformations occurring in the Li,MnOs
NWs, two different electrodes were discharged to 3.5 V and 2 V and were characterized using
XRD (Figure 4) and HRTEM (Figure 5). The XRD pattern of the as-synthesized Li,MnO3; NWs
is shown in Figure 4a, and matches very well with the XRD pattern for phase pure Li,MnO3
(PDF # 00-018-0737). No diffraction peaks from LiMn,O4 were observed. Further, no plateau
was observed in the 4 V region in first charge cycle of Figure 3, indicating negligible amount of

LiMn,Oy4 in the as-synthesized sample. The XRD of the sample discharged to 3.5 V showed
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Li;MnO; as the dominant phase and remaining few peaks could be indexed to LiMn,Oy,
Lip7sMng 50O, and LiMn3;04. When the sample was further discharged to 2 V, Li,MnO; remained
as the dominant phase and diffraction peaks corresponding to tetragonal Li;Mn,O4 phase were
also observed. The phase transition from cubic LiMn,O4 to tetragonal Li,Mn,O4 has been
reported to occur in LiMn,O4 samples discharged below 3.5 V due to Jahn-Teller distortion

effect.>

To investigate the spatial location of the different phases in the nanowire, HRTEM
analysis was performed on the samples. Figure 5 shows HRTEM images of sample discharged to
3.5 V and 2 V respectively. The d-spacing of 0.36 nm (Figure 5c) corresponds to the (111) plane
of Li;,MnOs. Analysis of the XRD patterns (Figure 4) and the d-spacing of 0.47 nm observed in
HRTEM images (Figures 5 and 6) indicates the presence LiMn,0, spinel present on the shell of
the nanowires. Large d-spacings of 0.92 nm were also observed in the HRTEM images of a few
Li,MnO; NWs discharged to 2 V, indicating the extraction of lithium and oxygen from the core
of the NWs. The d-spacing of 0.92 nm is in close agreement with the layered structure compound
with composition (LiO)p ;2 MnO,. These results suggest core-shell architecture of layered
Li,MnOj; core covered with a polycrystalline shell of LiMn,O4. Figure 6 shows HRTEM images
of Li;MnO; NWs discharged to 2V. Figure 6a shows a Li,MnOj; core - LiMn,0O4 shell nanowire.
Basing on the average thickness of the shell layer and the densities of core (density of Li,MnO;
is 3.896 g/cc [PDF # 01-027-3120]) and shell materials (density of LiMn,Oy is 4.233 g/cc [PDF
# 01-070-3120]), we estimated the weight % of LiMn,O4 to be 70.1 % when the core is still in
the form of Li;MnO;. When the core is depleted of lithium and oxygen, i.e. in the form of
(L1,0)x. MnO,, the weight % of the LiMn,O4 shell is calculated to be around 92.6 % The

density of (Li,O)x. MnO,, where x is small, is approximated to the density of (Li,O).12. MnO,
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which 4.221 g/cc [PDF # 01-074-8725]. The high volume fraction of the spinel shell accounts for
observed high weight % spinel in the nanowires. After 40 cycles (LiMn,Oy4 shell = 75.8 Wt %
from Table S1 in supporting information), the capacity starts to stabilize to a constant value
(Figure 3b). Hence, the LiMn,04 shell thickness after 40 cycles, calculated as 14 nm (for an NW
of diameter 56 nm), could be the regarded as the minimum shell thickness required for a stable
capacity retention. The weight % of spinel and layered phases calculated from TEM analysis are
based on the shell thickness on a limited number of nanowires. To calculate an average thickness
of the spinel shell, a previously reported calculation involving the first cycle discharge capacity
was used (See Supporting information Table S1).'"® Based on these calculations, the average
weight % of LiMn,04 after 100 cycles is estimated as 85 %. Details of the calculation are
indicated in the supporting information. Figure 7 shows the SAED patterns of the Li,MnO3; NWs
discharged to 3.5 V (Figure 7a) and 2 V (Figure 7b). The SAED patterns were analyzed by the
rotational average method. The peaks positions for different lithium manganese oxide
compounds are also indicated for comparison. The analysis indicated that the sample discharged
to 3.5 V showed peaks corresponding to LiMn,04 and Li,MnO3 phases. The sample discharged
to 2 V indicated peaks corresponding to Li;Mn,04, Li,MnOs3 and (Li,0)¢.;2 MnO,. The SAED
phase analysis is in agreement with the observations from lattice spacing measurement from

HRTEM shown in Figure 5 and the XRD patterns shown in Figure 4.

Formation of spinel phases on layered Li rich compounds such as Li,MnO;3; have been
observed to enhance the cycling stability. For example, an AlF; coating on Li,MnOj has been
reported to exhibit improved capacity retention due to formation of a spinel phase on surface of
cathode material.”® Chen et al. reported that a spinel Li;+xMn,O, layer formed by dip coating the

Li; ,Mny ¢Nig,0, microparticles enhanced the capacity retention by acting as a barrier for erosion
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of the layered material into the electrolyte while still permitting fast ion transport through the 3D
Li ion transport channels in the spinel.”'** It has been shown that Li delithiation results in a
surface reconstruction of the layered lithium metal oxide, causing the transition metal atoms to

2. 24 Rurther, surface

migrate to the lithium sites resulting in the formation of the spinel phase.
reconstruction has been shown to add a significant charge transport resistance with some initial
capacity loss. However, it is interesting to note that the opposite effect is observed in our case,
i.e., the capacity increases with the cycling and then stabilizes at a constant value. In the case of
Li;MnOs; NWs, the single crystalline core could assist in the strain relaxation associated with the
surface phase transitions of the spinel phase without any capacity loss.Figure 8 shows the
proposed mechanism of surface reconstruction and phase transformation in Li,MnO; NWs.
During the first charge cycle, where Li deintercalation occurs, the Li ions along with oxygen
anions diffuse outwards from the core of the NW. An indirect evidence for the Li and oxygen
atoms diffusing out is the wide d-spacing observed in our HRTEM images (Figures 5b and 6¢).
The oxygen anions then reduce the valence of Mn atoms from +4 to +3 and Li" ions to Li atoms.
The Li, Mn and O atoms reaching the surface of the nanowire react to nucleate and grow
LiMn,0y shell around the nanowire during the first discharge cycle. No peaks or plateaus are
observed in our first charge process upto 4.5 V, indicating that the oxygen atoms migrate to the
surface rather than oxygen gas being evolution in the first cycle. In addition, there is clear
evidence for oxygen evolution when the cells are charged upto 4.8 V ( Figure S5 of Supporting
Information). Our reaction mechanism is also supported by the findings of Chen and coworkers
who used EELS spectroscopy and high resolution S-TEM to demonstrate that the oxidation state

of Mn changes from +4 to +3 during cycling and also showed the formation of spinel phase on

the surface of layered lithium manganese oxide particles.”* The nucleation and growth of spinel
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during the first cycle is responsible for the low coulombic efficiency in the first cycle as some of
the charge is utilized for the phase transformation to the spinel besides carrying out the

lithiation/delithiation reaction.

During lithiation or discharge, the delithiated core changes back to Li,MnO;, with a
LiMn,04 nanocrystalline shell on the surface of the NWs. Further lithiation (from 3.5 V to 2 V)
transforms the shell from cubic LiMn,Oy4 to tetragonal Li,Mn,O4 due to Jahn-Teller distortion
effect. LiMn,0O4 nanocrystalline shell stabilized the Li,MnO; from erosion effects of the
electrolyte and also contributes to a slight improvement in capacity during cycling. The single
crystalline NW core allows for the phase transformation on the spinel shell to occur without any
capacity fade. The single crystal core, depleted of insulating Li,O, exhibits high conductivity

allowing fast electron transport.

The increased capacity with cycling could be attributed to the formation of LiMn,Os,
which has been reported to exhibit higher capacity (116 mAh/g at 1 C rate)’ when compared to
Li;MnO; (75 mAh/g at 0.44 C)*. Prior reports have shown significant capacity loss associated
with voltage plateau at 3 V due to the difficulty in reversing the tetragonal phase back to the
cubic phase (caused by Jahn-Teller distortion) and significant strain on the lattice during this

phase transformation.*>*®

However no capacity fade associated with this transition is observed in
our system. This could be due to the facile stress relaxation of the extremely thin LiMn,04 layer
on a single crystal NW. The small transport length scales for Li ions, oxygen and manganese
atoms along the diameter single crystal nanowires allow for the thick LiMn,Oj spinel shell (15-
20 nm) formation on the surface resulting in high columbic efficiency and excellent capacity
retention at high C rates. In case of polycrystalline nano/microparticles of Li;MnOs, the

formation of LiMn,O4 is either very thin ( <2 nm)* or non-conformal®” % leading to poor
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protection Li,MnOj especially at high C rates. This makes single crystalline Li,MnO3; nanowires
a unique platform for surface phase transformation to obtain thicker and more conformal shell of
LiMn,04. The experimental observations by Meng et al. also support our argument of oxygen

migration when the Li,MnOj cells are charged only until 4.5 V.

An important requirement for a Li ion battery cathode is to have high capacity retention
when the electrode is cycled at high C rates. To illustrate the high rate capability of the Li,MnOs
NWs, the charge-discharge testing was performed at different C rates. Figure 9 represents the
cycling performance of Li,MnO; NW cathode at different C-rates and shows the capacity drop
from 135 mAh/g to 125 mAh/g, 120 mAh/g, 110 mAh/g as the C-rate increased from 1C to 5C,
10C and 20C, respectively. The capacity increased back to 135 mAh/g when the electrode is
cycled at 1C rate indicating good reversibility and high rate capacity of Li,MnO3; NWs. The fast
kinetics of Li intercalation and de-intercalation in the Li,MnO; NWs with a spinel phase
protective coating are responsible for the observed high rate capacity. Most importantly, the high
scalability of the solvo-plasma method makes it possible to produce commercial scale quantities
of manganese oxide nanowires for application towards Li ion batteries. Furthermore, Li,MnO;
NWs show potential for the use of thick electrodes because of their impressive capacity retention

at high C-rates.
Conclusions

In summary, a scalable approach for synthesizing MnO, nanowires is demonstrated
using a solvo-plasma technique. Li,MnO3; NWs prepared by the solid state lithiation of the MnO,
NWs, showed high capacity retention (95.8 %) even at 20 C-rate. The formation of a spinel

phase LiMn,O4 shell on the nanowires resulted in a gradual increase in capacity with cycling
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and allowed a stable capacity to be maintained at high C-rates. The nanocrystalline LiMn,04
shell layer undergoes Jahn-Teller distortion without significant capacity loss, due to facile strain
relaxation properties of the nanowires. Single crystalline Li,MnO; NWs provide a unique
platform for facile surface phase transformation, due to small transport length scales in the radial
direction, resulting in formation of thick and conformal LiMn,O4 protective shell on the

Li,MnO3; NWs thereby leading to excellent capacity retention at high C rates.
Experimental

Micron sized MnO, powder (Alfa Aesar) and KCIl (Sigma Aldrich) were mixed with
water in mortar and pestle to make a paste. A thick layer (~ 100 microns) of this paste is
deposited on a stainless steel substrate. The substrate is dried on a hot plate at 70 °C to evaporate
the water and is cooled to room temperature and subsequently exposed to an atmospheric plasma
flame for 5 minutes. The details of experimental setup of the atmospheric microwave plasma
reactor are described elsewhere.'’ An air flow rate of 8 Ipm and a plasma power of 750 W were
used. The thick film was removed from the substrate while leaving a small part of it on the
substrate in order to prevent contamination from stainless steel foil. The use of a stainless steel
foil as the substrate was found to be better than using either quartz or sapphire substrates to make
the nanowires. The resulting products on the substrate are then washed with deionized water
several times to remove the unreacted salt, and then immersed in 1 M HCI for 2 hours. The
remaining products are then heated to 200 °C resulting in manganese oxide. For synthesis of
lithium manganese oxide, the manganese oxide nanowires and lithium hydroxide (1:1 ratio) were

mixed in ethanol to form a homogeneous mixture and then heated in an oven for 12 h at 480 °C.

11
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The battery testing was carried out using a coin cell configuration using an Arbin battery
tester.The electrochemical characterizations were carried out using a CR2013 coin-type cell
assembled in a dry argon-filled glove box. The cathode was formed by mixing 10 mg of active
electrode with 3mg of teflonized acetylene black (TAB-2) as a conducting binder. The mixture
was pressed onto stainless steel mesh. The average thickness of cathode was 18-20 um and
lithium foil was used as a counter electrode separated by a porous propylene film (ADVANTEC
GB-100R). The cathode was dried at 150°C for 5 h under vacuum. The electrolyte used was 1M
LiPF¢-EC: DMC (1:2). The charge-discharge measurements are carried out using a battery tester
(16-channel Arbin Instrument, USA) in a voltage window of 2 V to 4.5 V. Cyclic voltammetry
was performed using eDaQ e-corder and potentiostat. A loading of 5 mg/cm” of active material

was used for all our electrodes tested in this work.

Scanning electron microscopy (SEM) was performed with a NOVA FEI scanning
electron microscopy. XRD patterns were obtained with a Bruker D8 discover X-ray
diffractometer. Cu Kgpha (1.549 °A) radiation was used for obtaining the XRD patterns.
Transmission electron microscopy (TEM) was performed using a Tecnai F20 FEITEM equipped

with a Gatan 2002 GIF system.
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Figure 3. Charge-discharge capacity curves and cycleability of Li,MnO, NWs at (a) 1C-rate and
(b) at 5 C-rate respectively.
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Figure 4. XRD of (a) as-synthesized Li,MnO3 nanowires (b) Li,MnO3; NWs discharged to 3.5 V
and (c) Li;MnO3; NWs discharged to 2 V.
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Figure 5. (a) & (b) HRTEM images of Li;MnO3; NWs discharged to 2 V and (c) HRTEM image
of Li;MnO; NW discharged to 3.5 V

Figure 6. HRTEM images showing the a polycrystalline shell along Li,MnO; NWs discharged to
2V.
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Figure 7. (a) and (c) depict the SAED pattern of the sample discharged to 3.5 V and 2V
respectively. (b) and (d) show the rotational average analysis of these SAED patterns
respectively.
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Figure 8. Schematic illustrating the formation of an LiMn,QO4 shell on the Li,MnO; NWs.
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Figure 9. C-rate test of Li,MnO; NWs at different current densities.
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Scalable Synthesis and Surface Stabilization of Li,MnO; NWs as High Rate

Cathode Materials for Li-Ion Batteries
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Figure: Schematic (on the left) showing LiMn,0O4 protective shell on (Li,O)x MnO, NWs with
layered structure. Graph (on the right) showing high capacity retention and high columbic
efficiency with this architecture after 100 cycles.

22



