
Instantaneous Surface Li3PO4 Coating and Al−Ti Doping and Their
Effect on the Performance of LiNi0.5Mn1.5O4 Cathode Materials
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ABSTRACT: Using hydrogen peroxide (H2O2), a novel approach
was applied for the synthesis of LiNi0.5Mn1.5O4 (LNMO) coated
with Li3PO4 and doped with Al3+ and Ti4+ ions. The reaction
between LNMO and H2O2 resulted in particles with a partially
damaged surface. If the same reaction is done in the presence of
lithium, aluminum, titanium, and phosphate ingredients, then all
particle facets are intact and show no sign of destruction. It appears
that the H2O2 decomposition activates the LNMO surface,
generating perfect conditions for the homogeneous deposition of the Li, Al, Ti, and phosphate ions. Electrochemical investigations
show a very slow fading process during the cycling, and even after more than 500 cycles, the obtained cathode material shows a high
specific capacity of 127 mAh g−1 (at 1 C) (∼98% capacity retention) and an excellent Coulombic efficiency (99.5%).
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Although spinel LiNi0.5Mn1.5O4 (LNMO) could be used as
an active material in high-power lithium ion batteries,1−3

the unstable surface and interface characteristics are the main
obstacles for its successful application. Usually, in the crystals
of this kind of spinel, there is a minor amount of Mn3+ ions.
Because of the disproportionation reaction of Mn3+, the Mn2+

ions are obtained. These ions tend to dissolve into the
electrolyte, and this process accelerates the capacity fade of the
battery.4−6 The most effective approach for protecting the
LNMO particles is to avoid their direct contact with the
electrolyte. This could be achieved by covering their surface
with a protective layer.7−10 The coating of cathode materials
with Li1.3Al0.3Ti1.7(PO4)3 (LATP) has been largely reported in
the literature.11−14 Generally, it is known that the conductivity
of the Li1+xAlxTi2−x(PO4)3 materials is related to their
composition and the maximum stability for the R3̅c structure,
and enhanced conductivity was observed for x = 0.3.15

An important approach for obtaining such coatings is
essentially the same: a sol−gel method. While the reported
studies have shown promising results for the ability of the
obtained coatings to improve the electrochemical performance
of the active materials, the direct observation of the coating
chemistry and the coating structure and the full evidence of
possible doping have not been shown. Furthermore, all studies
have limited their investigation to bare and surface-modified
cathodes, making the derivation of the real contribution of the
coating difficult to assess. To obtain a crystalline coating layer
with good ionic conductivity, the coated cathodic materials are
exposed to a heat treatment. The thermal treatment not only
will contribute to the synthesis and to crystallization of the
coating material but also will influence the structure of the
active material. Finally, the structural changes of the active

material could be the reason for the improved electrochemical
performance of the battery, but not the coating sample.
Therefore, in order to identify the contributions from the
coating process and composite in the coating layer, it is
strongly recommended to produce a process reference
compound. Such a material/uncoated sample exposed to the
same thermal treatment as the coated one is useful for the
reflection of the process influences.
The process of oxygen reduction into water is very

important for many energy-conversion devices.16−18 The
possibility of using non-noble-metals as catalysts in such
processes has stimulated a renewed attention of the
scientists.19,20 Recently, a series of studies showed strong
activity of Mn oxides in the hydrogen peroxide reactions.21

Being encouraged by these results, we decided to test the
activity relative to hydrogen peroxide of one well-known
cathode material, LiNi0.5Mn1.5O4 oxide. A simple reaction
between ∼100 mg of LNMO and 10 mL of H2O2 resulted in a
very violent reaction, which after approximately 1 min led to
decomposition of H2O2. The XRD studies of the LNMO
powder after the reaction have shown that the structure of
LNMO has not changed. Although the LNMO (catalyst)
seems to remain intact, during the reaction a large amount of
heat is produced, which led us to conclude that the surface of
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the catalyst for a short period of time becomes activated. It is
expected that during the decomposition reaction the H2O2
adsorbate and LNMO adsorbent share electrons signifying the
formation and/or breaking of chemical bonds. After the
reaction and removal of H2O and O2 molecules from the
surface of LNMO, these bonds are broken and shortly are free
to mediate further reactions. Although the mechanism is not
known (this is not the target of this study), we decided to use
such a surface activation to obtain coated LNMO materials.
The goal of this work was the coating of the LNMO spinel

particles with Li1.3Al0.3Ti1.7(PO4)3, which is a kind of
electrochemically stable inorganic material with high Li ion
conductivity.14 The composition and the concentration of the
components in the solution used for the coating were
considered accordingly. The pristine LNMO was synthesized
by a coprecipitation method as previously reported.22 The
detailed synthesis of the pristine and coating materials is
presented in the Supporting Information.
Although, even after the decomposition reaction presented

above, the X-ray diffraction (XRD) patterns show no LNMO
structure modifications, the scanning electron microscopy
(SEM) studies show a partially damaged surface of the
particles (Figure 1). What is curious is that mostly the (100)

facets of the truncated octahedral crystals were damaged. The
reason for such behavior is not known, but it is believed to be
related to factors such as cation ordering, oxygen vacancies, or
size effects.
A brief look at the literature shows that truncated (100)

facets might stabilize the spinel structure, support Li ion
transport kinetics, and facilitate exceptional electrochemical
performance for the LNMO cathode material.23 If the same
reaction is done in the presence of Li, Al, Ti, and phosphate
ingredients, then the result is different: the particles show the
same truncated octahedral microstructures with large portions
of smooth and clean (100) facets, but the (100) facets are
intact and show no sign of destruction (Figure 2). This
indicates that the reaction of H2O2 with LNMO in the
presence of the above-mentioned ingredients has not changed

the micromorphology of the LNMO particles. It appears that
the H2O2 decomposition activates the LNMO surface;
generates “comfortable” conditions for the Li, Al, Ti, and
phosphate ions to deposit homogeneously on the LNMO
surface; and simultaneously protects it from further reaction
with H2O2.
Due to the small quantity of the coating components, it is

difficult to observe the presence of the coating layers at 100 °C
(Figure 2, left). At 800 °C (Figure 2, right), however, well-
distributed and overlapped crystalline multilayers are observed.
Unfortunately, because of the concentration of the coating
components being too small, in the XRD pattern only
reflections typical for LiNi0.5Mn1.5O4 are observed. A small
shift of the diffraction reflections and a minor increase of the
lattice parameters of the 0.5 wt % coated sample in comparison
to the uncoated one, however, suggest a partial doping of the
coated sample with Ti4+ ions. In order to confirm the results
obtained by SEM and XRD analysis, XPS (X-ray photoelectron
spectroscopy) analysis was also performed. Figure S3 shows
XPS Mn 3s, Ni 3p, Al 2p, Ti 2p, and P 2p spectra of the
uncoated (Figure S3, top) and coated LNMO (Figure S3,
bottom) with 0.5 wt % Li−Al−Ti−PO4 components. The
463.3 and 458.0 eV binding energies for Ti 2p1/2 and a Ti 2p3/2
spin−orbit separation of ∼5.3 eV are usually observed for the
Ti4+ ions in an octahedral oxygen environment.24 The Al 2p
peak at 76.0 eV is very weak, because of very small
concentration of the Al ions in the coating layer. The P 2p
spectrum displayed a peak at ∼133.5 eV associated with the
phosphate groups.25

To determine the possible structure of the composite coated
on the surface, the same reaction was done with a bigger
quantity of Li, Al, Ti, and phosphate components. The SEM
images of the coated particles dried at 100 °C (Figure 3, left)

and calcined at 800 °C (Figure 3, right) demonstrate
unquestionably the presence of a thick crystalline and very
homogeneous coating layer. Taking into consideration the
surface area of 0.3 m2 g−1 for LNMO and theoretical density of
LATP of 2.8 g cm−3, a layer thickness of ∼6 nm for the 0.5 wt
% LATP and ∼60 nm for the 5 wt % LATP-coated
LiMn1.5Ni0.5O4 particles could be assumed.
XRD was performed to detect the structural differences

between the three above examined materials and one
additional coated with 10 wt % (Figure 4): LNMO calcined
at 800 °C (used as reference sample) and LNMO coated with
0.5, 5, and 10 wt %, and calcined at 800 °C. The XRD pattern
of the 5 and 10 wt % samples calcined at 800 °C, in addition to
the reflections typical for the spinel structure, shows several
other weak reflections which confirm the presence of
orthorhombic γ-Li3PO4

26 on the surface of LNMO particles
but not of Li1.3Al0.3Ti1.7(PO4)3. EDS studies (Figure S1) of the

Figure 1. SEM diagrams of pristine LNMO (left) and LNMO treated
with H2O2 (30%) (right).

Figure 2. SEM diagrams of LNMO coated with 0.5 wt % Li−Al−Ti−
PO4 components and dried at 100 °C (left) and the same material
calcined at 800 °C (right).

Figure 3. SEM diagrams of LNMO coated with 5 wt % Li−Al−Ti−
PO4 components and dried at 100 °C (left) and the same material
calcined at 800 °C (right).
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5 wt % coated samples, on the other hand, also indicate the
presence of Al and Ti ions in the coated samples. In general,
the XRD patterns are similar for all three treated samples.
However, there is one noticeable effect, which is easy to
observe in the XRD patterns of the 10 wt % coated sample.
The 220 and 422 reflections (∼31° and ∼54°) are a fingerprint
for the occupation of the 8a tetrahedral site by heavy atoms.27

In the case of LNMO + LP(10%) + 800 °C, they show much
higher intensities, which is most likely due to partial Li
substitution by Al3+ ions; Ti4+ ions in most of the cases tend to
occupy the octahedral 16d sites.28,29

In order to better understand the individual properties of the
diffraction patterns, Rietveld refinements were carried out
using the Topas6 software. Due to strong X-ray absorption of
the copper radiation, a uniform isotropic displacement
parameter of Beq of 0.5 had to be used. It must be assumed
that phase fractions and the occupation factors in particular are
subject to significant errors that exceed the values listed in
Table S1. Nevertheless, refining the 8a Wyckoff position as a
Li−Al mixed occupied site yields a ratio of 8 and 76% Al,
separately, for the samples with 5 and 10 wt %. In contrast,
refinement of the 0.5 wt % sample indicates pure Li
occupation. The rocksalt secondary phase fraction was
determined to be 3−4% in three of the four samples. The
LNMO + LP(10%) + 800 °C sample hardly shows any rocksalt
impurity phase. In contrast, the γ-Li3PO4 phase fraction was
determined to 6.8%.
Another clear effect observed in the XRD patterns of 5 and

10 wt % coated samples is that they show an enlargement of
the unit cell, also reflected by an obvious shift of the reflections
toward smaller angles (Figure 4, inset; Table S1). The enlarged
lattice parameters can be explained by partial substitution of
Mn4+ (0.53 Å) ions with ions of a larger radius, in the present
case, Ti4+ (0.605 Å). The shifts of the diffraction reflections
and lattice parameters of the 0.5 wt % sample are smaller, due
to a lower concentration of the Ti4+ doping ions in the
structure. However, due to the similar structure factors of Ti,
Mn, and Ni, a refinement of the Ti content on the 16d
octahedral site was not possible.

It is known that Raman spectroscopy is sensitive to the
crystal symmetry. In addition, it is a useful technique to
identify the cation ordering. Figure S4 shows the Raman
spectra of the uncoated and coated (5 wt %) LNMO powders,
and both heat-treated at 800 °C. The peaks around 494 and
397 cm−1 are related to the Ni2+−O stretching mode, whereas
the peak at around 631 cm−1 is assigned to the symmetric
Mn−O stretching modes.30 A slight broadening of the Mn−O
peak of the LNMO + LP(5%) + 800 °C sample most probably
originates from partial doping with Ti ions. A nonsplit peak
around 600 cm−1 is considered characteristic for disordered
structures,30 indicating that the coating process did not change
the cation order degree of the uncoated material. The intense
peak at approximately 970 cm−1 is attributed to the P−O
vibrations in {PO4} tetrahedra.
In summary, using SEM, XPS, Raman, and XRD, it was

possible to characterize the process of spinel coating and to
identify the main component of the coating layer, γ-Li3PO4.
Generally, if such a mixture of components, Li, Al, Ti, and
phosphate, is used for the coating, the final substance that
crystallized on the surface of the active cathode material is
assumed to be LATP.13,14 In order to isolate the pure LATP
powder and to determine the possible structure of the phases,
which could be synthesized by our new approach, the LATP
precursor was prepared using the same components and the
same heating process as that for the coated LNMO, but in the
absence of LNMO. The XRD pattern of the obtained product
is shown in Figure S2 and fits the structure of LATP. The
coating processes with LATP are widely discussed in the
literature, but no report demonstrates a clear structure of the
LATP.13,14 Our studies clearly reveal that the structure of the
coating material, no matter which concentration is in use,
corresponds not to LATP but to Li3PO4, and Al3+ and Ti4+

ions are consumed for doping of the active material. Even
when the concentration of the coating components is ∼10 wt
%, the structure of the final coating material still matches that
of Li3PO4 (Figure 4, inset).
It should be mentioned that there are only several examples

of Li3PO4-coated spinel cathode materials reported so far.31−33

Kobayashi et al. used Li3PO4-coated LNMO to prevent the

Figure 4. XRD patterns of uncoated LiMn1.5Ni0.5O4 (LNMO) and coated with 0.5, 5, and 10 wt % coating material, and all four calcined at 800 °C.
The reflections at 16.9°, 22.3°, 23.2°, 24.8°, 28.9°, 29.2°, 33.9°, 34.3°, and 34.8° correspond to coated Li3PO4. Inset: a zoomed 2θ region (16.0−
37.0°) showing the Li3PO4 reflections.
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degradation of solid polymer electrolyte in an all-solid-state
lithium battery.31 In order to study the contribution of the
surface bridging ions to the establishment of stronger bonds
between the spinel and Li3PO4, using a hydrothermal method,
Huang et al. synthesized a Li3PO4-coated LNMO.32 Since solid
electrolytes are more stable at a high operating voltage than
organic liquid electrolytes, using pulsed laser deposition
(PLD), a Li3PO4-coated LNMO material was also prepared
and tested as a positive electrode in the all-solid-state batteries
with Li2S−P2S5 as solid electrolyte.33

To explore how the structural and morphological changes
influences the electrochemical activity of the coated LNMO
spinel obtained in this work, the cycle-life performances of bare
LNMO, LNMO calcined at 800 °C (reference compound),
and LNMO 0.5 wt % coated and calcined at 800 °C were
tested and compared. The choice of 800 °C as the temperature
was based on the published results, which show that at this
temperature LNMO has a Fd3̅m space group and displays a
high discharge capacity and the best cycling performance.34−36

The electrochemical data for the 5 and 10 wt % coated samples
are not illustrative, because the coating layer of these samples is
very thick and forms a barrier for the movement of lithium
ions. In addition, the low ionic conductivity of the Li3PO4
(∼10−18 S cm−1) plays its negative role.37,38 The details about
electrochemical measurements are presented in the Supporting
Information.
The long-term cycling performance of the three materials

mentioned above is shown in Figure 5, left. The cells were
initially charged−discharged for two cycles at 0.1 C, and then
charged (at 0.5 C) and discharged (at 1 C) for more than 500
times with the voltage of 3.5−5.0 V. The Coulombic efficiency
of all electrodes was ∼99.5% at the charge−discharge cycle,
which indicates a very high reversibility of the composite
electrodes. The pristine LNMO and LNMO + 800 °C display
initial capacities of ∼123.2 and 126.9 mAh g−1, respectively.
However, both electrodes show a comparable degree of
capacity fading: after 500 cycles, the remaining capacity for the
original LNMO is 90.2%, and for the calcined LNMO + 800
°C, it is 89.1%. On the other hand, the coated sample LNMO
+ LP(0.5%) + 800 °C shows not only a higher initial capacity
(∼132.0 mAh g−1) but also a higher stability and capacity
retention (∼97.8%).

In order to characterize the process of Li ion migration, the
rate capability was tested. This test was performed as
previously reported:22 at the potential range of 3.5−5.0 V
and different scan rates of 0.1, 0.5, 1, 2, 5, 10 C (Figure 5,
right). If the discharge rate of the bare LNMO material is
increased from 0.1 to 10 C, then its discharge capacity shows a
reduction from 128.8 to 88.8 mAh g−1. Such a decrease
corresponds to 69.0% capacity retention. Two other materials,
LNMO + 800 °C and LNMO + LP(0.5%) + 800 °C, show
45.0% (from 133.6 to 58.8 mAh g−1) and 72.0% (from 136.2
to 98.1 mAh g−1) capacity retentions, respectively. Therefore,
one can conclude that the rate capability of the LNMO
material gets worse if an extra thermal treatment at 800 °C is
performed, but if the same sample is coated and treated at 800
°C, then a higher capacity retention at high cycling rates is
obtained. Hence, the pure contribution of the coating and
doping is obvious.
Interestingly, once the LNMO + 800 °C cell is cycled at

high rates and the current density proceeds back to 1 C, it
recuperates its initial capacity which is similar to the capacity of
the LNMO + LP(0.5%) + 800 °C electrode. It seems that,
after cycling at high rates, the structure of the pristine material
additionally calcined at 800 °C undergoes certain changes,
which favor a better Li ion intercalation and, respectively, an
enhanced performance. Unfortunately, further cycling shows a
faster fading for LNMO + 800 °C in comparison to LNMO +
LP(0.5%) + 800 °C (Figure 5, right, and Figure S5), which
again indicates the positive contribution of the coating process
on the stability of the active material. It should be mentioned
that the discharge capacity of the LNMO + 800 °C sample at 1
C is slightly higher than at C/2 (Figure 5, right). Such a
phenomenon is not new, and it is suggested that the wetting
and activation process of this sample needed a slightly longer
time, and as a result, a larger capacity is obtained later.23,39

Another remarkable observation, which also points to the
positive input of the coating, was made from differential
capacity versus potential (dQ/dV) curves (Figure S6). Figure
S7 shows the dQ/dV curves for the Ni3+/Ni4+ redox couple
extracted from the capacity retention test for the range
between the 5th and 100th cycles. All of the peaks, regardless
of the sample being the original or the temperature- or Li3PO4-
modified spinel, show a similar shape, but the polarization of
the coated material between the fifth and the 100th cycle is

Figure 5. (Left) Capacity retention test at charge−discharge rate of C/2 − C and (right) rate capability test of the three samples: LNMO, LNMO
+ 800 °C, and LNMO + LP(0.5%) + 800 °C.
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obviously decreasing compared to those of the uncoated and
reference samples. If, for example, we analyze the oxidation
peaks caused by the Ni3+/Ni4+ redox couple for LNMO and
LNMO + 800 °C, they shift from 4.767 and 4.776 V in the 5th
cycle to 4.769 and 4.779 V after the 100th cycle, respectively.
As a comparison, the corresponding oxidation peak shift of the
coated sample is larger and with the opposite sign (−) from
4.777 to 4.773 V.
In summary, a new coating process was developed, allowing

surface activation and simultaneous coating and doping. This
was possible due to the property of manganese oxides to
catalyze the decomposition of hydrogen peroxide. The coated
LNMO exhibits higher capacity, cycling stability, and rate
capability, and lower polarization than the pristine and
reference samples. Its capacity retention is ∼98% after 500
cycles and is higher than that of the pristine material (∼90%).
In addition, it shows a superior rate capability with a capacity
of 98 mAh g−1 at 10 C, while for the pristine it is only 89 mAh
g−1. It was also concluded that the reference compounds are
very important for distinguishing between the influence of the
process and the effect of composite present in the coating
system.
Even though the benefits of the Li3PO4 coating for LNMO

are notable, further analysis is planned to determine the nature
of the formed phases at lower temperatures, for example, at
500 °C, when the doping did not take place yet and the
possible structure of the coating material corresponds to an
amorphous LATP. Also, neutron diffraction analysis and
transmission electron microscopy are scheduled to confirm
the structure of extra phases that may have formed in the
LNMO + LP(0.5%) + 800 °C sample and to determine the
state of the spinel structure in coated and uncoated materials
after cycling. Such studies will be offered in a future
publication.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsaem.1c00160.

Experimental methods details; EDS, Raman, and XPS
images; XRD results; additional electrochemical data;
and results of the Rietveld refinement (PDF)

■ AUTHOR INFORMATION

Corresponding Author
Valeriu Mereacre − Institute for Applied MaterialsEnergy
Storage Systems, Karlsruhe Institute of Technology, D-76344
Eggenstein-Leopoldshafen, Germany; orcid.org/0000-
0002-8295-6078; Email: valeriu.mereacre@kit.edu

Authors
Nicole Bohn − Institute for Applied MaterialsEnergy
Storage Systems, Karlsruhe Institute of Technology, D-76344
Eggenstein-Leopoldshafen, Germany
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