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ABSTRACT

This paper presents single nanostructure devices as a powerful new diagnostic tool for batteries with LiMn,O, nanorod materials as an
example. LiMn,0, and Al-doped LiMn,0, nanorods were synthesized by a two-step method that combines hydrothermal synthesis of 5-MnO,
nanorods and a solid state reaction to convert them to LiMn,0, nanorods. 4-MnO, nanorods were also prepared by acid treatment of LiMn,0,
nanorods. The effect of electrolyte etching on these LiMn,0,-related nanorods is investigated by both SEM and single-nanorod transport
measurement, and this is the first time that the transport properties of this material have been studied at the level of an individual single-
crystalline particle. Experiments show that Al dopants reduce the dissolution of Mn3" ions significantly and make the LiAly1Mn, 40,4 nanorods
much more stable than LiMn,O, against electrolyte etching, which is reflected by the magnification of both size shrinkage and conductance
decrease. These results correlate well with the better cycling performance of Al-doped LiMn,O, in our Li-ion battery tests: LiAly1Mn; 40,
nanorods achieve 96% capacity retention after 100 cycles at 1C rate at room temperature, and 80% at 60 °C, whereas LiMn,0, shows worse
retention of 91% at room temperature, and 69% at 60 °C. Moreover, temperature-dependent /—V measurements indicate that the sharp electronic
resistance increase due to charge ordering transition at 290 K does not appear in our LiMn,0O, nanorod samples, suggesting good battery

performance at low temperature.

Rechargeable batteries such as lithium ion batteries are
important energy storage devices for portable electronic
devices, power tools, and electrical vehicles.'* Anodes and
cathodes in the existing lithium ion batteries consist of
particles with various sizes and shapes, conductive carbon,
and polymer binders. During battery charge/discharge,
electrons and ions are simultaneously inserted or extracted
from battery electrodes, which is accompanied by a series
of other complex processes such as structure and phase
transformation, volume change, materials dissolution, and
side chemical reaction with electrolyte. Various technologies
have been utilized for battery diagnostics, including elec-
trochemical impedance spectroscopy,” X-ray diffraction,®’
Raman spectroscopy,®® and electron microscopy inspec-
tion'®!! of ensemble electrodes. However, the heterogeneous
nature of ensemble electrodes averages all information and
can not provide a direct correlation of electrochemical
properties with the local morphology, structure, and chemical
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composition. Few reports focused on single particle diag-
nostics, as it is hard to handle single particles with size of
0.1~10 um.">"'* Here we exploit single nanorod devices to
demonstrate a novel powerful diagnostic tool, which allows
for the direct correlation of the electrochemical property with
the structure on the same nanoscale particle. Single nano-
structure devices fabricated with lithographic techniques have
been well developed in the field of nano science!>™'® but
rarely applied to battery researches. This work represents
the first example of single nanostructure device battery
diagnostics. We use single LiMn,0O, nanorod devices as an
example in this study although this new methodology can
generally be applied to a broad range of battery electrode
materials. In the future, the capability of combining single
nanostructure device diagnostics with in situ electron mi-
croscopy techniques'®!® can lead to a much deeper under-
standing of battery operational processes.

We choose spinel LiMn,0Oy, in this study since it has the
advantages of low-cost, environmental friendliness, and
safety.??! However, the fast capacity decay at high temper-
ature impedes its practical application. The mechanism is
that Mn*" ions in LiMn,Oy4 can disproportionate due to the
generation of HF in an LiPF¢-based electrolyte and be
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dissolved in the electrolyte resulting in cathode capacity loss
and the attack of carbon anodes by Mn ions.??~% Significant
efforts have been made to improve the cycling performance
of LiMn,Qy, such as coating?®~?® and doping.?’~** Moreover,
various methods have been utilized to analyze the mechanism
and the process of Mn dissolution, including X-ray diffrac-
tion® and impedance spectroscopy,>™® which can provide
useful information but in an indirect way. Nevertheless, there
is no study that directly track the effect of the electrolyte on
the morphology or properties of a single LiMn,0O, particle.
The difficulties resulting from the ensemble nature of
electrodes include how to distinguish a particle in the mixed
film-like electrode and how to make probes, such as
contacting metal electrodes, onto such small particles (typi-
cally less than 20 um for battery materials).

In comparison, one-dimensional nanorods and nanowires
can offer the following advantages: (1) In contrast to
microsized particles, it is feasible to put multiple electrodes
onto them to study their transport properties.'>** (2) The
single-nanostructure devices can be characterized by a variety
of electron microscopy and even in situ techniques.'>16 (3)
They are single-crystalline,*** which provides well-defined
nanoscale domains for understanding their intrinsic proper-
ties. LiMn,O4 nanorods and nanowires have been synthesized
by us*® and several other groups,”* but their transport
properties have not been studied at the single nanostructure
level. In this work, single-crystalline LiMn,0, and Al-doped
LiMn,0O4 nanorods were synthesized by a two-step method
and A-MnO, nanorods were also prepared by acid delithiation
of LiMn,O,4 nanorods. These three kinds of nanorods offer
the possibility to study the electrochemical and transport
properties of LiMn,O,, such as the effect of dopants and
lithium concentration. We studied how electrolyte etching
affects their electrical properties and correlated them with
the electrochemical performance of these materials.

The synthesis of LiAl,Mn, 0, (0 < x < 0.2) nanorods is
a two-step approach. First, 5-MnO, nanorods were synthe-
sized as a template by hydrothermal methods.*® Typically 8
mmol of MnSO4#H,O and 8 mmol of (NH4),S,0g were
dissolved in 10 mL of deionized water separately to form
clear solutions. They were mixed together and transferred
to a 45 mL Teflon-lined stainless steel vessel (Parr Co.). The
vessel was sealed and heated at 150 °C for 12 h to obtain
p-MnO, nanorods. After this step, as-synthesized MnO,
nanorods were mixed and ground with lithium acetate (Sigma
Aldrich) with a molar ratio of 2:1. A total of 1 mL of
methanol was added to make a uniform slurry mixture. The
mixture was sintered at 700 °C for 10 h under air. For Al-
doped LiMn,O, samples, a stoichiometric amount of
Al(NO3)3*9H,0 was added into the slurry mixture as the Al
source. A series of samples were prepared with x = 0, 0.05,
0.1, and 0.2. To prepare -MnO, nanorods, a method reported
previously*’ was used with a slight modification. Generally
20 mg of LiMn,O,4 nanorods were delithiated in 10 mL of
0.1 M HCI for 30 min under stirring, and then the delithiated
nanorods were dried at 200 °C in air for 2 h. It is believed
that hydrogen is not stable inside A-MnO, and the valence

of Mn is close to 4 according to magnetic measurement*’
and X-ray absorption spectra.*!

The composition of as-synthesized LiAl,Mn, ,O, nanorods
was characterized by X-ray diffraction (XRD, PANalytical
X’Pert diffractometer with Cu Ka-radiation) and energy
dispersive X-ray spectroscopy (EDS). The morphologies of
the nanostructures were observed by a field emission
scanning electron microscope (FEI XL30 Sirion SEM) and
a high resolution transmission electron microscope (HR-
TEM, 200 kV Phillips CM20).

The electrodes for electrochemical studies were prepared by
making slurry of 78 wt % active material of LiAl,Mn, Oy, 15
wt % conducting carbon black, and 7 wt % polyvinylidene
fluoride (PVdF) binder in N-methyl-2-pyrrolidone (NMP) as
the solvent. The slurry was coated onto an aluminum foil by
an applicator and then dried at 120 °C overnight. The
electrochemical performance of LiMn,O, was investigated
inside a coffee bag (pouch) cell assembled in an argon-filled
glovebox (oxygen and water contents below 1 and 0.1 ppm,
respectively). Lithium metal foil (Alfa Aesar) was used as the
anode. The typical cathode loading was 3—4 mg/cm>. A 1 M
solution of LiPF in ethylene carbonate/diethyl carbonate (EC/
DEC, 1:1 v/v) (Ferro Corporation) was used as the electrolyte
with a Celgard 2321 triple-layer polypropylene-based membrane
as the separator. The charge/discharge cycles were performed
at different rates between 3.5—4.3 V at room temperature and
60 °C using Bio-Logic VMP3 battery testers.

Devices for single-nanorod transport measurement were
fabricated by electron beam lithography (EBL) on Si/SiN,
(300 nm) chips. The metal electrode consisted of 10 nm Cr/
190 nm Au. The electrolyte etching experiments were
performed by immersing Si/SiN, chips with nanorod devices
into 2 mL of the electrolyte mentioned above and heating to
60 °C for different amounts of time. Then the electrolyte
was washed away by DEC and acetone in sequence. SEM
and transport (I—V) measurements were used to characterize
the effect of the electrolyte on nanorod devices.

Figure 1, panels a and b, shows SEM images of LiMn,0,
and LiAly ;Mn, ¢O4 nanorods, respectively. The length of both
LiMn,0, and LiAlj;Mn, 4O, nanorods is around 0.7—1.2 um
and the diameter is 100—200 nm; these nanorods are shorter
in length and larger in diameter than $-MnO, nanorods
(Supporting Information, Figure S1) as a result of high
temperature sintering. Figure 1c shows an SEM image of
delithiated A-MnO, nanorods, which look similar to the
LiMn,0; nanorods. This indicates that the delithiation
process does not destroy the nanorod morphology. TEM
characterization of these nanorods is also presented in Figure
1. The lattice fringes of LiMn,O, and LiAly;Mn,; O, are
illustrated in Figure 1, panels d and e, respectively. The inset
is the corresponding diffraction pattern. The clear lattice
structure and the sharp diffraction spots reveal the single
crystalline nature of these samples. EDS results of
LiAly;Mn,; 9O, samples give a calculated Al/Mn ratio of 4.8
at. % (Supporting Information, Figure S2). However, as
represented in Figure 1f, inset, the diffraction spots of
A-MnO, nanorods are elongated, which implies strain and
slight lattice distortion after acid delithiation. An XRD study
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