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ABSTRACT: This study examines the role of defects in structure−property
relationships in spinel LiMn1.5Ni0.5O4 (LMNO) cathode materials, especially in
terms of Mn3+ content, degree of disorder, and impurity phase, without the use of
the traditional high-temperature annealing (≥700 °C used for making disordered
LMNO). Two different phases of LMNO (i.e., highly P4332-ordered and highly
Fd3̅m-disordered) have been prepared from two different β-MnO2−δ precursors
obtained from an argon-rich atmosphere (β-MnO2−δ (Ar)) and a hydrogen-rich
atmosphere [β-MnO2−δ (H2)]. The LMNO samples and their corresponding β-
MnO2−δ precursors are thoroughly characterized using different techniques
including high-resolution transmission electron microscopy, field-emission
scanning electron microscopy, Raman spectroscopy, powder neutron diffraction,
X-ray photoelectron spectroscopy, synchrotron X-ray diffraction, X-ray absorption
near-edge spectroscopy, and electrochemistry. LMNO from β-MnO2−δ (H2)
exhibits higher defects (oxygen vacancy content) than the one from the β-MnO2−δ (Ar). For the first time, defective β-MnO2−δ has
been adopted as precursors for LMNO cathode materials with controlled oxygen vacancy, disordered phase, Mn3+ content, and
impurity contents without the need for conventional methods of doping with metal ions, high synthetic temperature, use of organic
compounds, postannealing, microwave, or modification of the temperature-cooling profiles. The results show that the oxygen
vacancy changes concurrently with the degree of disorder and Mn3+ content, and the best electrochemical performance is only
obtained at 850 °C for LMNO-(Ar). The findings in this work present unique opportunities that allow the use of β-MnO2−δ as viable
precursors for manipulating the structure−property relationships in LMNO spinel materials for potential development of high-
performance high-voltage lithium-ion batteries.

1. INTRODUCTION

The need for high-energy density lithium-ion batteries (LIBs)
for plug-in hybrid electric vehicles, electric vehicles (EVs), and
stationary storage applications continues to attract research
interest for the development of high-voltage cathode materials.
One such next-generation cathode material is the high-voltage
spinel LiMn1.5Ni0.5O4 (LMNO)1−7 that is characterized by a
higher working voltage (∼5.0 V) than commercialized
materials (such as LiCoO2, LiFePO4, LiNi1/3Mn1/3Co1/3O2,
and LiMn2O4).

8 The spinel LMNO has two possible crystal
structures, being Fd3̅m and P4332 symmetries.9 The Fd3̅m
symmetry has a face-centered cubic (FCC) structure with the
Li positioned in the 8a site, while the Mn and Ni are randomly
arranged in the 16d sites. Subsequently, the Fd3̅m symmetry is
termed the disordered structure. The P4332 symmetry has a
primitive simple cubic structure with the Li positioned in the
8c sites, while the Mn and Ni are regularly arranged in the 12d
sites and 4a sites, respectively. Hence, the P4332 symmetry is
known as the ordered structure. The disordered structure can
be synthesized at temperatures well above 700 °C (e.g., 850
°C), while the ordered structure is synthesized at 700 °C.10

Notwithstanding extensive research on spinel LMNO, the
relationship between structural and the electrochemical
properties is still an open theme.9 The electrochemical
properties of the spinel are among others related to the degree
of disorder, doping, impurities, morphology, oxygen vacancy,
and Mn3+ content. Since these are interrelated to the structural
factors, the oxygen vacancy has been identified as a key
contributing structural factor due to its correlation with the
degree of disorder and Mn3+ content.11

It is common knowledge that oxygen-vacant, Mn3+-rich
LMNO exhibits improved electronic conductivity12,13 and Li+

transport for enhanced discharge capacity;13 thus, the presence
of Mn3+ in LMNO is a critical factor in the search for high-
energy LMNO-based LIBs as energy is dependent on the
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discharge capacity and voltage. However, Mn3+ has the
drawback of a disproportionation reaction, which causes the
dissolution of the Mn2+ into the electrolyte. The dissolved
Mn2+ obstructs the diffusion of Li+ during cycling and
subsequently leads to capacity fading of the cell. Also, during
cycling, the impurity phase in the disordered LMNO blocks
the Li+ mobility, thus reducing the cell capacity.14 Therefore,
the study of the relationship and control of these structural
parameters is pertinent to the design, synthesis, and
optimization of the spinel LMNO cathode materials for
high-performing energy-dense LIBs.
In the search for improved LMNO materials, several workers

have pursued different strategies. For example, Xiao et al.15

used density functional theory (DFT) calculations and
experimental investigations to establish that the oxygen
vacancy in spinel LMNO changes directly with the degree of
the disordered phase and Mn3+ content. On the other hand,
Liu et al.9 indicated that the oxygen vacancies that brought
about the generation of Mn3+ and the impurity phase also
induced Mn/Ni disorder. Therefore, these parameters are
closely related. Furthermore, the authors9 indicated that the
doping of some transition metals into the spinel LMNO lattice
can generate Mn3+ without the formation of oxygen vacancies,
implying that the reduction process of Mn4+ to Mn3+ and the
formation of oxygen vacancies in the spinel LMNO do not
have a direct relationship. In advancing the argument, Xiao et
al.15 emphasized that although the presence of Mn3+ in the Cr-
doped LMNO (LiMn1.5Ni0.45Cr0.05O4−δ) is caused by the

dopant, the oxygen vacancy also has its contributing effect to
the Mn3+ content. These contentious findings clearly prove the
need to study the structure−property relationship of these
parameters on the electrochemical performance of the LIBs.9,15

In this research, the relationship between the structural
parameters (oxygen vacancy, disordered phase, and Mn3+ and
impurity contents) has been interrogated using two spinel
LMNO materials having different oxygen vacancy contents,
abbreviated herein as LMNO−Ar and LMNO−H2. The β-
MnO2−δ nanorods [MnO2−δ (Ar) and MnO2−δ (H2)] have
been produced by a simple molten-salt process under different
levels of reducing atmospheres. For the first time, these
precursors have been used for the synthesis of oxygen-vacant
spinels, LMNO−Ar and LMNO−H2 cathode materials. These
were done at both 700 and 850 °C without metal doping, the
use of organic compounds and postannealing, the modification
of the cooling profiles, or the use of microwave-assisted
synthesis. Examination of the effects of oxygen vacancies on
the electrochemical performance of the oxygen-vacant electro-
des clearly reveals that the oxygen vacancies change
concurrently with the degree of disorder and Mn3+. Therefore,
the strategic control of the oxygen vacancy in spinel LMNO via
the use of low-cost and easy-to-prepare MnO2 with different
oxygen vacancies is thus proposed.

2. RESULTS AND DISCUSSION
2.1. Characterization of the β-MnO2−δ Nanorods. The

microstructure and the morphology of the β-MnO2−δ were

Figure 1. SEM images of (A) β-MnO2−δ (Ar) and (B) β-MnO2−δ (H2). TEM images of (C) β-MnO2−δ (Ar) and (D) β-MnO2−δ (H2). PXRD
patterns of (E) β-MnO2−δ (Ar) and (F) β-MnO2−δ (H2). HRTEM images of (G) β-MnO2−δ (Ar) and (H) β-MnO2−δ (H2).
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examined using X-ray diffraction (XRD), scanning electron
microscopy (SEM), transmission electron microscopy (TEM),
high-resolution TEM (HRTEM) and X-ray photoelectron
spectroscopy (XPS). Figure 1A,B shows the SEM images for β-
MnO2−δ−Ar and β-MnO2−δ−H2 at 200 nm, respectively. The
SEM images confirm the MnO2 to be nanorods. Figure 1C,D
shows the TEM images for β-MnO2−δ−Ar and β-MnO2−δ−H2

at 200 nm, respectively. Both SEM and TEM images show that
the two samples have similar nanorod-like shapes, and the
SEM images look like free-standing nanorods with hollow
spaces. The PXRD patterns of the MnO2−Ar (Figure 1E) and
MnO2−H2 (Figure 1F) taken with Cu Kα radiation exhibit
strong (110), (101), and (211) peaks observed at 2θ = 28.7,
37.4, and 56.8°, respectively. The patterns are consistent with
JCPDS card no. 24-0735 confirming MnO2 being in the β-
phase. The patterns also show weak peaks, attributed to the
presence of MnOOH and Mn3O4 impurities.16 The selected
area electron diffraction (SAED) patterns of the two β-
MnO2−δ nanorods (Supporting Information, Figure S1),
captured from a single nanorod of each, show the typical
concentric circles that confirm polycrystalline morphology.
The HRTEM images (Figure 1G,H) show that the interplanar
spacing is 0.311 nm for β-MnO2−δ (Ar) and β-MnO2−δ (H2).
This is consistent with the (111) planes of β-MnO2.

Figure 2A,B shows the Mn 2p3/2 XPS spectra of β-MnO2−δ
(Ar) and β-MnO2−δ (H2) nanorods, respectively, with the
latter showing the higher Mn3+ content. Figure 2C,D shows
the Mn 3s XPS spectra of β-MnO2−δ (Ar) and (H) β-MnO2−δ
(H2) samples. The Mn 3s spectra comprise a doublet of a high-
spin state (2p3/2) at the lower binding energy (peak 1) and
low-spin state (2p1/2) at the higher binding energy (peak 2).
According to Wu et al.,17 the separation between the two peaks
(ΔE) is about 5.5 eV for Mn3+ and 4.5 eV for Mn4+. The β-
MnO2−δ (H2) has an increased value for ΔE (5.31 eV)
compared to β-MnO2−δ (Ar) (ΔE = 5.16 eV). The average Mn
valences calculated from the conventional linear equation (VMn

= 7.875 − 0.893 ΔE3s)
18 are 3.30 and 3.13 for the β-MnO2−δ

(Ar) and β-MnO2−δ (H2), respectively (Table 1). This result
indicates that β-MnO2−δ (H2) has a higher Mn3+ content (thus
higher surface oxygen vacancy) than the β-MnO2−δ

(Ar).16,19,20 This corroborates the Mn 2p3/2 spectral data.
For charge neutrality, MnO2 contains only Mn4+. The

presence of Mn3+ in the two precursor MnO2 materials is due
to the partial reduction of the Mn4+ to compensate for oxygen
loss during the synthesis in Ar/H2 and H2 environments for
the β-MnO2−δ (Ar) and β-MnO2−δ (H2) nanorods, respec-
tively. Thus, this confirms the introduction of oxygen defects
(vacancies) into the two samples. It is of interest to note that

Figure 2.Mn 2p3/2 XPS spectra of (A) β-MnO2−δ (Ar) and (B) β-MnO2−δ (H2) nanorods and Mn 3s XPS spectra of (C) β-MnO2−δ (Ar) and (D)
β-MnO2−δ (H2) nanorods.

Table 1. Data XPS Spectra

sample Mn 3s Mn 2P3/2

peak 1 (eV) peak 2 (eV) ΔE (eV) valence Mn3+ (eV) Mn4+ (eV) Mn3+ (%) Mn4+ (%) Mn3+/Mn4+

β-MnO2−δ (Ar) 84.00 88.90 4.90 3.5 641.1 642.3 24.89 75.11 0.33
β-MnO2−δ (H2) 83.28 88.90 5.62 2.9 640.8 642.3 53.72 46.28 1.16
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Figure 2A,B shows that the percentage of Mn3+ in β-MnO2−δ
(H2) spectra (53.7%) (Figure 2B) is significantly higher than
that of -MnO2−δ (Ar) (24.9%) (Figure 2A). This is because β-
MnO2−δ (H2) was synthesized under an extremely reducing
(H2) environment relative to the less-reducing atmosphere
used for the β-MnO2−δ (Ar). Consequently, the higher Mn3+

peak intensity and area of β-MnO2−δ (H2) spectra confirm its
higher oxygen vacancy content than that of the β-MnO2−δ
(Ar).
2.2. Characterization of the LMNO Samples Obtained

from the β-MnO2−δ Nanorods. Insights into the phys-
icochemical properties of the LMNO samples have been
provided using several techniques, including SEM, TEM,
HRTEM, synchrotron XRD (SXRD), synchrotron XPS,
powder neutron diffraction (PND), Brunauer−Emmett−Teller
(BET), thermogravimetric analysis (TGA), and Fourier-
transform infrared spectroscopy (FTIR). Figure 3A,B depicts
typical SEM images of LMNO−Ar and LMNO−H2,
respectively. Both samples generally show mostly cubic
morphology and some nanorods (Supporting Information,
Figure S2) with particles sizes in the range 50−150 nm. The
corresponding HRTEM images (Figure 3C,D) show that some
of the particles are rod-like. As evident from the SAED patterns
(Figure 3E,F), the two LMNO materials are highly crystalline.
Also, the HRTEM images (Figure 3G,H) of the two LMNO
samples have interplanar spacings of ∼0.24 nm which is
consistent with the characteristic (311) plane of the fcc crystal
structures.
For the BET surface area, the LMNO−H2 sample has higher

values, pore size and volume, than the LMNO−Ar sample, as
shown in Table 2. The higher surface area of the LMNO−H2
sample promises to offer a larger area for Li+ extraction and
insertion which enhances the conductivity (capacity) of the
electrode in the charge−discharge processes. The higher
surface area in LMNO−H2 correspondingly offers a larger
electrode−electrolyte surface contacts which increases the side
reactions at the interface and thus causes the LMNO−H2
cathode material to degrade faster during cycling. These

observations are expected to be reflected in the charge−
discharge performances of the LMNO−Ar and LMNO−H2
electrodes during cycling. The TGA profiles for the LMNO−
Ar and LMNO−H2 samples (Supporting Information, Figure
S3) show that the LMNO−H2 lost about 1.5% of its weight
before 300 °C, while LMNO−Ar only lost about 0.4% under
the same conditions (details in Supporting Information).
The SXRD patterns of LMNO−Ar and LMNO−H2 samples

are presented in Figure 4A,B. The two samples show strong
diffraction peaks, depicting high crystallinity. The two samples
have the (111) peak positioned at about 18.8° and other peaks
at their respective position in correlation to the model spinel
LMNO structure. Furthermore, the SXRD patterns of the two
samples do not show the superlattice peaks (2θ = 15.4, 39.8,
45.8, and 57.6°) which is synonymous to P4332. Hence, the
LMNO−Ar and LMNO−H2 samples can be indexed to Fd3̅m
symmetry.21 However, the superlattice peaks may have been
too weak for the synchrotron X-ray powder diffraction
analytical technique to detect.22

Unlike the LMNO−H2, the diffraction pattern of LMNO−
Ar shows the presence of a secondary (rock salt) phase,

Figure 3. SEM images (A) of LMNO−Ar and (B) of LMNO−H2, HRTEM images of (C,G) LMNO−Ar and (D,H) LMNO−H2, and SAED
patterns of (E) LMNO−Ar and (F) LMNO−H2.

Table 2. Nitrogen Adsorption−Desportion (BET) Data and
Rietveld Refinement Obtained from SXRD and PND Data
for the LMNO−Ar and LMNO−H2 Samples Obtained at
700 °C

Parameters LMNO−Ar LMNO−H2

%
difference

surface area (m2 g−1)a 7.0 7.9 12.9
pore volume (cm3g−1)a 0.108 0.132 22.2
pore size (nm)a 60.1 67.0 11.5
phase P4332 content (%)b 86.2 94.1
phase Fd3̅m content (%)b 0.10 5.9
rock salt (Li0.8Mn0.81O2) content
(%)b

13.7

NiO impurity (%)c 11.8 0.1
aNitrogen adsorption−desoprtion (BET) data. bSXRD Reitveld
refinement. cPND Reitveld refinement.
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identified by the Rietveld refinement as rhombohedral layered
rock salt (Li0.8Mn0.81O2) of 13.7 wt %, as well as the NiO phase
(11.8%) in the diffraction patterns (Table 2). This observation
is of great interest because it suggests that the experimental
atmospheres used in this research work can be used to control
the impurity phases in spinel LMNO. Ke et al.14 reported that
the impurity phase in spinel LMNO hinders the mobility of Li+

in the cathode material, thereby lowering the cell capacity.
Consequently, the LMNO−Ar sample with a higher amount of
impurity is expected to have a lower capacity than the
LMNO−H2 sample (and this will be shown later).
In the classical spinel LMNO structure, the XRD (111)

Miller index has the highest intensity, while the (311) Miller
index has the highest in the antispinel structure.21 It can be
inferred that the LMNO−Ar and LMNO−H2 have spinel
structures. The XRD peak intensity ratio, I111/I311, is a suitable
indicator to differentiate between the disordered and ordered
phases.23 The I111/I311 values for LMNO−Ar and LMNO−H2
are 1.9959 and 2.0650, respectively. The I111/I311 values of the
model disordered phase (JCPDS: 32-0581) and ordered phase
(JCPDS: 80-2184) are 1.67 and 2.61, respectively. It can be
inferred that the two samples (LMNO−Ar and LMNO−H2)
have disordered and ordered phases because their I111/I311
values are in between that of the JCPDS values. The I111/I311
value relates to the degree of confusion among the Li+ and
transition-metal ions in LMNO. Furthermore, the I111/I311
value is inversely proportional to the degree of confusion and
the degree of confusion relates inversely to Li transport
(conductivity).21 The LMNO−H2 sample exhibits a slightly
higher I111/I311 value (2.0650) than the LMNO−Ar sample
(1.9959), suggesting that the LMNO−H2 sample may have a
lower degree of confusion relative to the LMNO−Ar sample.
Consequently, the LMNO−H2 sample should show a
smoother path for Li+ transport and thus better conductivity.
The structural stability of spinel LMNO increases with the
increase in the I311/I400 value.

24 The I311/I400 value is slightly

higher for LMNO−Ar (0.9117) than that for the LMNO−H2
(0.8999), suggesting that LMNO−Ar should exhibit higher
structural stability than LMNO−H2, and the cycle perform-
ance of LMNO−Ar is expected to be better than LMNO−H2
(as observed and will be discussed in the next section on
electrochemistry).
Figure 4C,D shows the PND patterns of the LMNO−Ar and

LMNO−H2. The diffraction pattern of the LMNO−H2 sample
shows peak shift toward the lower angles. This is consistent
with the expansion of the unit cell.25 The PND Rietveld
refinement showed that the lattice parameter of LMNO−H2
(8.27246 Å) is larger than the lattice parameter of LMNO−Ar
(8.18073 Å). The increased lattice parameter of LMNO−H2
can be related to the increase in its Mn3+ content since the
Mn3+ ionic radius (0.65 Å) is higher than that of Mn4+ (0.54
Å).21 This subsequently leads to a larger cell volume of 566.11
Å3 in LMNO−H2 than that of 547.49 Å3 LMNO−Ar. It is
expected to offer larger Li+ pathways and thus higher electronic
and ionic conductivity than in LMNO−Ar (as observed and
will be discussed in the next section on electrochemistry).
Furthermore, the superstructure lines are observed in the two
samples’ powder neutron diffraction patterns which confirm
that the presence of P4332 phases.

26 This is consistent with the
SXRD Reitveld refinement results (Table 2).
Figure 5A,B shows the deconvoluted Mn 2p3/2 XPS spectra

of LMNO−Ar and LMNO−H2 cathode materials. Table 3
displays values obtained from the fitted peaks. The Mn 2p3/2
XPS binding energy of Mn3+ on the surface of LMNO−Ar and
LMNO−H2 samples are positioned at 642.1 and 643.5 eV,
respectively, while the Mn 2p3/2 XPS binding energy of Mn4+

on the surface of LMNO−Ar and LMNO−H2 cathode is
positioned at 643.8 and 645.9 eV, respectively. A positive shift
of the binding energy is well-known to be related to reduced
electron density around the base element. Thus, the significant
shift in the binding energy of the LMNO−H2 is indicative of
the reduced electron density (due to oxygen vacancies) around

Figure 4. SXRD patterns of (A) LMNO−Ar and (B) LMNO−H2 and PND patterns of (C) LMNO−Ar and (D) LMNO−H2.
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the Mn. Similar binding energies have been reported by
Nesbitt and Banerjee.27 The LMNO−H2 cathode material’s
Mn3+ content (86.8%) is greater than that of the LMNO−Ar
(46.4%).
The results further confirm the presence of Mn3+

(disordered phase) and Mn4+ (ordered phase) on the surface
of the two samples, and the Mn3+ content on the surface of
LMNO−H2 is more than that on the surface of LMNO−Ar.
The presence of Mn3+ in the XPS spectra of LMNO−Ar and
LMNO−H2 can be attributed to the generation of an oxygen
vacancy and higher percentage of Mn3+ in LMNO−H2 which
can be ascribed to a higher concentration of oxygen vacancy.
This result agrees with the results of the SXRD, Raman
spectroscopy, X-ray absorption near-edge spectroscopy

(XANES), and GCV. Figure 5C,D and Table 3 show the
fitted Ni 2p3/2 XPS spectra and data analysis of LMNO−Ar
and LMNO−H2 cathode materials. The fitted spectrum of
LMNO−Ar has only one peak situated at a binding energy of
854.7 eV. This peak can be allotted to Ni2+ as the value is
similar to 854.8 eV.28 The LMNO−H2-fitted spectrum showed
two peaks which are positioned at 853.7 and 855.5 eV. The
binding energy at 853.7 eV is due to Ni 2P3/2 (Ni2+ or
NiO).29,30 The binding energy at 855.5 eV is assigned to Ni3+

(855.6 eV)28,31 or Ni2+ [Ni(OH)2] (855.5 eV).15,32 FTIR
confirmed the presence of the OH bond in the LMNO−H2

sample (see Supporting Information, Figure S3). Raman
spectroscopy is a sensitive technique to probe the local
environments of spinel LMNO. Raman spectra (Figure S4)

Figure 5. Mn 2p3/2 XPS spectra of (A) LMNO−Ar and (B) LMNO−H2; Ni 2p3/2 XPS spectra of (C) LMNO−Ar and (D) LMNO−H2; and (E)
Mn K-edge XANES and (F) Ni K-edge XANES (inset in Figure 5F shows edge shift between NiO and Ni2O3 spectra).

Table 3. XPS Analysis Results: LMNO−Ar and LMNO−H2 Cathode Materials

binding energy (eV) % binding energy (eV) %

Sample Mn3+ Mn4+ Mn3+ Mn4+ Ni2+ (NiO) Ni2+ (NiO) Ni2+ (Ni(OH)2) Ni2+ (NiO) Ni2+ (Ni(OH)2)

LMNO−Ar 642.1 643.8 46.4 53.6 854.7 100
LMNO−H2 643.5 645.9 86.8 13.2 853.7 855.5 13.5 86.5
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show that the LMNO−H2 sample has a higher degree of
disordered phase than LMNO−Ar, (details in the Supporting
Information). The XANES result showed that the Ni exists as
Ni2+ in LMNO−H2. Furthermore, as will be shown in the next
section on electrochemistry, the cyclic voltammogram of
LMNO−H2 has only one peak at 4.7 V, confirming the
presence of Ni2+ only.13 Consequently, the binding energy
855.5 eV can be ascribed to Ni2+ (Ni(OH)2) and not Ni3+.
This finding also proves that LMNO−H2 has a higher oxygen
vacancy.
The oxidation states of Mn and Ni in the LMNO−Ar and

LMNO−H2 samples were examined by XANES. Figure 5E
shows that the Mn K-edge spectra of the two samples are
similar. The Mn K-edge spectra of LMNO−Ar and LMNO−
H2 samples are positioned within that of the Mn3+ and Mn4+

standards. This result confirms the co-existence of the two
phases, that is, Mn3+ (disordered) and Mn4+ (ordered) in the

LMNO−Ar and LMNO−H2 samples. The Mn oxidation state
is thus between +3 and +4. Figure 5F shows the Ni K-edge
spectra of the two samples and the Ni standards [NiO (Ni2+)
and Ni2O3 (Ni

3+)], with a clear edge shift between NiO and
Ni2O3 spectra (see Figure 5F inset). The spectra of the two
samples are similar and very close to that of the Ni2+ and no
significant change in the spectra of the LMNO−Ar and
LMNO−H2 samples. This result confirms that the Ni in the
two samples exists as Ni2+. The Mn and Ni K edge of the
samples’ spectra have weak pre-edge regions.

2.3. Electrochemical Measurements. Electrochemical
properties were investigated using cyclic voltammetry (current
vs voltage: CV), galvanostatic charge−discharge (GCD), and
electrochemical impedance spectroscopy (EIS). The cyclic
voltammograms of the LMNO−Ar and LMNO−H2 electrodes
at 0.1 mV s−1 reveal the signature redox couples of LMNO
(Figure 6A,B). The CV curves are very similar and consist of

Figure 6. Cyclic voltammograms of LMNO−Ar and LMNO−H2 at 0.1 mV s−1 for samples obtained at (A) 700 and (B) 850 °C; discharge capacity
of LMNO−Ar and LMNO−H2 at a 0.1 C rate (inset, broken rectangle) for samples obtained at (C) 700 and (D) 850 °C; and Nyquist plots of
LMNO−Ar and LMNO−H2 obtained prior to cycling at OCV (4.7 V) for samples obtained at (E) 700 and (F) 850 °C.
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three redox peaks in the regions 2.5−3.0 V, around 4 V, and
4.5−4.9 V. The strong redox couple at the lower voltages
(anodic peak ∼3.1 V and cathodic peak ∼2.6 V) is due to the
Mn3+/Mn4+ redox reactions.33 The small peak around 4.0 V
also signifies the Mn3+/Mn4+ redox reactions. The presence of
Mn3+ reveals that the two samples have some degree of the
disordered phase, being higher in LMNO−H2, corroborating
the results of the analytical techniques in the previous sections.
Given that the Mn3+ content changes directly with the degree
of disorder15 implies that the LMNO−H2 cathode material has
a higher degree of disorder than the LMNO−Ar. The higher
degree of the disorder phase is expected to have better
electronic and Li+ conductivity because of its higher Mn3+

content and thus higher specific capacity. Figure 6C shows the
discharge capacity profiles of LMNO−Ar and LMNO−H2
cathode materials at a 0.1 C rate, between the 1st and 25th
cycles: LMNO−H2 has a value of 113.6 mA h g−1 and decays
to 59.6 mA h g−1 after 25 cycles (retention capacity of 52.7%);
LMNO−Ar has a value of 90.1 mA h g−1 and decays to 76.3
mA h g−1 after 25 cycles (capacity retention: 84.7%). Although
the specific capacity is lower than the theoretical value (∼147
mA h/g), it is interesting to note that even at low annealing
temperature (700 °C), the obtained specific capacity is in the
range reported by others such as Nisar et al.,34 Wu et al.,35 and
who reported 106 and 121 mA h/g for LMNO, respectively.
However, the LMNO obtained at higher annealing temper-
ature (850 °C) showed higher and more stable capacity
(Figure 6D) than the samples obtained at 700 °C (Figure 6C).
The voltage plateau around 4 V can be used to estimate the

relative amount of Mn3+ in spinel LMNO. From Figure 6A,B
(broken rectangle), a voltage plateau occurred around 4 V for
the LMNO−H2 which is larger than that seen in the LMNO−
Ar, clearly suggesting that the Mn3+ content of LMNO−H2 is
higher than that of LMNO−Ar. In both cases (i.e., at 700 and
850 °C, Figure 6C,D), the LMNO−Ar showed better cycling
stability than the LMNO−H2 counterpart.
The reason lies in the knowledge that the LMNO−H2

cathode material with high Mn3+ content should be more
prone to the disproportionation reaction (hence higher
capacity fading) than the LMNO−Ar with low Mn3+ content.
The electrochemistry of LMNO−Ar and LMNO−H2 cathode,
which proves the co-existence of disordered and ordered
phases, is consistent with the PXRD, Raman, and XANES data.
The high specific discharge capacity shown by the LMNO−H2
cathode material may be attributed to the following reasons:
(i) higher degree of oxygen vacancy; (ii) higher degree of
disordered phase; (iii) higher Mn3+ content (more conduct-
ing); (iv) lower impurity content; (v) higher BET surface area
data; and (vi) lower extent of confusion between Li+ and

transition cations. The higher Mn3+ content in the LMNO−H2
electrode will lead to a higher amount of soluble Mn2+ in the
electrolyte by the disproportionate reaction, hence the poorer
stability or capacity fading upon repetitive cycling (see also
Figure S5B). On the other hand, the LMNO−Ar cathode
material exhibits low specific capacity but higher cycling
stability because of its lower Mn3+ content (higher Mn4+) and
higher impurity contents; impurities are known to restrict the
Li+ mobility. The lower BET surface area of the LMNO−Ar
cathode material offered a reduced surface contact with the
electrolyte, thus reduction in the side reactions and
consequently a higher retention capacity. Both electrodes
show essentially similar Coulombic efficiency (Figure S5) of
∼97%, in agreement with the literature.36

Next, EIS measurements were used to provide some insights
into the all-important interfacial electrochemistry,37−46 includ-
ing the ease at which electrons and Li ions move across the
electrode−electrolyte interface. The Nyquist plots for the two
electrodes (Figure 6E,F), show intercept in the high-frequency
area of the real impedance (Z′) axis, a semicircle in the middle-
frequency area, and a sloping line in the lower-frequency area.
The Nyquist plots were satisfactorily fitted with the conven-
tional lithium-ion battery electrical equivalent circuit,46 that is,
combination of an RC and a Randles circuit (Figure 6E,F
inset) made up of the following parameters: the bulk resistance
(Rb) of the battery cell (due to the series connection of the
electrode, current collectors, electrolyte, and separator);
constant phase element (CPE) due to the capacitance of the
interfacial layer which is affected by the inhomogeneity of the
electrode surface, cathode−electrolyte interfacial resistance
(RCEI), double-layer capacitance (C), charge-transfer resistance
(RCT) due to electronic transport, and Warburg impedance
(Wd) due to Li-ion diffusion. As seen in Table 4, the overall
resistance (Rb + RCEI + Rct) values decrease as follows:
LMNO−Ar at 700 °C (4209 Ω) > LMNO−H2 at 700 °C
(3202 Ω)≫ LMNO−Ar at 850 °C (353 Ω)≫ LMNO−H2 at
850 °C (82 Ω).
The results show that at both annealing temperatures

investigated, the LMNO−H2 gives the best electrical
conductivity compared to the LMNO−Ar counterpart,
confirming the higher Mn3+ content of the former than the
latter. The EIS results are consistent with the physicochemical
data described already.
Finally, DFT calculations were used to interrogate the effects

of oxygen vacancy on the conductivity of the LMNO cathode
materials. These show (Figure S6) that the band gap decreases
as oxygen is removed from the supercell: LMNO phase
(LiMn1.5Ni0.5O4, P4332 = 4.604 eV) > (LiMn1.5Ni0.5O4−δ,
Fd3̅m = 4.597 eV) > (LiMn1.5Ni0.5O4−2δ, Fd3̅m = 4.547 eV),

Table 4. EIS Parameters for the LMNO-Based Cells with LMNO Samples Obtained at Both 700 and 850 °C Annealing
Temperatures

EIS parameters electrode materials

@700 °C @850 °C

LMNO−Ar LMNO−H2 LMNO−Ar LMNO−H2

Rb/Ω 22.10 ± 0.28 23.10 ± 0.36 8.46 ± 0.44 2.73 ± 1.26
RCEI/Ω 34.10 ± 11.15 2825.00 ± 33.27 248.5 ± 1.982 58.49 ± 3.31
CPE/μF s(a−1) 0.008 ± 0.00 9.50 ± 0.36 14.99 ± 1.11 28.25 ± 16.47
A 0.71 0.96 0.83 0.79
Cdl/mF 0.80 ± 0.20 0.30 ± 0.00 1.023 ± 0.06 1.347 ± 0.45
RCT/Ω 4153 ± 29.11 353.90 ± 0.77 96.26 ± 0.91 20.60 ± 2.93
Zd/Ω s−0.5 1900 ± 0.22 383.7 ± 2.02 14.07 ± 0.19 6.00 ± 0.13
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clearly confirming that the conductivity of LMNO increases
with the increase in oxygen vacancy.

3. CONCLUSIONS

Oxygen vacancies in LMNO−Ar and LMNO−H2 were
successfully synthesized by controlling the precursors’ (β-
MnO2−δ) synthesis atmosphere. The different levels of
reducing atmospheres under which the precursors were
synthesized are identified as the key factors for the
introduction of the oxygen vacancies into the LMNO−Ar
and LMNO−H2 cathode materials. The CV and GCD results
confirmed the co-existence of disordered and ordered phases in
the LMNO−Ar and LMNO−H2 samples with different Mn3+

contents. The higher discharge capacity of the LMNO−H2
sample relative to that of the LMNO−Ar is attributed to its
higher degree of oxygen vacancies, disorder, Mn3+ content, and
lower impurities. The more severe capacity fading of the
LMNO−H2 sample is also ascribed to the same trend of
indices (oxygen vacancies, disorder, Mn3+ content, and
impurities). In addition, the high-oxygen vacancy LMNO−
H2 sample cathode material has a high RCEI which caused
significant change to the electrochemical properties of the LIB.
Thus, we can infer that the careful control of the synthetic
atmosphere of the precursors is critical to have appropriate
contents of oxygen vacancies, disorder, Mn3+ content,
impurities, and CEI for the improved electrochemical perform-
ance of spinel LMNO. The oxygen vacancy content in the
spinel LMNO cathode material changes concurrently with the
Mn3+ content and degree of disorder but not with the impurity
content. Therefore, it can be proposed that these fundamental
findings can be valuable contributors to the design, synthesis,
and optimization of improved spinel LMNO for LIBs.

4. EXPERIMENTAL SECTION

4.1. Synthesis of MnO2−δ (Ar) and MnO2−δ (H2)
Nanorods. The precursors, MnO2−δ (Ar) and MnO2−δ (H2)
nanorods, were synthesized using the modified molten salt
method.16,47 Weight ratio 1:5:10 of the MnSO4, LiNO3, and
NaNO3 was, respectively, grounded using a mortar and pestle.
The mix was heated in a tube furnace at 385 °C (2.0 h) under
an argon (5%)/hydrogen (95%) atmosphere to obtain the
precursor, β-MnO2−δ (Ar) nanorods, and hydrogen (100%)

atmosphere to obtain the precursor: β-MnO2−δ (H2) nanorods.
The two products were allowed to cool naturally under their
respective prevailing atmospheres. The samples were washed
several times with distilled water and dilute H2SO4 acid and
dried at 90 °C overnight.

4.2. Synthesis of LMNO Nanorods (LMNO−Ar and
LMNO−H2). The LMNO nanorods were synthesized by the
modified solid-state reaction.48 The molar ratio of 1.5:0.5:1.05
of β-MnO2−δ (H2) nanorods, Ni(NO3)2·6H2O, and LiOH was
dispersed in ultrapure water. It was then mixed in a magnetic
stirrer and dried in an oven at 80 °C. The dried sample was
hereafter heated in air at 700 or 850 °C for 18 h to obtain the
product LMNO−H2. The synthesis of the LMNO−Ar
followed the same procedure except for the precursor [β-
MnO2−δ (Ar)] nanorods that were used (schematically
illustrated in Figure 7).

4.3. Physicochemical Characterization. Powder XRD
patterns were obtained at the D10-B, XPD beamline at the
LNLS synchrotron (Brazil) to provide data good for
refinement because of the extremely high signal/noise ratio
of the diffraction pattern.49 A photon energy of 8.0 keV was
used with data collected using a linear detector (Mythen 1 K).
The crystalline phase identification was performed using
DIFFRAC.EVA (Version 2. Release 2014) in conjunction
with the ICDD PDF2 database (Release 2016). Phase
quantification was performed using the Rietveld method as
implemented in Bruker AXS TOPAS software (Version 5,
2014). PND analysis was performed at the SAFARI-1 research
reactor at the South African Nuclear Energy Corporation SOC
Limited (NECSA). The high-performance neutron diffraction
instrument, Powder Instrument for Transition in Structure
Investigations (PITSI),50 was used to obtain data at room
temperature using a wavelength of 1.08 Å and a 4 position-
sample changer that continuously rotated the samples. The
diffraction patterns were measured by 17° step scans of the
area detector bank to cover 10−115° in 2θ. The samples were
contained in thin-walled vanadium tubes and fully illuminated
using an incident beam size of 5 × 35 mm2. Data acquisition
times ranged from 4 to 10 h to get good statistics. Refinements
were carried out with GSAS II. XPS measurements were
performed at the LNLS Synchrotron (Brazil) using an electron
analyzer SPECS, model Phoibos HAS-3500 150, with a
monochromatic Al Kα (hν = 1486.61 eV). The mono-

Figure 7. Schematic representation of the preparation of defect-engineered β-MnO2−δ nanorods and their corresponding LiMn1.5Ni0.5O2−δ cathode
materials.
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chromatic Al Kα source was operated at 10 kV and 10 mA and
the spectra were obtained with an analyzer pass energy of 20
eV. The samples in the powder form were supported on
double-sided carbon tape and fixed on the XPS sample holder.
The spectra were analyzed using the software CasaXPS,
version 2.2.99. The spectra were analyzed using the software
CasaXPS, version 2.2.99. XANES analysis at the Mn K-edge
(8333 eV) and Ni K-edge (6539 eV) was performed at the
D06A-DXAS beamline of the LNLS. DXAS is a dispersive
beamline equipped with a focusing curved Si(111) mono-
chromator, operating in the Bragg mode, that selects the X-ray
energy bandwidth (11 400−12 000 eV), with a 1152 × 1242
(500 × 900) pixel CCD solid-state detector that converts X-
rays into visible light for spectral analysis. The monochromator
was calibrated with Ni and Mn foils prior to each measure-
ment. Extraction of the XANES signal was carried out using
the Demeter software package.51 BIOVIA Materials Studio
DMol3 module was used to carry out the DFT calculations. A
supercell of 3 × 3 × 3 (448 atoms) for Li2Mn3NiO8 was
modeled and its geometry was optimized. An accuracy
threshold was set as 10−6 eV and Perdew−Wang generalized
gradient approximation (PW91) functionals employed. The
514.5 nm line of an argon-ion laser and a Horiba Jobin-Yvon
LabRAM HR Raman spectrometer equipped with an Olympus
BX41 microscope attachment was used to obtain the Raman
studies. The LabSpec v5 software was used to capture the data.
The FTIR spectra were recorded using a Thermo Nicolet 6700
FTIR spectrometer. The TEM images of the samples were
captured using an FEI Tecnai T12 Sprint instrument (at Wits)
and TEM, JEOL JEM-2100Plus (at University of Bath). The
surface area of the samples was determined by the Micrometric
Tristar 3000 BET. The SEM images were captured using the
FEI Nova Nanolab 600 Instrument. XPS spectra were collected
with a Thermo ESCAlab 250Xi spectrometer. TGA was carried
out using a TGA 4000: PerkinElmer between 35 and 900 °C at
a heating rate of 5 °C min−1 in an air gas rate of 20 mL/min
and a nitrogen gas rate of 20 mL/min. The electrochemistry of
LMO samples obtained at 700 and 850 °C shows similar
activity trends in terms of oxygen vacancies (e.g., Mn3+ content
in LMNO−H2 > LMNO−Ar); thus, the physicochemical
characterization of the LMNO samples was conducted with
samples obtained at 700 °C.
4.4. Electrochemical Characterization. The LMNO

cathode laminate was fabricated by mixing a slurry containing
80% LMNO, 10% carbon black, and 10% poly(vinylidene
fluoride) in N-methyl-2-pyrrolidone. The prepared mix was
pasted on an aluminum current collector and vacuum-dried at
110 °C for 12 h. The dried laminate was then punched into 12
mm disc for coin-cell assembly and transferred into the
glovebox. The cells were assembled in the glovebox using Li
foil as an anode. Lithium hexafluorophosphate (LiPF6) in
ethylene carbonate, dimethyl carbonate, and diethyl carbonate,
(volume ratio 1:1:1) electrolyte (1 M), and a microporous
polypropylene Celgard H1612/16 μm separator were used.
The coin cells remained in the glovebox overnight before they
were taken out for electrochemical measurements (CV: 2−4.9
V and galvanometry discharge: 3.5−4.8 V) using the BioLogic
system (BCS-8xx series) instrument.
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