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On the Durability of Protective Titania Coatings on High-
Voltage Spinel Cathodes
Elise R. Østli,[a] Mahsa Ebadi,[a] Yonas Tesfamhret,[b] Mehdi Mahmoodinia,[c]

Matthew J. Lacey,[d] Daniel Brandell,[b] Ann Mari Svensson,[a] Sverre M. Selbach,[a] and
Nils P. Wagner*[a, e]

TiO2-coating of LiNi0.5-xMn1.5+xO4 (LNMO) by atomic layer
deposition (ALD) has been studied as a strategy to stabilize the
cathode/electrolyte interface and mitigate transition metal (TM)
ion dissolution. The TiO2 coatings were found to be uniform,
with thicknesses estimated to 0.2, 0.3, and 0.6 nm for the LNMO
powders exposed to 5, 10, and 20 ALD cycles, respectively.
While electrochemical characterization in half-cells revealed
little to no improvement in the capacity retention neither at 20
nor at 50 °C, improved capacity retention and coulombic

efficiencies were demonstrated for the TiO2-coated LNMO in
LNMO j jgraphite full-cells at 20 °C. This improvement in cycling
stability could partly be attributed to thinner cathode electro-
lyte interphase on the TiO2-coated samples. Additionally,
energy-dispersive X-ray spectroscopy revealed a thinner solid
electrolyte interphase on the graphite electrode cycled against
TiO2-coated LNMO, indicating retardation of TM dissolution by
the TiO2-coating.

Introduction

The Co free and environmentally friendly LiNi0.5-xMn1.5+xO4

(LNMO) is gaining increased attention as a cathode material for
the next-generation Li-ion batteries (LIBs). Its high operating
voltage (4.7 V vs. Li/Li+) and capacity (147 mAhg� 1) makes it a
good alternative to LiNi1-y-zMnyCozO2 (NMC).

[1] Additionally, the
low Ni content, absence of Co, and full utilization of the Li
makes LNMO a less expensive and more sustainable option
compared to many other high-energy cathode materials that
are commercially available today.[2] LNMO has, however, still
some issues that limit its use. The commercially available
electrolytes, consisting of LiPF6 salt in carbonate solvents [e.g.,

ethylene carbonate (EC), diethyl carbonate (DEC), dimethyl
carbonate (DMC)] have too narrow electrochemical stability
windows and are therefore not thermodynamically stable at the
high operating voltage of LNMO.[3,4] In contrast to the solid
electrolyte interphase (SEI) that is formed on anode materials
such as graphite, the cathode electrolyte interphase (CEI) that is
formed on LNMO upon battery cycling is less stable, even
though it has been demonstrated that LNMO forms a more
stable CEI compared to layered high-voltage cathode
materials.[5] The lack of a stable CEI leads to continuous
decomposition of the electrolyte as the battery is cycled. The
LiPF6 salt can furthermore form HF in the presence of trace
amounts of water, and coupled LiPF6 and EC decomposition can
lead to increased HF formation.[6] HF can in turn attack the
active material and lead to transition metal (TM) ion dissolution,
where Mn and Ni ions migrate over to the anode and
destabilize the SEI layer and cause additional electrolyte
degradation and Li consumption.[7] In addition to HF attack, the
disproportionation reaction (2Mn3+!Mn2+ +Mn4+) has been
reported to be one of the main reasons for TM dissolution in
the spinel cathode materials.[8] LNMO, in contrast to LiMn2O4

(LMO), has most of its Mn in the tetravalent state and therefore
does not have problems related to the disproportionation
reaction to the same extent. However, non-stoichiometric and/
or oxygen-deficient LNMO will contain some Mn3+ due to
charge compensation, and dissolution of both Mn2+ and Mn3+

from LNMO has been reported in the literature, making TM
dissolution a significant issue also for LNMO.[9–11] Although
morphology optimization can reduce the surface area in
contact with the electrolyte and minimize these parasitic side
reactions, this in itself is not sufficient to allow full commercial-
ization of LNMO, in particular at elevated temperatures where
the LNMO/electrolyte interface is highly unstable.[7] Several
strategies have thus been extensively researched to mitigate
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the unwanted reactions on the LNMO surface, such as surface
coatings, doping, and electrolyte additives.[12]

Next to the implementation of alternative electrolyte and
film-forming additives, the strategy of applying a surface
coating on the LNMO surface, and in this way form an artificial
CEI, has been shown to impede the unwanted side reactions. A
large variety of coating materials, for example oxides, fluorides,
and phosphates, have been investigated for this purpose.[13]

Oxide coating materials such as Al2O3,
[14] TiO2,

[15,16] and SiO2
[17] all

have the benefits of chemical simplicity, non-toxicity, and
abundance of the constitutive elements. They can be applied
by several coating techniques and therefore be designed
accurately for their use. This flexibility enables cost-efficient
implementation of the coating, as it is not necessary to choose
complicated and expensive coating techniques and/or precur-
sors. Many oxide coating materials have, however, limited Li-ion
and electric conductivity and can form a Li diffusion barrier that
increases the impedance of the cell.[13,18] A merit of TiO2 as a
coating material candidate is the relatively high Li-ion con-
ductivity compared to, for example, Al2O3. The rutile and
anatase phases have been reported to have diffusion coef-
ficients of 1×10� 6 cm2s� 1 and 4.7×10� 12 cm2s� 1 at 300 K,
respectively.[19,20] Furthermore, being electrochemically active
between 1.5 and 2 V vs. Li, TiO2 has been suggested as a high-
rate anode material for Li-ion batteries.[21–23] For comparison,
amorphous Al2O3 has a reported diffusion coefficient of 5.94×
10 � 17 cm2s� 1 at 300 K.[13,24] Amorphous TiO2 has a higher
measured Li-ion diffusivity than anatase,[21] and a substantially
smaller bandgap (3.2–3.4 eV)[25,26] relative to amorphous Al2O3

(6.9 eV).[27] The bandgap of LNMO, calculated to be 0.49–0.72 eV
depending on the crystal structure,[28] is thus substantially lower
than for all the afore-mentioned coating materials, and even
though TiO2 is a better ionic and electronic conductor than
some of the other oxide coating candidates, the low electronic
conductivity still makes the thickness critical to allow Li-ion
transport through the coating. Atomic layer deposition (ALD) is
a coating technique that allows for accurate control of the
coating thickness and ensures uniform deposition.[29] The
possibility to deposit a large variety of functional materials at
low deposition temperatures has made ALD an attractive
technique to modify interfaces in both LIBs and other
systems.[30,31] It is therefore an excellent coating technique for
studying the effects of ultra-thin coatings.

The application of TiO2-coating has been shown to improve
the electrochemical properties of several cathode materials.
Zhou et al. reported TiO2-coated LiCoO2 (LCO) electrodes to
yield a 40% higher capacity retention over 100 cycles compared
to the uncoated LCO electrode, where the cells were cycled
between 3.0 and 4.5 V.[32] This was attributed to increased
resistance to interfacial side reactions by the applied coating,
which form a stable and conducting TiFx interphase by reaction
with HF in the electrolyte. Similarly, Cheng et al.[33] found
improved capacity retention at long-term cycling in half-cells
for TiO2-coated LCO. The TiO2-coating was, however, found to
be unstable as it participates in the redox reaction with the
underlying cathode material and thus only offers temporary
protection from TM dissolution and HF attack. The TiO2-coating

was furthermore found to gradually be removed from the LCO
surface upon cycling. NMC-622 coated with amorphous TiO2 via
ALD was investigated by Qin et al.,[34] and improved capacity
retention and higher discharge capacity was found for the 5 nm
thick TiO2-coating compared to the bare NMC-622 both at 25
and 55 °C. Lu et al.[35] compared TiO2-coating and Ti surface
doping of LMO, and found that both ALD surface coating and
surface doping of LMO improved the high-temperature (55 °C)
cycling performance in half-cells. ALD TiO2 and Al2O3-coating of
LMO thin film electrodes were investigated by Mattelaer et al.[36]

with specific focus on rate capability, and TiO2-coating was
shown to improve the kinetics of the electrode in contrast to
Al2O3, which dramatically worsens it. The improved kinetics for
the TiO2-coated LMO was attributed to a reduction of CEI
formation combined with the Li-ion conducting nature of TiO2.

The high reactivity between LNMO and the electrolyte
demands a stable coating material, in particular at higher
temperatures where the LNMO/electrolyte interface is partic-
ularly unstable.[37] Several studies of TiO2-coated LNMO have
reported on improved cycling stability for the coated samples,
indicating that TiO2 can be sufficiently stable to protect the
highly reactive LNMO surface. TiO2 surface modification of
LNMO applied by a solid-state route, resulting in an island-type
coating consisting of Ti-rich particles on the LNMO surface, has
been evaluated by Wang et al.[38] Although the TiO2-coating
induced a subtly increased polarization and unchanged
capacity retention at 25 °C, the TiO2-coated LNMO displayed
improved capacity retention at 55 °C and reduced Mn dissolu-
tion compared to the bare LNMO. Successful wet chemical TiO2-
coating of LNMO was reported by both Hao and Bartlett[16] and
Tao et al.[39] The former reported on improved capacity
retention at 55 °C and a maintained structural integrity for the
TiO2-coated sample. Tao et al.[39] additionally reported on out-
standing rate capability for the TiO2-coated LNMO. Cho et al.

[40]

coated LNMO nanowires with TiO2 and Al2O3 by ALD. The high-
surface-area nanowires displayed detrimental interfacial side
reactions when not protected by the ALD coating. Both the
Al2O3- and the TiO2-coating improved the rate capability and
cycling stability while reducing the TM dissolution.

From previous studies, it is clear that TiO2 shows great
promise as a protective surface coating on LNMO. TiO2 is,
however, found to be a HF scavenger rather than a HF barrier
and will therefore react with HF and only offer temporary
protection from HF attack.[41] It is furthermore not well under-
stood how the TiO2-coating is changing over time, and how
robust it is under long-term cycling, as the majority of
published studies do not emphasize post-mortem character-
ization but rather focus on electrochemical characterization,
and mainly in half-cell configuration only.[42] The large excess in
available Li from the often employed thick Li metal electrodes
will mask certain degradation effects, such as capacity decay
caused by Li inventory loss. On the other hand the highly
reactive Li metal electrode can induce side reactions such as
electrolyte consumption by repeated SEI formation as well as
short circuiting by mossy Li plating.[43] It has furthermore been
found that the choice of cathode material will impact how the
Li deposits upon battery cycling, and that LNMO causes higher
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Li overpotentials than, for example NMC622 and LiFePO4

(LFP).[44] Further knowledge of the long-term protection of the
TiO2-coating, in particular at higher temperatures and in full-cell
configuration where the amount of cyclable Li is limited, is
necessary to gain knowledge of the feasibility of TiO2-surface
coatings as a solution to the TM dissolution problem. In the
current study, ultra-thin ALD TiO2-coatings were deposited on
commercial LNMO powder. Three coating thicknesses of <1 nm
were investigated, and the effect on electrochemical properties
in half- as well as full-cell configuration was studied both at 20
and 50 °C. New insights on the protective properties and
durability of the TiO2-coating were obtained by post-mortem
characterization by scanning electron microscopy (SEM) and
energy-dispersive X-ray spectroscopy (EDX), as well as initial CEI
investigations by X-ray photoelectron spectroscopy (XPS).

Results and Discussion

Materials Characterization

The secondary LNMO particles were coated with ultra-thin TiO2

layers by ALD. Three TiO2 coating thicknesses were applied,
corresponding to 5, 10, and 20 ALD cycles of TiCl4- and H2O-
precursor exposure, hereafter named 5 ALD TiO2, 10 ALD TiO2,
and 20 ALD TiO2, respectively. X-ray diffraction (XRD) of all

samples was performed to ensure that the coating procedure
had not altered the LNMO bulk phase or introduced crystalline
impurity phases that would suggest segregation of TiO2 rather
than a homogeneous coating. The X-ray diffractograms are
depicted in Figure 1a (full pattern Rietveld refinement in
Figure S1, Supporting Information). All four samples show
reflections that can be indexed as phase pure LNMO with the
space group Fd-3 m, which is a disordered spinel structure,
where the Ni and Mn cations are randomly distributed in the
16d sites while Li and O ions occupy the 8a and 32e sites,
respectively. The XRD results show no change in the LNMO bulk
crystal structure by the coating deposition. This is expected
since the bulk cation diffusion is negligible at the low
deposition temperature (120 °C). In addition to XRD, Raman
spectroscopy can provide information about the degree of
ordering in the LNMO spinel. Even though Raman spectroscopy
is relatively surface-sensitive, with a probing depth of 20–
300 nm,[45,46] the amorphous and ultra-thin TiO2-coating is not
detectable. From the Raman spectra in Figure 1b, one can see
that the main features are very similar for all four powder
samples. The peak at 165 cm� 1 and slightly more diffuse peak at
407 cm� 1 are indications of partial ordering in the LNMO
structure.[45,47] The relatively low intensity of these peaks is,
however, not indicating complete ordering of the Ni and Mn.
No changes in peak positions between the samples can be
observed, further confirming that the LNMO has not been

Figure 1. (a) X-ray diffractograms, (b) Raman spectra, and d) Ti2p XPS spectra from the uncoated LNMO (black), 5 ALD TiO2 (yellow), 10 ALD TiO2 (blue), and
20 ALD TiO2 (red). (c) SEM image of the uncoated LNMO powder.
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altered by the coating deposition. The peak intensities vary
slightly between the samples, but this can be explained by
surface effects rather than change in the bulk LNMO phase. The
surface morphology of the LNMO powder, depicted in the SEM
image in Figure 1c, shows that the LNMO particles are spherical
with a particle size of approximately 10 μm. The particle surface
consists of faceted grains that form a rather rough outer layer.
This rough surface structure can explain the small variations in
peak intensities observed in the Raman spectra, as the presence
of edges and surface defects can give rise to such variations in
peak intensities. All the four powder samples were also
analyzed by XPS to verify the presence of Ti on the surface of
the TiO2-coated powder sample. The Mn2p, Ni2p, and survey
spectra are included in Figure S2 (Supporting Information). The
Ti2p spectra of all four samples are displayed in Figure 1d.
There is no Ti2p signal from the uncoated LNMO (black), while
the peak intensity increases with the number of ALD cycles
applied [5 ALD TiO2 (yellow) <10 ALD TiO2 (blue) <20 ALD TiO2

(red)].
The characterization of ultra-thin coatings on a particle

surface is quite challenging, since the coating will be difficult to
detect by techniques that are not sufficiently surface-sensitive.
By combining transmission electron microscopy (TEM) imaging
and inductively coupled plasma-mass spectrometry (ICP-MS),
the homogeneity and the degree of coating coverage for such
ultra-thin coatings can be investigated. From the TEM imaging
one can obtain a visual estimate of the coating thickness and
uniformity from a few particles. Although this is a very accurate
technique, the few particles that are being examined are not
necessarily representative for all the coated particles. By
dissolving the four powder samples and performing ICP-MS
analysis, the average Ti content for the four samples was
obtained. From the measured Ti amounts, the Brunauer–
Emmett–Teller (BET) surface area of the LNMO powder (meas-
ured to be 0.276 m2g� 1), and the density of amorphous TiO2

(analyzed by Anderson et al. to be 3.82 gcm� 3),[48] a TiO2 coating
thickness was calculated. Comparing the calculated thickness to
the observed thickness from TEM ensures accurate and
representative estimates of the coating thickness. The cross-
section of a 20 ALD TiO2 particle was examined with TEM, and a
STEM micrograph of the particle surface is shown in Figure 2a.
The crystalline LNMO bulk phase is clearly visible. Along the

faceted surface there is a slightly brighter layer a bit less than
1 nm in thickness. From the electron energy loss (EELS) spectra
in Figure 2b–e, it is confirmed that this surface layer contains Ti
and O. TiO2 grown by ALD at temperatures below 200 °C has
been shown to be amorphous.[49,50] Even though the thin
surface layer appears to have a crystalline structure based on
the STEM images, it is important to point out that the sample is
not necessarily angled along the grain and the thin surface
layer therefore can appear to be crystalline because the
crystalline LNMO phase may be visible through the coating
layer. An additional STEM image is included in Figure S3
(Supporting Information).

The ICP-MS results are presented in Table 1. The calculated
TiO2 thicknesses based on the measured Ti contents are 0.2, 0.3,
and 0.6 nm for 5, 10, and 20 ALD TiO2, respectively. The
calculated coating thickness of 20 ALD TiO2 corresponds
reasonably well with the observed coating thickness from the
STEM micrograph in Figure 2a. A visual estimate of the coating
thickness from a STEM micrograph is challenging for coatings of
<1 nm thickness. Furthermore, when it comes to such ultra-
thin coatings, it is difficult to conclude on the degree of
crystallinity. However, it can be concluded that the even and
ultra-thin layer covering the LNMO particle uniformly consists of
Ti and O. The combined STEM and ICP-MS results indicate
certainly that the coating layer is homogeneous and evenly
distributed on the LNMO particle.

To summarize, the initial materials characterization shows
that the TiO2 deposition has been successful, yielding a coating
thickness of approximately 0.2, 0.3, and 0.6 nm TiO2 on the 5,
10, and 20 ALD TiO2 samples, respectively. The coating
deposition has not altered the LNMO bulk crystal structure.

Electrochemical characterization

Rate testing of half-cells containing the LNMO and 5, 10, and 20
ALD TiO2 samples was conducted at 20 °C. The charge–
discharge curves for the 3rd cycle at a C-rate of C/10 are shown
in Figure 3a. Voltage profiles for all samples with one
representative cycle for each C-rate (C/5–2C) are included in
Figure S5 (Supporting Information). The characteristic LNMO
profile is visible for all 4 samples, with a small plateau around
4 V vs. Li/Li+ and two main plateaus at around 4.7 V vs. Li/Li+.
The 4 V plateau can be attributed to Mn3+/Mn4+ activity, and
the 4.7 V plateaus are due to Ni2+/Ni3+/Ni4+ activity.[51] The clear

Figure 2. STEM results from the cross-section of a 20 ALD TiO2 particle before
cycling. (a) Annular dark-field (ADF)-STEM micrograph showing the uniform
coating with a thickness of less than 1 nm. (b) ADF-STEM image with atomic
resolution showing the TiO2-coating on a facet. (c–e) Corresponding EELS
elemental maps from the Ti-K, O-K, and Mn-L2,3 core loss.

Table 1. Ti content measured by ICP-MS and the corresponding calculated
TiO2 thickness based on a surface area measured by BET to be 0.276 m

2g� 1

and the density of amorphous TiO2 of 3.82 gcm
� 3.[48]

Sample Ti content[a]

[mg kg� 1]
Calculated coating thickness
[nm]

LNMO 0.9 –
5 ALD TiO2 134 0.2
10 ALD TiO2 208 0.3
20 ALD TiO2 380 0.6

[a] RSD 15–25%
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4 V plateau can be explained by the Mn-content in the LNMO
used in this study (LiNi0.43Mn1.57O4), which is slightly higher than
for stoichiometric LNMO (LiNi0.5Mn1.5O4), yielding a larger
amount of Mn3+ that contributes to the capacity. 5 ALD TiO2

has a slightly higher discharge capacity (135 mAhg� 1) com-
pared to the uncoated LNMO and the 10 ALD TiO2

(133 mAhg� 1). These are very small variations, and the
discharge capacity can be considered as unaltered by the two
thinnest TiO2-coatings. The 20 ALD TiO2 (125 mAhg

� 1) displays
a more significant decrease in capacity. The decrease in capacity
for the thicker TiO2-coating is not completely unexpected, as
amorphous TiO2 has a limited Li-ion diffusivity and electronic
conductivity. The effect is, however, not very dramatic at lower
C-rates. At higher C-rates the effect of the TiO2-coating on the
discharge capacity is more pronounced, as can be seen in
Figure 3b where the discharge capacity is plotted vs. cycle
number. When a C-rate of C/2 is applied, the 10 ALD TiO2

capacity is reduced compared to the uncoated LNMO and 5
ALD TiO2, and at 1C both the 10 and 20 ALD TiO2 are lowered
to just above 100 mAhg� 1, while the 5 ALD TiO2 and LNMO are
still yielding a discharge capacity of around 120 mAhg� 1. At 2C,
the discharge capacities of both the 20 and 10 ALD TiO2 are
reduced to 60 mAhg� 1. The 5 ALD TiO2 is yielding a capacity of
90 mAhg� 1, while the uncoated LNMO is performing best with
a discharge capacity of above 100 mAhg� 1. It should be
mentioned that higher capacities could be obtainable with
different cut-off voltages. When the C-rate is reduced to C/10
after cycle number 25, the initial discharge capacity is regained
for all samples, indicating that no material degradation
occurred during the rate tests. The coulombic efficiencies at the
different C-rates are shown in Figure S4 (Supporting Informa-
tion). Little to no difference can be seen between the coulombic
efficiencies of the four samples. The coulombic efficiencies are
higher for the higher C-rates, which can be due to the shorter
time spent on the high potentials where the electrode/electro-
lyte interface is at its most unstable, thus allowing fewer
unwanted side reactions to occur. Even though the decrease in
capacity induced by the TiO2-coating is not very dramatic,
especially at the lower C-rates, it is worth mentioning that the

reduction in rate performance due to the TiO2-coating is
important to note as the fast Li-diffusion of LNMO is one of its
strong suits.[52]

To gain further knowledge of the electrochemical properties
of the TiO2-coatings, long-term galvanostatic charge–discharge
cycling of half-cells was performed at 20 and 50 °C. The cells
were cycled with a C-rate of C/2 with two cycles of C/10 every
25th cycle. The discharge capacities and coulombic efficiencies
of all the four samples cycled at 20 °C are shown in Figure 4a.
During the first 60 cycles, the capacity is showing the same
trend as for the rate testing, where the 5 and 10 ALD TiO2 are
behaving similarly to the uncoated LNMO (stable cycling at
around 130 mAhg� 1), while the 20 ALD TiO2 is yielding a slightly
lower capacity (120 mAhg� 1). All cells are displaying stable
cycling until 60 charging cycles, where 10 ALD TiO2 is starting
to decay at C/2. The capacity is, however, regained for all
samples at the slower C/10 cycles, also after the point of
capacity decay. This indicates that the origin of capacity decay
is kinetic limitations originating from, for example, film
formation from electrolyte decomposition, and not from
degradation of the active material. Li metal is known to
continuously form a SEI layer with cycling, something that can
lead to Li passivation and partly be responsible for the observed
capacity decay and large variety in the capacity decay onset.[53]

The coulombic efficiencies at room temperature stabilize at
99.5% for all the samples after the formation cycles.

At 50 °C, the TiO2-coated LNMO samples yield a capacity
that is 5–10 mAhg� 1 higher than for the uncoated LNMO. The
difference between 20 and 50 °C is particularly notable for the
20 ALD TiO2, which goes from an average capacity of
120 mAhg� 1 at 20 °C to 130 mAhg� 1 at 50 °C. The Li-diffusion
barrier that the TiO2-coating creates is, as expected, less
prominent at higher temperatures. The difference in capacity
between the coated and uncoated LNMO can additionally point
towards a reduced reactivity of the LNMO surface due to the
TiO2-coating. The onset for capacity decay varied greatly
between the cells, and average values for 3–5 cells with
standard deviations are included in Figure S6 (Supporting
Information). Note that, as for the measurements at 20 °C, the

Figure 3. (a) Charge–discharge curves from 3rd charging cycle at C/10 and (b) discharge capacity vs. cycle number for rate testing of half-cells containing
LNMO (black) 5 ALD TiO2 (yellow), 10 ALD TiO2 (blue), and 20 ALD TiO2 (red) at 20 °C.
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initial capacity is regained at the slower charging cycles also
here, indicating that the dramatic capacity decay initiating after
80 charging cycles is more likely due to electrolyte degradation
and film formation on the Li electrode, which increases the
resistance in the cell, rather than from irreversible degradation
of the active material. Increased scatter in the coulombic
efficiency values from 60 cycles onwards supports this argu-
ment. A test set-up employing Li metal as anode and
carbonate-based electrolytes is, as previously discussed, not
suitable to gain information about prolonged cycling stability.
The Li metal is very reactive and will introduce degradation
mechanisms, which leads to increased cell impedance and
electrolyte degradation, such as continuous SEI formation.
Additionally, at 50 °C, the LiPF6 salt in the electrolyte is unstable,
leading to salt decomposition and additional electrolyte
consumption.[54]

To further investigate the TiO2-coatings effect on the cycling
stability, full-cells containing LNMO and 20 ALD TiO2 were
cycled against graphite both at 20 and 50 °C. The 20 ALD TiO2

was chosen due to its most probable complete coating cover-
age of the LNMO particles with its coating thickness of around
0.6 nm. Hence, limited direct contact between the LNMO and
the electrolyte can be assumed, and additional information
about the coating’s effect on the TM dissolution can be gained
by post-mortem analysis on cycled electrodes.

After four formation cycles at C/10 and C/4 the full-cells
were cycled at C/2 with two slow charging cycles at C/10 every
25th cycle. The discharge capacity for the 200 first cycles at
20 °C and the corresponding coulombic efficiencies are shown
in Figure 5a,b, respectively. LNMO has a higher initial capacity
(120 mAhg� 1) than 20 ALD TiO2 (100 mAhg

� 1), and the first

cycle losses are 19.5 and 21.4 mAhg� 1, respectively. The 20 ALD
TiO2, however, shows improved cycling stability. While the
reversible capacity of the uncoated LNMO has decayed by 20%
of initial capacity after only 70 cycles, the 20 ALD TiO2 retains
more than 80% of the initial reversible capacity up until 120
cycles. The difference in obtained capacity at low (C/10) and
high (C/2) rates is steadily increasing. This is visible in Figure 5a
but becomes clearer in Figure 5b where the drop in coulombic
efficiency when switching from low to high rate is steadily
increasing for the uncoated sample. This indicates more slug-
gish kinetics that might originate from a formation of a thicker
CEI on the uncoated LNMO or a more resistive SEI on the
corresponding graphite anode. The uncoated sample showed
average coulombic efficiency values of 99.5% for the first 50
cycles. Afterwards the values scattered between 99.1 and
99.9%, where the lowest values upon changing of C-rate is
declining with increasing number of charging cycles (indicated
with gray arrow). The 20 ALD TiO2 cell showed stable coulombic
efficiency values approaching high values of 99.7% after 10
cycles and at 96.5% upon changing of C-rate (pink arrow).
Combined, these results indicate that although the TiO2-coating
reduces the obtainable capacity by increased overpotential, it
also reduces the irreversible Li loss and the formation of
impeding interface layers due to side reactions at 20 °C. This is
further illustrated in the charge–discharge curves of the C/10
cycles from cycle number 31 to cycle number 193, presented in
Figure 5c,d for uncoated LNMO and 20 ALD TiO2, respectively.
Both the LNMO and 20 ALD TiO2 display the expected voltage
profile from a LNMO j jgraphite full-cell,[55] although the 20 ALD
TiO2 clearly has a larger overpotential at the 31st cycle due to
the dense TiO2-coating. This is also evident by comparing the

Figure 4. Coulombic efficiency and discharge capacity at (a) 20 °C, and (b) 50 °C for uncoated LNMO (black) 5 ALD TiO2 (yellow), 10 ALD TiO2 (blue), and 20
ALD TiO2 (red). The cells were cycled at a C-rate of C/2 with two C/10 cycles every 25th cycle.
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two first formation cycles of both the samples, presented in
Figure S7 (Supporting Information). The negative/positive (N/P)
ratios of both cells are approximately 1.16. The 20 ALD TiO2

sample will, however, have a slightly higher practical N/P ratio
due to the higher polarization. This results in the shorter
plateau a bit above 4.6 V. With increasing number of charge
discharge cycles, it is clear that the LNMO has a much more
dramatic reduction in capacity than the 20 ALD TiO2, and after
193 charging cycles, the uncoated LNMO has a larger over-
potential and 20 mAhg� 1 lower capacity than the 20 ALD TiO2.
The faster capacity decay for the uncoated LNMO can be
attributed to Li inventory loss caused by side reactions that trap
the cyclable Li. The increased overpotential in the LNMO cell
with increasing number of charge discharge cycles can
furthermore be due to formation of interface layers on the
electrodes that both impede and trap the cyclable Li-ions.

At 50 °C, no improvement in the capacity retention could be
found for the TiO2-coated LNMO, as illustrated in Figure S8
(Supporting Information). Both LNMO and 20 ALD TiO2 operate
poorly under these conditions, and large variety between the
different parallells was observed. This is not completely
unexpected since the LNMO j jgraphite cell is known to be
unstable at elevated temperature, and storing such cells at
elevated temperatures can lead to formation of inactive surface

films on both the graphite and the LNMO surface that lead to
increased impedance in the cell.[56] Reducing the surface
reactivity of LNMO by applying TiO2-coating is thus not
sufficient to stabilize the LNMO j jgraphite cell at elevated
temperatures.

The surface of uncoated LNMO and 20 ALD TiO2 was
characterized by XPS. Pristine electrodes, electrodes charged to
4.9 V vs. Li/Li+ at C/10 (charged), and electrodes charged to
4.9 V vs. Li/Li+ at C/10 and discharged to 3.6 V vs. Li/Li+ at C/10
(charged+discharged) were analyzed for both samples. The
F1 s and O1 s spectra for all samples are presented in Figure 6.
For both the uncoated LNMO and the 20 ALD TiO2, the F1 s
spectra show one distinct peak (688 eV) for the pristine
electrode and the charged electrode, indexed to the PVDF-HFP
(poly(vinylidene fluoride-co-hexafluoropropylene)) binder.[57]

The uncoated LNMO charged+discharged electrode has an
additional peak with binding energy (BE) around 685.6 eV,
which is assigned to LiF (685.1 eV),[58] with some possible
contribution from LixPFyOz (686.5 eV).

[59] The 20 ALD TiO2, on the
other hand, does not display the clear LiF peak, but instead has
a less prominent peak at lower BE (684.7 eV) that can be
assigned to TiOF2.

[60] This indicates that fluorination of the TiO2

coating occurs already after the first charging cycle. It
furthermore indicates that the amount of LiPF6 decomposition

Figure 5. (a) Discharge capacity and (b) coulombic efficiency per cycle for LNMO (black) and 20 ALD TiO2 (red) full-cells with graphite counter electrode. The
lower coulombic efficiency values upon change in C-rate are shown in the lower part of (b) with trends for LNMO and 20 ALD TiO2 indicated by arrows (gray
and pink, respectively). After the four formation cycles of C/10 and C/4, the cells are cycled at C/2 with two C/10 cycles every 25th cycle. Charge–discharge
curves of the second C/10 cycle from the 31st to the 193rd charging cycle of (c) LNMO and (d) 20 ALD TiO2.
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products such as LiF and LixPFyOz is lower on the TiO2-coated
sample. The O1 s spectra of all samples show a distinct lattice
metal oxide peak (529.9 eV), that can be assigned to, for
example, TiO2 and LNMO. The surface-related peaks (C� O at
533.5 eV, C=O/CO3 at 532.2 eV, LixPFyOz at 534.6 eV)

[47,58] are
unchanged for the three 20 ALD TiO2 samples, apart from a
slight increase in the peak intensity related to the C� O for the
cycled electrodes. The relative intensity ratio between the
lattice metal oxide peak and the surface-related peaks are
furthermore unchanged for the TiO2-coated samples. Uncoated
LNMO has a more pronounced change in the intensity ratio.
The surface-related peaks dominate to a larger extent, in

particular after one charge and discharge, indicating the
formation of a thicker CEI layer on the uncoated LNMO surface.
This is supported by the Ti2p spectra, presented in Figure S9
(Supporting Information), where the Ti2p peak intensities are
uncanged for all 20 ALD TiO2 samples.

The full-cells were opened post-mortem after 210 cycles,
and the graphite electrodes from both the uncoated LNMO and
20 ALD TiO2 full-cells were analyzed by SEM and EDX. Although
exact quantification with this technique is challenging, EDX is
excellent for qualitative and semi quantitative analyses and
element mapping of sample surfaces. Note that the color
intensity in the EDX maps does not reflect the concentration of

Figure 6. XPS F1s and O1s spectra from analysis of electrodes containing LNMO (black) and 20 ALD TiO2 (red) electrodes both before cycling (pristine), after
one charge, and after one full charging cycle.

ChemSusChem
Research Article
doi.org/10.1002/cssc.202200324

ChemSusChem 2022, 15, e202200324 (8 of 12) © 2022 The Authors. ChemSusChem published by Wiley-VCH GmbH

Wiley VCH Montag, 27.06.2022

2212 / 248833 [S. 119/123] 1

 1864564x, 2022, 12, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cssc.202200324 by U
ppsala U

niversity K
arin B

oye, W
iley O

nline L
ibrary on [23/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



the elements, but only illustrates the position of the elements
on the sample. The secondary electron (SE) images of the
graphite surfaces and associated X-ray element maps for C, Mn,
F, and O are shown in Figure 7a,b for the graphite electrodes
from the uncoated LNMO and 20 ALD TiO2 full-cells, respec-
tively. Both graphite electrodes have similar morphology with
particles that are covered in a surface film that leads to some
degree of charging. The C maps (purple) overlap accurately
with the particles visible in the SE images of both graphite
electrodes. Based on the EDX maps, Mn (teal) is detected on
both of the graphite surfaces. The lack of surface sensitivity of
the Mn K signal due to its high energy (5.9 keV) can lead to
misleading elemental mapping. Thus, even though Mn appears
to be mainly distributed in between the graphite particles, the
Mn is more likely distributed uniformly on the graphite surface.
This can be confirmed by mapping the Mn L signal for both
samples, which will give more surface sensitive information. In
Figure S10 (Supporting Information), the Mn elemental maps

based on the Mn L signal are shown and confirm that the Mn is
distributed evenly on the graphite particle surface. F (orange)
can be detected on both graphite samples. It has been shown
that the graphite SEI consists of several F-containing species,
such as LiF and LixPFyOz, in addition to LiPF6 salt from the
electrolyte.[61] F is detected on the whole graphite electrode
surface, with some brighter spots that correlate well with areas
in the SE images with increased charging. O (red) is detected on
both graphite surfaces and can originate from the many
decomposition products of LiPF6 and EC, such as Li2CO3 or
CH3OCO2Li.

[62]

A semi quantitative analysis to gain information about the
difference in SEI composition and thickness can be conducted
by comparing the calculated Mn/C and F/C ratios between the
two samples. For the graphite that has been cycled against
LNMO, the Mn/C and F/C ratios are 0.012 and 0.232,
respectively. The graphite cycled against 20 ALD TiO2, on the
other hand, has Mn/C and F/C ratios of 0.004 and 0.075. The
surface of the graphite cycled against the uncoated LNMO has
thus approximately 3 times higher Mn/C and F/C ratio than the
graphite that has been cycled against 20 ALD TiO2, strongly
indicating increased electrolyte degradation or the formation of
a thicker SEI that contains more Mn for the former. This
suggests that even though the TiO2-coating is not hindering the
TM dissolution completely, it is reducing or retarding it.

The EDX spectra based on the EDX maps of both graphite
electrodes are presented in Figure 8a,b for the graphite cycled
against LNMO and 20 ALD TiO2, respectively. Ni, Fe, and Cu can
be detected on both electrodes. The Cu signal most likely
originates from the Cu current collector. The analyzed electro-
des have a graphite coating of only a few μm, and the Cu
current collector can therefore be “visible” through the graph-
ite. The Ni signal can originate from dissolved Ni from the
LNMO, as Ni dissolution has been reported in LNMO j jgraphite
cells.[7] The presence of Fe can be an indication that some
corrosion of the coin cell parts occurs during battery cycling,
and it is possible that some of the detected Mn and Ni stems
from steel corrosion. It is, however, unlikely that the Mn

Figure 7. SE images of graphite electrodes after having been cycled against
(a) LNMO and (b) 20 ALD TiO2 for 210 cycles at 20 °C. The EDX elemental
maps of C, Mn, F, and O are included for both samples. Scale bars:10 μm.

Figure 8. EDX spectra of graphite electrodes cycled 210 cycles against (a) LNMO (black) and (b) 20 ALD TiO2 (red) at 20 °C.
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detected is solely arising from steel corrosion, as the steel alloy
contains small amounts of Mn compared to Fe, and the
calculated Fe concentration is less than 10 % of the concen-
tration of Mn.

One main difference between the graphite cycled against
LNMO and 20 ALD TiO2 can be observed. In Figure 8b there is a
clear Ti peak that is not visible in the LNMO spectrum. The TiO2-
coating has been reported to be offering only temporary
protection from HF attack, as it will be fluorinated.[41] Further-
more, Cheng et al.[33] reported that the TiO2-coating they
deposited by ALD on an LCO electrode was no longer
detectable by XPS after 5 charging cycles. They attributed the
loss of Ti2p signal to instability due to participation in the
redox reactions. There are no signs of similar redox activity from
the TiO2-coating layer based on the electrochemistry data in the
current study; however, the XPS results suggests that the TiO2-
layer is fluorinated upon battery cycling. Fluorination of TiO2-
coating on cathode materials has previously been reported by
several authors.[32,63] It has furthermore been shown that TiF4 is
soluble in solvents with high donor number.[64] EC, with a donor
number of 16.4 kcalmol� 1,[65] can thus dissolve some TiF4.

To investigate the extent to which the TiO2-coating is
dissolved during cycling, ICP-MS analysis of a 20 ALD TiO2

electrode after cycling against graphite for 210 cycles at 20 °C
was performed. By comparing the Ti/Mn ratio in this sample to
the Ti/Mn ratio in the pristine 20 ALD TiO2 powder, an estimate
to the severity of the Ti dissolution can be made. Even though
Mn dissolution has been demonstrated for this sample, it is
assumed that the Mn quantity that is lost from the LNMO
during cycling is negligible compared to the Mn quantity in the
LNMO bulk. The measured Ti and Mn amounts, and correspond-
ing Ti/Mn ratios for both samples are presented in Table 2.

Based on the ICP-MS results there is no change in the Ti/Mn
ratio between the two samples within the detectability limit. It
can thus be assumed that, even though some of the Ti is
dissolving in the electrolyte after 210 charging cycles, most of
the Ti still remains on the LNMO surface, protecting the LNMO
from HF attack.

As a whole, the results demonstrate the possibilities of TiO2

as a coating material for LNMO. The increased polarization and
reduced discharge capacities for the thicker TiO2-coatings is a
drawback, as it slightly reduces the obtainable energy density
of LNMO. However, TiO2 also shows great promise as it leads to
reduced formation of impeding interface layers on both the
anode and the cathode, retarded TM dissolution, and improved
capacity retention in LNMO j jgraphite full-cells at 20 °C.

Conclusion

Ultra-thin and uniform TiO2-coating was successfully deposited
on LiNi0.5-xMn1.5+xO4 (LNMO) powder by atomic layer disposition
(ALD). Three coating thicknesses of approximately 0.2, 0.3, and
0.6 nm were deposited after 5, 10, and 20 ALD cycles,
respectively. X-ray diffraction and Raman spectroscopy revealed
no signs of changes in the LNMO bulk due to the coating
deposition. The rate capability was slightly worsened at 20 °C by
the applied coating, in particular for the thicker TiO2-coatings
due to the Li-diffusion barrier formed by the TiO2. Little to no
improvement in the capacity retention was found from long-
term galvanostatic charge-discharge cycling in half-cells, neither
at 20 nor at 50 °C. The discharge capacities of the TiO2-coated
samples were, however, improved for the TiO2-coated samples
at 50 °C. Improved capacity retention and coulombic efficiencies
were furthermore demonstrated for the TiO2-coated LNMO at
20 °C in LNMO j jgraphite full-cells. This improvement in cycling
stability can partly be attributed to the reduced formation of
impeding cathode electrolyte interphase on the TiO2-coated
sample. Furthermore, the transition metal dissolution after 210
charging cycles was reduced for the TiO2-coated LNMO, as
approximately 3 times lower Mn/C and F/C ratios were found
for the graphite cycled against 20 ALD TiO2, indicating a thinner
solid electrolyte interphase. Ti was detected on the graphite
cycled against 20 ALD TiO2 by energy-dispersive X-ray spectro-
scopy, indicating that the TiO2-coating is not fully withstanding
prolonged cycling. The extent of Ti dissolution is, however,
relatively low as no change in the Ti/Mn ratio could be detected
by inductively coupled plasma mass spectrometry.

Experimental Section
The active material used as a basis for the current study is LNMO
with a chemical composition of LiNi0.43Mn1.57O4, purchased from
Haldor Topsøe (Denmark). The cathode active material was coated
with TiO2 with ALD technique in a PICOSUN R-200 Standard ALD
system at 120 °C and N2 gas selected as a carrier gas and purge gas
for the titanium tetrachloride (TiCl4) and H2O precursors. The
precursor pulse time was set to 0.2 s at a flow rate of 15 sccm, and
the subsequent carrier gas purge duration was set to 5 s at a flow
rate of 100 sccm. The procedure was repeated 10 times to obtain a
net pulsing time of 2 s for each precursor. In between precursors,
the reactor was purged with carrier gas for 60 s at a flow rate of
600 sccm. One growth cycle was achieved after the samples were
each exposed to the H2O and TiCl4 precursors, and 5, 10, and 20
ALD growth cycles were used to prepare samples. 5 ALD TiO2, 10
ALD TiO2, and 20 ALD TiO2 are therefore designated. The vacuum in
the reaction chamber was kept to less than 10 hPa.

The bulk LNMO crystal structure was characterized by XRD using a
D8 Focus with CuKα radiation (λ=1.54 Å) and LynxEye SuperSpeed
Detector. The collection time was 6 h with 2θ-values ranging from
10 to 120°. A crystal structure model with space group Fd-3m was
fitted to the X-ray diffractogram using Topas (Bruker AXS, Version
5). Raman spectroscopy with a lateral resolution of 1–2 μm and
probing depth of approximately 100 nm was performed with a
Renishaw Raman spectrometer using 532 nm laser, 1200 grating,
50× lens magnification, and 0.5% laser power. The acquisition time
was set to 20 s. The SEM analysis of the LNMO particles was
conducted on a Zeiss Ultra 55 limited edition field emission SEM

Table 2. ICP-MS results of pristine 20 ALD TIO2 powder and a 20 ALD TiO2

electrode cycled against graphite (210 cycles at 20 °C).

Sample Ti content[a]

[mg kg� 1]
Mn content[a]

[mg kg� 1]
Ti/Mn ratio

20 ALD TiO2 pristine 380 452000 8.4×10� 4

20 ALD TiO2 cycled electrode 384 436000 8.8×10� 4

[a] RSD 15–25%.
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(FESEM). The LNMO particles were connected to the sample holder
with C-tape and analyzed with an acceleration voltage of 5 kV, a
working distance of 5.5 mm, and a 30 μm aperture. The BET surface
area of the uncoated LNMO powder was measured using a Tristar
3000 Surface area and porosity analyzer. The chemical composition
of the samples was analyzed by ICP sector field mass spectrometry
(ICP-SFMS) using an ICP-SFMS ELEMENT2 (ThermoScientific, Bre-
men, Germany). The sample preparation was performed by
dissolving the coated and uncoated LNMO powders in a mix of
hydrochloric acid, nitric acid, and hydrofluoric acid. ALS Scandinavia
AB performed the analysis. The XPS analysis of the LNMO powders
was carried out on an Axis Ultra DLD X-ray photoelectron
spectrometer with a monochromatic Al-Kα X-ray source (10 mA,
10 kV). Regional maps with higher resolution were collected with a
0.1 eV step size. All data analysis was performed using CasaXPS
software with Shirley background subtraction. The data was energy
calibrated to the hydrocarbon peak (285 eV). The TEM specimens
were prepared with a Helios G4 dual-beam focused ion beam (FIB)-
SEM instrument. Several adjacent LNMO particles were covered and
weld together with electron- and ion-deposited carbon. The
particles were attached to a Cu half-grid individually and thinned
by a Ga-ion beam. The final thinning was done with 2 kV ions.
STEM was carried out by a JEOL ARM-200F image- and probe-
corrected microscope, using a voltage of 200 kV, a beam current of
80 pA, a convergence angle of 27 mrad, and an annular dark-field
detector with inner collection angle 35 mrad. EELS was performed
with a GIF Quantum spectrometer. A 35 mrad collection angle and
0.5 or 1 eV dispersion were used. Single frame chemical maps were
acquired with 10 ms dwell time.

Electrode coatings for all samples were produced by mixing 90 wt%
LNMO, 5 wt% carbon black (Imerys C-nergy Super C 65) and 5 wt%
PVDF (Kynar Flex HFP2801) in solution [N-methyl-2-pyrrolidone
(NMP) solvent] using a Retsch MM400 shaker mill with three ZrO2-
balls (5 mm) at 25 Hz for 20 min. This soft slurry mixing approach
was used to avoid damaging the ALD TiO2-coating and breakage of
the secondary LNMO particles. The slurry was coated on to 22 μm
thick carbon-coated Al foil (SDX, ShowaDenko). The gap size of the
coating bar was varied according to the desired active mass
loading. A gap size of 150 μm was used for half-cell electrodes
yielding a loading of approximately 5 mg cm� 2, and a 200 μm gap
size was used for full-cell electrodes yielding a loading of
approximately 7.5 mgcm� 2. Electrodes were dried overnight at
60 °C, before disc-shaped electrodes of 12 and 16 mm were cut (for
half- and full-cells, respectively) and further densified at 15–20 MPa
for 3 min using a uniaxial press. Before cell assembly, the electrodes
were dried at 120 °C under dynamic vacuum for 12 h. before they
were transferred to an Ar-filled glovebox (O2 and H2O levels
<0.1 ppm) where the CR-2032 coin cells were assembled. Celgard
2325 separator was used for all cells. Li foil (0.75 mm, Alfa Aesar) or
commercial graphite anodes (1.1 mAhcm� 2, CustomCells) were
used as counter electrodes. 40 μL (50 μL) electrolyte (1 m LiPF6 in
EC/DEC=50 :50 (v/v), Sigma–Aldrich) was added to each half (full)
cell by micropipette. The spacer thickness was 0.5 mm for half-cells
and 1 mm for full-cells. After a 10 h rest step, long-term galvano-
static cycling and rate testing was conducted using a LAND battery
testing system (CT2001A) and Bio-Logic BCS-805 in a temperature-
controlled room (20 °C) or in a temperature chamber (50 °C). The
long-term cycling was conducted with C-rates of 0.5 C with two
charge-discharge cycles of 0.1C every 25th charge cycle. The half-
cell rate testing was conducted with 5 cycles of C/10, C/5, C/2, 1C,
2C, and finally C/10. 1C corresponds to a current of 140 and
130 mAhg� 1 for half- and full-cell testing, respectively. All full-cells
are balanced with an overdimentioned graphite electrode to avoid
Li plating. The graphite capacity was 1.1 mAhcm� 2 while the LNMO
capacity was aimed to be around 0.95 mAhcm� 2, yielding an N/P

capacity ratio of approximately 1.16, where 1 C corresponds to
130 mAhg� 1.[66]

In preparation for all post-mortem characterization, the cells were
opened in an Ar-filled glovebox, and the electrodes were extracted
and rinsed 3 times with dimethyl carbonate (DMC) and left to dry.
They were transported from the glove box in a sealed, Ar-filled
container. In the case of the EDX analysis of the graphite electrodes,
the electrodes were exposed to air for a maximum of 1 min during
sample transfer. The EDX analysis of the graphite electrodes was
conducted with a Hitachi S-3400 N SEM equipped with an Oxford
EDX system. The SE images and data were collected in a voltage
range of 13 to 17 keV. The EDX data was analyzed with the Aztec
Software using the TruMap function displayed in at%.

The XPS analysis of the electrodes was carried out with a Kratos
Axis Ultra spectrometer using a monochromatic Al Kα source
(120 W). The samples were mounted on carbon tape and the
analysis area is approximately 300×700 μm2. Samples were trans-
ferred from the glove box to XPS equipment chamber using an air
sensitive transport arm filled with Argon. A pass energy of 80 eV
was used for survey scans and 40 eV for the core level regions. Data
calibration was performed by shifting the highest intensity position
of the main Mn2p peak to 642.3 eV, as illustrated in Figure S9
(Supporting Information). The hydrocarbon peak (C1 s peaks are
included in Figure S9, Supporting Information) was not chosen as a
basis for energy calibration due to the relative BE shifts that are
known to occur at different states of charge (SOCs), making energy
calibration challenging.[67] Even though Mn partly contributes to the
capacity in LNMO, it is expected to be less active than other LNMO
components during most of the delithiation process. Mn2p was
therefore chosen as a bulk specific internal reference.[47] The CASA
XPS software was applied to analyze the spectra by subtracting a
Shirley-type background.
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