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ABSTRACT: Fine-tuning of particle size and morphology has been shown to result in diﬀerential material performance in the
area of secondary lithium-ion batteries. For instance, reduction of particle size to the nanoregime typically leads to better
transport of electrochemically active species by increasing the amount of reaction sites as a result of higher electrode surface area.
The spinel-phase oxide LiNi0.5Mn1.5O4 (LNMO), was prepared using a sol−gel based template synthesis to yield nanowire
morphology without any additional binders or electronic conducting agents. Therefore, proper experimentation of the nanosize
eﬀect can be achieved in this study. The spinel phase LMNO is a high energy electrode material currently being explored for use
in lithium-ion batteries, with a speciﬁc capacity of 146 mAh/g and high-voltage plateau at ∼4.7 V (vs Li/Li+). However, research
has shown that extensive electrolyte decomposition and the formation of a surface passivation layer results when LMNO is
implemented as a cathode in electrochemical cells. As a result of the high surface area associated with nanosized particles,
manganese ion dissolution results in capacity fading over prolonged cycling. In order to prevent these detrimental eﬀects without
compromising electrochemical performance, various coating methods have been explored. In this work, TiO2 and Al2O3 thin
ﬁlms were deposited using atomic layer deposition (ALD) on the surface of LNMO particles. This resulted in eﬀective surface
protection by prevention of electrolyte side reactions and a sharp reduction in resistance at the electrode/electrolyte interface
region.
KEYWORDS: LiNi0.5Mn1.5O4 spinel, nano-structured electrode, surface modiﬁcation, ALD, cation dissolution
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INTRODUCTION
Lithium-ion batteries have found nearly innumerable applications since their commercial release in 1991, providing energy
for everything from portable electronic devices to electric
vehicles.1 Among cathode materials, LiNi0.5Mn1.5O4 (LNMO)
has received signiﬁcant interest as a candidate for replacement
of the currently commercialized cathode materials, (LiCoO2)
for lithium-ion batteries.2,3 The operating voltage of LNMO is
particularly high at ∼4.7 V (vs. Li/Li+) while also providing a
relatively high capacity (theoretical speciﬁc capacity: 146.72 mA
h g−1). Nevertheless, improvement of LNMO cathode materials
is still of particular interest in order to produce batteries that
meet the superior power performance required for transportation vehicles. Higher power output is directly correlated to
© XXXX American Chemical Society

lithium ion intercalation/deintercalation rates, which can be
improved by particle size reduction of the active electrode
material.4−8
The improvement of lithiation/delithiation kinetics can be
ascribed to a sharp reduction in the characteristic time constant
(t = L2/D; L = diﬀusion length, D = diﬀusion constant). The
time t for intercalation decreases with the square of the particle
size upon reduction of micrometer dimensions. In addition, a
large surface area permits extensive electrode−electrolyte
contact, leading to a high lithium-ion ﬂux across the interface.
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As a result of the shortened electron pathway through the
active electrode material, the electrical resistance of nanosized
materials is signiﬁcantly less than comparable micron-sized
particles. The implementation of nanoparticulate electrode
materials results in various beneﬁts, however deleterious aspects
can be intensiﬁed. For example, the increase in surface area
results in an escalation in electrode−electrolyte side reactions.
This phenomenon is augmented at both high (>4.3 V vs Li/
Li+) and low (<1.0 V vs Li/Li+) operating potentials.9 For this
reason, most of previous nanostructured material research was
limited to electrodes operating under low operating voltages,
such as most of anodes,10−12 LiFePO4,13 etc.
To overcome this common problem, surface modiﬁcation of
the material is required for stabilization of the interface between
the electrolyte and electrode.14−16 Recently, various materials
have been investigated as possible coatings on the
LiNi0.5Mn1.5O4 electrodes. Metal oxide15,17−22 and polymer23,24
coatings have been employed as possible materials to prevent
manganese dissolution. Carbon has been explored as an
additive to both prevent dissolution, as well as increase
electronic conductivity.25 Various surface modiﬁcation methods, such as physical vapor deposition or wet-chemical
techniques have been utilized with the aim of improving
interfacial properties. However, these methods have limitations
that include nonconformity and unwanted phase transformations due to interdiﬀusion of the elements during high
temperature operation. Unlike other surface modiﬁcation
methods, atomic layer deposition (ALD) is a particularly useful
method for deposition of conformal thin ﬁlms with a high
degree of thickness variation.26−30 The low temperature
process implements a coating only at the surface, thereby
preventing unpredictable changes in the bulk. While the use of
ALD to deposit protective layers on conventional LNMO
electrodes containing both carbon and binding additives has
been reported,21,22 there exists an absence of publications
concerning electrodes without such additives. In the present
study, the nanowire LNMO cathode material is prepared and
probed without such additives, allowing for investigation of
nanosize eﬀects.
Prior studies indicate that strong deviation of electrochemical
properties results when cathode particles are reduced from the
micron-regime to that of the nano.4,12 However, there remains
a dearth of quantitative understanding of the degree that
reduction to nanosize aﬀects elementary electrochemical
parameters. This work provides critical insights in the analysis
of lithium-ion transport kinetics of nanostructured materials
and analytical studies concerning ALD surface modiﬁcations to
successively inhibit deleterious side-reactions. Following surface
modiﬁcation of the LNMO cathode material, the elementary
resistances involved in cell operation have been quantitatively
investigated.

■

Figure 1. (a) Schematics of the sol−gel based template synthesis.
Scanning electron micrographs of (b) top and (c) cross-sectional views
of LiNi0.5Mn1.5O4 nanowire electrode prepared via sol−gel based
template synthesis method.
solution was placed on a Pt foil current collector and dried overnight
at 70 °C. The template was removed using an oxygen plasma etching
system (Trion RIE/ICP dry etcher) under the following operating
conditions: 50 sccm O2 ﬂow rate, 100 mTorr O2 pressure, 150 W RF
power, and an etching time of 2 h. Finally, the nanowire electrode was
crystallized at 800 °C for 1 h.
Atomic Layer Deposition (ALD). TiO2 and Al2O3 thin ﬁlms were
deposited on the as-prepared nanowire electrodes using atomic layer
deposition (Beneq TFS200). Titanium tetrachloride and water were
used as the precursors for the TiO2 deposition. Deposition of Al2O3
required the use of trimethylaluminum and water as precursor
reagents. Both deposition experiments employed N2 as the carrier gas
and were carried out at 250 °C.
Materials Characterizations. Scanning electron microscope
(SEM) (Phillips, XL30) and transmission electron microscope
(TEM) (FEI Tecnai G2 Sphera cryo-electron microscope) were
utilized in order to examine particle morphology and size distribution.
The chemical composition was determined using an energy dispersive
X-ray detector (EDX) equipped in the SEM. Crystallinity of the
samples was examined by X-ray diﬀraction (XRD) (Bruker D8) with
Cu Kα radiation. XRD data was gathered in the range of 2θ = 10−80°,
at a scan rate of 0.02 deg s−1. The reﬁnement of the XRD data was
carried out using the Rietveld method in the FullProf software package
suite. The Ni/Mn molar ratio in the solid and electrolyte samples was
characterized by inductively coupled plasma optical emission spectroscopy (ICP-OES) (PerkinElmer Plasma 3700). Twenty-ﬁve μL of
electrolyte is collected from a custom-made electrochemical cell and
added to a 25 mL solution matrix (1:1 wt %, HCl/HNO3). Therefore,
the electrolyte solution is tested at a 1000 times dilution.
Electrochemical Characterization. A custom-made three-electrode cell was employed for electrochemical experiments.32−34 To
remove the eﬀect of the lithium metal counter electrode on the
electrochemistry, a three-electrode cell conﬁguration is necessary. This
eﬀect is reﬂected in impedance analysis, as the impedance from the
counter electrode can inﬂuence the working electrode properties. As a
result, we employed the three-electrode cell conﬁguration for
impedance experiments. For electrochemical experiments such as
galvanostatic cycling and C-rate determination, a two electrode cell
conﬁguration was employed using the LMNO nanowire cathode and
lithium metal anode. Nanostructured electrodes and lithium metal foil
were used for the positive and negative electrodes, respectively. A 1 M
solution of lithium hexaﬂuorophosphate (LiPF6) dissolved in a 50/50
(v/v) mixture of ethylene carbonate (EC) and dimethyl carbonate
(DMC) was used as electrolyte. The electrochemical cells were
assembled in an argon ﬁlled glovebox (MBraun) (H2O concentration
<1 ppm). The speciﬁc capacity in this work was calculated on the basis
of the active mass of NW electrode. The mass of each electrode
including Pt substrate was estimated statistically by measuring the

EXPERIMENTAL SECTION

One-Dimensional Nanostructured (Nanowire) Electrode
Fabrication. The spinel-phase material LiNi0.5Mn1.5O4 with nanowire
morphology was prepared using a sol−gel based template synthesis31
(Figure 1a). A commercially available polycarbonate membrane with a
nominal pore diameter of 200 nm (Whatman, P/N 7060-2502) was
used as the template. The sol solution was prepared using a
stoichiometric mixture of nickel acetate tetrahydrate (1.867 g),
manganese acetate tetrahydrate (5.514 g), and lithium acetate
diacetate (1.530 g) dissolved in deionized water (100 mL) with 0.5
wt % poly(vinyl alcohol) (PVA). All chemicals were purchased from
Aldrich and used as received. The template ﬁlled with the as-prepared
B
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electrode mass ten times using a microbalance (Shimadzu,
AUW120D), followed by calculation of the average mass value and
variance. The active mass of each NW electrodes was obtained by
mechanical removal from the Pt substrate. The average loading of
active mass in the electrodes was found to be 0.00081 g (= 0.81 mg)
and had a range of 0.00080−0.00082 g (= 0.80−0.82 mg). A Solartron
1287 electrochemical interface was used to perform the galvanostatic/
potentiostatic experiments. Electrochemical impedance experiments
utilized the Solartron 1287 electrochemical interface, coupled with a
Solartron 1260 frequency response analyzer. Electrochemical
impedance spectroscopy was performed in the frequency range from
100 kHz to 10 mHz at a cell potential of 4.77 V (vs Li/Li+) using a
signal with an amplitude of 10 mV.

The structure of the as-prepared nanowires was characterized
using powder X-ray diﬀraction following mechanical removal
from the Pt current collector, as shown in Figure 3. The

■

RESULTS AND DISCUSSION
Characterization of Nanostructured Electrode Material. The sol−gel-based template synthesis is shown schematically in Figure 1a. Typical morphology of the as-prepared
nanowire electrode is observed by SEM (Figure 1b and 1c).
From the cross-sectional view of Figure 1c, it is revealed that
the nanowires are uniformly protruding from an underlying Pt
current collector substrate. The average diameter of each
nanowire was determined to be ∼140 nm with a length of
approximately 13 μm. The TEM images in Figure 2 detail the

Figure 3. Rietveld reﬁnement results from XRD patterns collected
from LiNi0.5Mn1.5O4 nanowire electrodes. The black crosses represent
the observed pattern, the red line corresponds to the calculated
diﬀraction pattern and the blue is the diﬀerence pattern.

disordered LiNi0.5Mn1.5O4 spinel material has a cubic crystal
structure with space group Fd3m
̅ . The lithium atoms occupy
the tetrahedral sites (Wyckoﬀ position 8a), while the
disordered nickel and manganese atoms occupy the octahedral
sties (Wyckoﬀ position 16d).35 Rietveld reﬁnement was
performed and the reﬁned parameters with reliability factors
are presented in Table 1. A relatively high Rb factor was
Table 1. Parameters and Reliability Factors Obtained by the
Rietveld Reﬁnement of Nanowire Electrode from Figure 1a
a = b = c = 8.192043 Å, α = β = γ = 90°, Fd3̅m S

a

Figure 2. Transmission electron micrographs of LiNi0.5Mn1.5O4
nanowire electrode prepared via sol−gel based template synthesis
method.

label

atom

X

Y

Z

B

occ

Li1
Ni1
Li2
Ni2
Mn2
O3

Li
Ni
Li
Ni
Mn
O

0.37500
0.37500
0.00000
0.00000
0.00000
0.24183

0.37500
0.37500
0.00000
0.00000
0.00000
0.24183

0.37500
0.37500
0.00000
0.00000
0.00000
0.24183

0.00000
0.00000
1.77179
1.77179
1.77179
0.00000

0.96074
0.03926
0.03926
0.46074
1.50000
4.00000

Conventional Rietveld reliability factor: Rwp = 3.63, Rb = 10.06

obtained in the reﬁnement, which is likely the result of
broadened XRD peak patterns because of nanosize eﬀect.36 The
particle size was calculated to be 41 nm using Scherrer’s
formula eq 136,37 (against the (111) peak; λ = X-ray
wavelength, B = full width at half-maximum (fwhm) peak
value (Figure S1 in the Supporting Information) and is
consistent with the particle size estimated from the TEM
images.
Scherrer’s Formula

ﬁne morphology of the nanowire, which is composed of
crystalline particles with an average size of 47 nm and range
within 30−80 nm. The particle size was estimated statistically
by counting at least 30 diﬀerent sample regions from the TEM
images, followed by calculation of the average size. The
nanowires have a polycrystalline structure with nanosize
crystallites of diﬀerent orientations. A legible lattice fringe of
0.47 nm can be observed from the locally magniﬁed TEM
images (inset of Figure 2), which is consistent with the (111)
interplanar spacing of the disordered structured LiNi0.5Mn1.5O4.
It should be noted again that the nanowire electrodes in this
study oﬀer an unbiased ability to study the nanosize eﬀect, as
additives to improve electronic conductivity and binding agents
have been removed.

L = 0.9λ /B cos θ

(1)

Electrochemical charge and discharge was performed in the
potential range of 3.5−4.85 V (vs Li/Li+) with applied current
rate of C/7.5 using LiNi0.5Mn1.5O4 (noncoated) nanowires as
the positive electrode (Figure 4a). The plateau at ∼4.7 V (vs
C
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Figure 4. (a) Electrochemical charge and discharge voltage proﬁles between 3.5−4.85 V (vs Li/Li+) for noncoated nanowire at 1/7.5 C charge and
discharge rate (black), and TiO2-coated (blue) and Al2O3-coated (red) nanowires. (b) Diﬀerential capacity curves, dQ/dV vs V, of the nanowires.

Li/Li+) arises from the Ni2+/4+ redox couple while the plateau at
∼4.0 V is the result of the Mn3+/4+ couple.
The voltage plateau at ∼4.0 V (vs Li/Li+) in the noncoated
nanowire shows diﬀerent behavior than those in the coated
nanowires. As shown in Figure 4, it is clear that the
overpotential of noncoated nanowires is signiﬁcantly larger
than those of coated nanowires. This is the result of the
disparate polarization in as-prepared nanowires. In this study,
nanowire electrodes were prepared without carbon and binding
additives which leads to poor electrical conductivity and large
polarization. This also matches the results of the rate
performance test; capacity arising from the voltage plateau at
∼4.0 in the fast discharging current density (large polarization)
is a lot smaller than that in the slow discharging current density
(small polarization) as shown in Supporting Information Figure
S7. More speciﬁc elementary resistances that contribute to
overall polarization can be analyzed in the results of the
impedance later. More interestingly, it is also found that
charging and discharging curves show a bit diﬀerent behaviors.
This demonstrates an agreement with our previous study,
which detailed nonequilibrium structural dynamics in LNMO
spinel materials under operando conditions using coherent Xray diﬀraction imaging (CXDI). It was reported that a sharp
discrepancy exists between electrochemistry and electrode
structural changes during a fast charging/discharging process.
We discussed that an ionic blockage layer is formed at the
surface during fast charging process.38 Therefore, the electrochemical proﬁle cannot indicate the actual amount of Mn3+ in
this study. In the previously reported literatures, the origin of
Mn(III) ions has been ascribed to transition metal (TM) ion
substitutions,39,40 various crystallization temperatures,41,42 and
diﬀerent cooling rates43 during heat treatment. To ﬁx this in the
present study, all nanowire electrodes were prepared using the
same calcination temperature (800 °C) and cooling rate.
Atomic layer deposition is a well-known method which can
prevent unpredictable compositional changes during surface
deposition on materials due to the low operating temperature.
While the electrochemical proﬁles show similar plateau regions
with the typical composite electrodes (with added carbon
additive and binder), the irreversible capacity occurs not
exclusively in the ﬁrst cycle, but also in consecutive cycles. It is
hypothesized that this is the result of side reactions between the

electrolyte and active electrode material at the electrode/
electrolyte interface. By plotting the diﬀerential capacity (dQ/
dV) vs cell potential (V), a peak is observed above 4.6 V in the
ﬁrst charging proﬁle (Supporting Information Figure S8 details
the dQ/dV plot for the ﬁrst and second charge/discharge
cycles), indicating that a side reaction is indeed occurring. This
peak is not observed when using conventional powder
LiNi0.5Mn1.5O4 and we purport its evolution to be related to
electrode activation. At particularly high potentials, the
electrolyte decomposes and forms a layer on the surface of
the electrode particles. Previous reports have described that this
can be signiﬁcantly detrimental to lithium-ion conduction
through the electrode/electrolyte interface.37,43 Prolonged
operation at high voltage can exacerbate these types of side
reactions. In addition, reduction of the manganese(III) ions at
the surface of LiNi0.5Mn1.5O4 leads to manganese(II) ions,
which can dissolve in the electrolyte. Manganese(II) ions
proceed to diﬀuse through the electrolyte to the lithium metal
anode and plate on the surface.3,43,44 This leads to an increase
in the internal resistance of the cell and as a result, poor battery
performance. The particle morphology does not change
following electrochemical cycling, but Rietveld reﬁnement
shows that the lattice parameter and Rb increase (Figure S2
and S3 in the Supporting Information). This is likely the result
of augmentation of the nanosize eﬀect and Mn(II) dissolution.
In addition, a recent publication reports structural changes in
the electrode during the ﬁrst cycle, which is been purported to
be migration of transition metal ions into empty octahedral
sites to form Mn3O4-like and rocksalt-like structures.45 In the
case of LNMO nanowires, the surface area is markedly higher
resulting in a large side reaction peak in the charging proﬁle.
However, the exact nature of 4.6 V peak in dQ/dV proﬁle in the
charging process is still open to debate.
Surface Modiﬁcation−Atomic Layer Deposition
(ALD). To prevent the deleterious eﬀects of electrolyte
decomposition and cation dissolution, the interface between
the electrolyte and the active materials must be modiﬁed.
Atomic layer deposition (ALD) is a technology that has been
repeatedly shown to be extremely useful in the surface
modiﬁcation of complex nanostructured materials.29,46 This
technique is based on successive, surface-controlled reactions
from gaseous reagents to produce thin ﬁlms and overlayers in
D
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Figure 5. Top views (SEM images) of atomic layer deposition (ALD) coated nanowire electrodes (a) TiO2 ALD 11 cycles and (b) Al2O3 ALD 30
cycles. The insets indicate the percentage of each component from the EDX analysis. (c) Various deposition thickness of the TiO2 and Al2O3 coating
layer as a function of ALD cycles.

Figure 4a details a TiO2-coated nanowire electrode with an
approximate coating thickness of 0.43 nm (= 4.3 Å; 11 cycles),
and an Al2O3-coated nanowire electrode with a coating
thickness of ∼0.41 nm (= 4.1 Å; 5 cycles). Electrodes layered
with either thin ﬁlm material were found to exhibit typical
redox behavior of LiNi0.5Mn1.5O4, such as the Ni2+/4+ and
Mn3+/4+ plateaus at around 4.7 and 4.0 V (vs Li/Li+),
respectively. It was found that the irreversible capacity fade is
signiﬁcantly reduced as a result of coating the nanowire LNMO
material using atomic layer deposition.
In spite of the considerable eﬀects of volume and surface area
of the nanowire electrode on the electrochemical performance,
there is no existing testing method that would allow for the
accurate determination of these quantities without damaging
the one-dimensional morphology. In lieu of an experimental
measurement, the surface area was calculated as follows: as the
average diameter of the nanowire is 140 nm (= 2r) and the
length is 13 μm (= L), the outer rectangular area of a nanowire
is 5.72 × 10−8 cm2 (= 2πr × L). The average number of pores
in the polycarbonate (PC) template is 4.7 × 108 pores/cm2. In
addition, the diameter of the electrode cutout is 14 mm, leading
to a surface area of 1.54 cm2 (= π × 0.72). Hence, the number
of nanowires in the electrode is 7.24 × 108 wires (= 4.7 × 108 ×
1.54), leading to a total outer rectangular area of nanowires to
be 41.41 cm2 (= (7.24 × 108) × (5.72 × 10−8)). Therefore, the
total surface of area is 42.95 cm2 (= 41.41 + 1.54). Using the
aforementioned values, the superﬁcial volume of a single
nanowire is calculated to be 8.005 × 10−13 cm3 (=πr2 x L) and
the total volume of nanowires is 5.79 × 10−4 cm3 (= (8.005 ×
10−13 cm3) x (7.24 × 108 wires)). The average thickness of
substrate layer is 200 nm, leading to the volume of 0.308 ×
10−4 cm3 (= 1.54(200 × 10−7)). Therefore, the total volume of
electrode is 6.098 × 10−4 cm3. Accordingly, as shown in Figure
4 (a), the discharge capacity of noncoated NW is 101.12 mAh/
g, 134.31 mAh/cm3, and 1.907 × 10−3 mAh/cm2. The
discharge capacity of the TiO2-coated electrode is 103.17
mAh/g, 138.73 mAh/cm3, and 1.969 × 10−3 mAh/cm2.
Nanowire electrodes coated with Al2O3 lead to discharge

the nanometer range with perfect conformality and controllability. Figures 5a and 5b show images obtained using SEM as
well as energy dispersive X-ray spectroscopy (EDX) analysis of
the TiO2 and Al2O3 coated nanowire electrodes. Following
successful deposition of TiO2 and Al2O3 thin ﬁlms, the
nanowires were found to be in the same protruding fashion
from the Pt substrate. The thickness of the thin ﬁlm is directly
proportional to the number of ALD cycles. The growth rate of
both TiO2 and Al2O3 thin ﬁlms on the nanowire electrodes was
calculated as shown in Figure 5c. Each ALD cycle deposits a
uniform TiO2 and Al2O3 thin ﬁlm layer of approximately
0.0389 (= 0.389 Å) and 0.0816 nm (= 0.816 Å) in thickness,
respectively, on the nanowire LNMO surface. As shown by
TEM (Figure 6a and 6b for TiO2 and Al2O3, respectively), the
surface of the coated nanowires is highly smooth and uniform.

Figure 6. Transmission electron micrographs of (a) TiO2 ALD-coated
(50 ALD cycles) and (b) Al2O3 ALD-coated (15 ALD cycles)
nanowire.

To determine the eﬀect of the deposition layers on the
electrochemical performance of nanowire LNMO electrodes,
galvanostatic charge/discharge experiments were performed
with an current rate of C/7.5 in the potential range of 3.5−4.85
V (vs Li/Li+).
E
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capacities of 105.72 mAh/g, 140.43 mAh/cm3, and 1.994 ×
10−3 mAh/cm2.
In addition, the electrode/electrolyte side reaction was
eﬀectively prevented, as shown by the absence of a peak at
∼4.6 V in the diﬀerential capacity plot (Figure 4b). Aluminum
oxide is a well-known insulating material, and as such it was
hypothesized that a thick layer of Al2O3 would inhibit lithium
ion movement and dramatically increase the internal resistance.
However, the formation of a Li−Al−O ﬁlm was found to be an
eﬀective lithium ion conductor and electronic insulator.28,47
The surface modiﬁcation by TiO2 coating is widely adopted to
prevent cation dissolution and electrolyte decomposition.
However, there are no reports about the lithium ionic
conduction mechanism through TiO2 phase. As the thickness
of the TiO2 coating layer is less than 0.5 nm, we purport that
this TiO2 can form a Li−Ti−O glass phase during the lithiation,
analogous to that of Li−Al−O ﬁlms. This resulted in a
retention of electrochemical performance as well as prevention
of electrolyte decomposition and manganese ion dissolution.
To further investigate the eﬀect of the ALD coating on the
nanowire electrodes, experiments correlating capacity retention
with various discharge rates were performed (Figure 7). A cell

charged state at 4.77 V (vs Li/Li+), as shown in Figure 8. These
experiments can help to elucidate the elementary resistances

Figure 8. Impedance spectra of nanostructured electrodes, obtained at
a cell potential of 4.77 V (vs Li/Li+). The insets are the equivalent
circuits to model the reactions in the working and counter electrodes,
respectively. Dotted lines were determined from the CNLS ﬁttings of
the impedance spectra to the equivalent circuits.

that strongly aﬀect electrochemical performance. The impedance spectra (Nyquist plots) consist of two semicircles: one
each in the high and intermediate frequency ranges, and an
inclined line at a constant angle to the abscissa. The ﬁrst
semicircle in the high frequency is the result of the lithium
migration through the surface ﬁlm, and the second semicircle in
the intermediate frequency originates from the interfacial
charge transfer reaction. The inclined line is attributed to
solid-state lithium ion diﬀusion into the active electrode
materials. The impedance spectra were modeled using a
simpliﬁed equivalent circuit as shown in the inset of Figure 8.
The resistance, RΩ, represents the uncompensated ohmic
resistance. The ﬁrst pair of resistance and constant phase
element (CPE), Rf-CPEf, indicates that lithium migration
occurs through the surface ﬁlm region. The second pair of
resistance and CPE, Rct-CPEct, is indicative of charge-transfer
resistance and double layer capacitance. The Warburg
impedance, ZW, describes the solid-state diﬀusion reaction.48−50
All the electrical parameters in the equivalent circuit were
determined from the CNLS (complex nonlinear least-squares)
ﬁtting method,34,51,52 and are summarized in the Table 2. It is
particularly noteworthy that the resistance Rf from the TiO2
and Al2O3 coated nanowires, reduced by about 50 and 70 Ω,
respectively. This corresponds to a reduction of approximately
44% and 67% when compared to that of the noncoated
nanowire electrode. Impedance spectroscopy results indicate
that the resistance originating from the surface ﬁlm region in
the charged state (4.77 V vs Li/Li+) can be signiﬁcantly reduced
by ALD coating on the active materials. A reduction in
resistance suggests that electrolyte decomposition at high
voltage operation and manganese ion dissolution have been
curtailed.
To investigate the extent of cation dissolution into the
electrolyte, the electrochemical cells were disassembled in an
argon ﬁlled glovebox and the electrolyte was separated from the
other battery components. Elemental analysis of the electrolyte
was performed using inductively coupled plasma optical

Figure 7. Speciﬁc capacity versus cycle number plot at diﬀerent charge
and discharge rates. Black: noncoated NW. Blue: TiO2-coated NW.
Red: Al2O3-coated NW.

utilizing a noncoated nanowire electrode shows not merely
inferior rate capability (less than 10 mA h g−1 at a rate of 1 C),
but also signiﬁcant capacity fading during prolonged cycling. In
addition, the Coulombic eﬃciency was found to be exceptionally poor, dropping to nearly 60% at the 30th cycle. It is
postulated that the poor electrochemical performance is a result
of increased electrolyte decomposition and cation dissolution
associated with the increased active surface area of the
nanowires. Coating the nanowire with either TiO2 or Al2O3
resulted in starkly diﬀerent electrochemical performance
compared to noncoated LNMO nanowire electrode. This is
exempliﬁed in a much improved observed Coulombic eﬃciency
of >90% at 25th cycle in Figure 7 (e.g., 98.8% in the Al2O3
coated nanowire). In the case of the Al2O3 coated nanowire
electrode, the discharging capacity at a 1 C rate still presents 99
mA h g−1.
To probe the eﬀect of surface modiﬁcation by ALD on the
electrochemical reaction mechanism, electrochemical impedance spectroscopy (EIS) measurements were performed in the
F
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Table 2. Electrical Parameters of the Working Electrodes, Determined from the Complex Nonlinear Least Squares (CNLS)
Fitting of Impedance Spectra to the Equivalent Circuita
Positive electrode
CPEf

Bare NW
TiO2 ALD
Al2O3 ALD
a

Cell potential

RΩ

Rf

C

V (vs Li/Li+)

Ω

Ω

mF sη‑1

4.77

2.82
2.06
2.57

105
58.99
34.14

0.295
0.158
0.108

CPEdl
Rct

C

η

Ω

μF sη‑1

η

Ω s‑0.5

Aω

0.751
0.923
0.823

24.37
39.66
41.93

96.5
77.5
56.9

0.888
0.862
0.871

30.29
25.11
23.10

This also includes the diﬀusion coeﬃcient, diﬀusion length, and some calculated values.

■

emission spectrometry (ICP-OES). It was found that
manganese ion dissolution into the electrolyte is alleviated
when electrodes are coated with either TiO2 or Al2O3 (Figure
9a). The concentration of manganese in the electrolyte when
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Figure 9. (a) Mn dissolution into the electrolytes with the nanowire
electrodes from ICP-OES analysis. Photographs of Li counter
electrodes after the electrochemical tests (b) without ALD (bare
nanowire) and (c) with Al2O3 ALD.

using noncoated LNMO electrode was determined to be ∼10
ppb after 30 cycles of electrochemical charging and discharging.
However, when the nanowires are coated with Al2O3 (5 ALD
cycles, ∼4 nm thickness), the concentration of manganese in
the electrolyte decreased to a mere ∼1 ppb. Increased cation
dissolution was found to result in severe darkening of the
lithium metal anode. However, cells using an aluminum oxide
coated LMNO cathode resulted in a relatively clean and shiny
lithium anode surface. This qualitative observation further
reveals how signiﬁcant a reduction in Mn(II) dissolution results
when coating the nanowires with insulating thin ﬁlms.
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