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The growing demand for renewable energy has stimulated the 
development of lithium-ion batteries (LIBs), which are deemed 
as the key component for the next-generation electric and 
hybrid electric vehicles. LIBs with high energy density are there-
fore extremely desirable in these high power devices.[1] Cathode 
materials that operate over 4.5 V (vs Li/Li+) with high energy 

A novel two-step surface modification method that includes atomic layer 
deposition (ALD) of TiO2 followed by post-annealing treatment on spinel 
LiNi0.5Mn1.5O4 (LNMO) cathode material is developed to optimize the perfor-
mance. The performance improvement can be attributed to the formation of a 
TiMn2O4 (TMO)-like spinel phase resulting from the reaction of TiO2 with the 
surface LNMO. The Ti incorporation into the tetrahedral sites helps to combat 
the impedance growth that stems from continuous irreversible structural tran-
sition. The TMO-like spinel phase also alleviates the electrolyte decomposition 
during electrochemical cycling. 25 ALD cycles of TiO2 growth are found to be 
the optimized parameter toward capacity, Coulombic efficiency, stability, and 
rate capability enhancement. A detailed understanding of this surface modifi-
cation mechanism has been demonstrated. This work provides a new insight 
into the atomic-scale surface structural modification using ALD and post-treat-
ment, which is of great importance for the future design of cathode materials.

Batteries

density are considered as the superlative 
candidates to replace the currently com-
mercialized LiCoO2, which is restricted 
to portable devices such as cell phones 
and laptops. Among these high-voltage 
cathode materials, LiNi0.5Mn1.5O4 (LNMO) 
with a spinel structure holds great poten-
tial in terms of natural elemental abun-
dance, high operating voltage (4.7 V), 
and theoretical capacity (147 mAhg−1).[2,3] 
Nevertheless, such high operating voltage 
of LNMO involves surface chemistry 
issues such as irreversible surface phase 
transition, transition metal dissolution, 
Jahn–Teller distortion of Mn3+, electrolyte 
oxidation, etc.[4–10] Considerable efforts 
have been devoted to alleviating these 
deficiencies by coating the LNMO surface 
using metal oxides,[11–13] phosphates,[14–17] 
fluorides,[18,19] and so forth. These 

coating materials can tackle the metal dissolution, electrolyte 
decomposition, and Mn3+ Jahn–Teller distortion problems by 
simply shielding the cathode material from direct exposure to 
the electrolyte. Bulk doping during materials preparation is 
another strategy aimed at suppressing the phase transition in 
LNMO,[20–26] but the excessive and uncontrollable doping will 
block the Li ions transportation channels in its bulk structure, 
leading to active capacity loss.[27–29]

Considering the fact that side reactions predominantly 
happen on the surface of LNMO due to the unbalanced Li ions 
mobility on the boundary especially at high current densities,[30] 
restricting the controllable doping modification within the 
surface turns out to be a feasible and promising approach. In 
previous studies, metal oxides or phosphates were often depos-
ited onto the surface of cathode materials by a sol-gel method 
followed by annealing. During the post-annealing process, the 
metal ions (Mg2+, Al3+, etc.) diffuse into the surface lattices 
and help improve the performance of the electrode materials 
by: (1) eliminating the onset of Jahn–Teller distortion of transi-
tion metals such as Mn3+; (2) suppressing the transition metals 
dissolution; (3) preventing severe electrolyte oxidative decom-
position; (4) combating second phase formation; (5) strength-
ening the metal–oxygen bonds on the surface; and (6) changing 
the surface basicity.[30–36] However, manipulating the doping 
amount and uniformity by these methods has yet remained 
to be unresolved due to the difficulty in realizing uniform and 
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thin coating by conventional methods, also, there is a lack of 
solid evidence on the doping mechanisms and the structure 
change upon such treatment. Atomic layer deposition (ALD) 
is an emerging technique that is capable of depositing con-
formal and uniform thin films, and has been extensively used 
to coat the surface of cathode materials with ultrathin layers for 
the purpose of improving their electrochemical performance 
in LIBs.[37–39] Therefore, ALD provides a feasible approach to 
tailoring the uniformity and amount of surface doping on the 
cathode materials by easily controlling the thickness of the uni-
form coating layers. However, the adoption of the combination 
of ALD and post-treatment to design the surface composition of 
cathode materials is scarcely reported.

In this work, we successfully modified the surface struc-
tures of LNMO particles by post-annealing ALD derived TiO2 
with different thicknesses. Part of the Ti was found to diffuse 
into the 8a tetrahedral sites which were previously occupied by 
lithium atoms, creating a uniform layer of TiMn2O4 (TMO)-
like cation deficient spinel phase. Besides, more Ti atoms 
were found to have diffused into the bulk of the LNMO and 
resulted in octahedral site doping. The Ti incorporation sup-
presses the surface phase transformation that could result in 
impedance build-up as observed during the first charge pro-
cess, thereby benefiting the discharge capacity from the ini-
tial cycle. These synergetic effects help build a surface layer 
with desired thickness comprising both moderate electrical 
and ionic conductivity and contributing to increased capacity 
and stability. Moreover, it was also found that the thickness of 
the TiO2 coating layer should be carefully adjusted in order to 
minimize the formation of impurities such as the LixNi1−xO in 
the rock salt phase, which could jeopardize the battery perfor-
mance. It was found that TiO2 coating deposited with 25 ALD 
cycles (≈2 nm in thickness) was optimal, whereas thinner or 
thicker TiO2 coatings were either inadequate to make desirable 
difference or excessive that leads to noticeable drop in perfor-
mance. The comparison between the pure TiO2-coated LNMO 
and annealed TiO2-coated LNMO samples revealed that the 
post-annealing process is crucial for achieving an optimal bat-
tery performance.

The ratio of Li:Ni:Mn of the as-purchased LNMO was iden-
tified to be 1.02:0.49:1.50 through inductively coupled plasma 
measurement, which is very close to the theoretical stoichiom-
etry of 1:0.5:1.5. The morphologies of the LNMO/nTiO2 sam-
ples were characterized using scanning electronic microscopy 
(SEM) and the typical images are shown in Figure 1. The bare 
LNMO particles show very smooth surfaces with well-defined 
edges (Figure 1a). Each primary LNMO particle has a spherical 
shape with a diameter of around 10–20 µm and is composed of 
many secondary particles of around 500 nm (Figure S2, Sup-
porting Information). Comparing with the bare LNMO, the 
LNMO/25TiO2 particles shown in Figure 1b present slightly 
rougher surfaces, due to the presence of TiO2 layer. The TiO2-
coated particles show a noticeable morphology change after 
post-annealing treatment. Smaller particles (around 50 nm) 
appear on the surface, and their density is very high on the 
LNMO/250TiO2A sample. The occurrence of such particles 
suggests that the TiO2 layer underwent some changes during 
post-annealing process, which will be discussed in following 
sections.

The TiO2 deposition via ALD has been characterized by 
electron energy-loss spectroscopy (EELS) mapping of the 
LNMO/250TiO2 sample. As can be seen from the EELS spectra 
in Figure 2b, only Ti and O are observed at the outermost layer 
suggesting that a TiO2 layer has been deposited onto the LNMO 
particle. The Ti L-edge is still visible when approaching into 
the bulk of the particle, where Mn and Ni L-edges show up. 
Since the data collected from each region of interest (ROI) is 
a 3D projection of that region from the sphere (particle), the 
EELS spectrum acquired from the bulk region as marked in 
Figure 2b is actually a projection of the whole particle. There-
fore, the observation of Ti from the bulk ROIs indicates that the 
whole LNMO surface is well covered by the TiO2 coating. The 
sample with 250 ALD cycles shows a surface TiO2 layer with 
the thickness of about 5–10 nm among different particles. In 
addition, the O K-edge in the metal oxide mainly corresponds 
to the transition of the O 1s state to the O 2p state which is 
hybridized with the transition metal 3d and 4sp orbitals.[40] The 
peak shape does not show significant change from the surface 
to the bulk, indicating that the O atoms are simply present in 
the forms of TMO6 octahedra in TiO2 and LNMO.

The structures of the samples were investigated by X-ray dif-
fraction (XRD), as shown in Figure 3a. The bare LNMO can 
be well indexed to the cubic spinel structure with an Fd3m 
space group, in which Mn and Ni randomly occupy the octa-
hedral 16d sites, O occupies the 32e sites, and Li occupies the 
tetrahedral 8a sites.[2] The presence of oxygen vacancies leads 
to the existence of Jahn–Teller active Mn3+.[41] No TiO2 peaks 
can be found in the LNMO/250TiO2 sample, most likely due 
to the thin and amorphous nature of the TiO2 layer. However, 
significant difference can be observed on the LNMO/250TiO2A 
sample. Some new peaks emerged in the XRD pattern of 
LNMO/250TiO2A. Impurity rock salt phase LixNi1−xO peaks at 
2θ ≈ 37°, 43°, and 64° marked with “+” symbol appeared on the 
XRD patterns.[42,43] Peaks marked with “↓” are indexed to the 
TMO-like spinel phase, more details regarding this phase will 
be discussed below. Figure 3b shows an enlarged degree range 
between 43.5° and 45°, in which the peak of LNMO/250TiO2A 
sample clearly shows a shift to lower angle. This shift suggests 
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Figure 1.  SEM images of a) bare LNMO, b) LNMO/25TiO2,  
c) LNMO/25TiO2A, and d) LNMO/250TiO2A.
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that part of the Ti has doped into the LNMO lattice and resulted 
in slight lattice parameter change.

A structural change is observed near the surface of the TiO2-
coated LNMO particle after post heat-treatment. Figure 4a shows 
the high-angle annular dark field scanning transmission elec-
tron microscopy (HAADF-STEM) image of a LNMO/250TiO2A 
particle from the surface to the bulk. The bulk of the particle 
maintains the LiM2O4-type Fd 3 m spinel structure (M = Mn 
and Ni), as shown in the corresponding HAADF-STEM image 
(Figure 4c) viewing along the [101] zone axis, with Li occupying 
the 8a tetrahedral sites and transition metal atoms occupying 
the 16d octahedral sites. Note that the bright atomic columns 
seen in the HAADF image are the transition metal atom, while 
the light elements are not visible from the image. Figure 4g 
shows a simulated HAADF image in the [101] zone projection 
of the LiM2O4 phase which is consistent with the experimental 
data. Interestingly, a noticeable change in the intensity of Li sites 
is observed near the particle surface, which becomes brighter 

and visible, indicating that the Li tetrahedral sites are occupied 
by heavier transition metal atoms. A high-resolution HAADF-
STEM image representing the surface structure is shown in 
Figure 4b with the corresponding filtered image shown in 
Figure 4d that enables a clearer view of the atomic arrangement. 
This near-surface lattice can be indexed to the [101] zone axis of 
a TMO-like spinel phase with transition metal occupying both 
the octahedral and tetrahedral sites. The simulated HAADF 
image of the TMO phase is in good agreement with the experi-
mental data, as shown in Figure 4f. It should be noted that the 
high-resolution transmission electron microscopy (HRTEM) 
image of LNMO/25TiO2-A has also been acquired and shown in 
Figure S3b (Supporting Information), a second phase has also 
been observed, the energy-dispersive X-ray spectroscopy (EDX) 
mapping of the surface shown in Figure S7 (Supporting Infor-
mation) also indicated the enrichment of Ti.

The coordination environment of Ti before and after 
annealing is further evaluated by the Ti K-edge X-ray absorption 
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Figure 2.  EELS map taken from a LNMO/250TiO2 particle. a) HAADF-STEM image of the LNMO/250TiO2 particle. b) EELS map for the LNMO/250TiO2 
particle (Ti: green; Mn: red). c,d) EELS spectra integrated from the corresponding areas shown in (b).

Figure 3.  XRD patterns of a) bare LNMO, LNMO/250TiO2, and LNMO/250TiO2A and b) enlarged region from 43.5° to 45.0°.
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near-edge structure (XANES) collected from LNMO/250TiO2 
and LNMO/250TiO2A samples. Figure 5a shows the XANES 
data collected in fluorescence yield (FLY) mode, which has a 
detection depth of up to 100 nm, so that one can obtain the 
information from the subsurface region of the material.[44,45] 
The as-deposited LNMO/250TiO2 shows a typical amorphous 
TiO2 spectra with a broad feature.[46] However, upon post-
annealing, the main edge became well-resolved and two clearly 
identifiable peaks, namely, A1 and A2 arose in the pre-edge 
region (as shown in the inset in Figure 5a). Pre-edge features 
in Ti K-edge XANES are always employed as an indication of 
the Ti coordination numbers since these 1s–3d quadruple tran-
sitions are very sensitive to the local environment in terms of 
symmetry and coordination number.[46] A1 is normally assigned 
to the octahedral Ti4+, which has a dipole-forbidden 1s–3d t2g 
transition, while peak A2 is generally attributed to the transi-
tion of the 1s electron into hybridized Ti 3d/4p states, which 
has an eg symmetry. As has been suggested by Miiller and 
co-workers, the intensity of the A2 peak is correlated to the 
coordination number since it originates from the Ti 3d/4p 
coordination.[47] A higher A2 peak gives rise to the lower coor-
dination number, that is, more tetrahedral Ti4+.[46] A scrutiny 
of the spectra features also reveals that the Ti K-edge XANES 
in the LNMO/250TiO2A sample differs from the Ti K-edge of 
either rutile or anatase TiO2 as shown in Figure S11a (Sup-
porting Information). The extra pre-edge peak appearing at 
higher energy than the A2 peak (≈4975 eV) in TiO2 XANES is 
attributed to the transition of 1s electron into 3d states of adja-
cent Ti4+ cations and its intensity is proportional to the coor-
dination number.[47] The disappearance of this peak in the Ti 
K-edge XANES of the LNMO/250TiO2A sample indicates that 
some of the Ti4+ ions occupy the tetrahedral sites where Li ions 
resided previously. Generally, Ti4+ is hardly found to occupy the 
tetrahedral sites, but exceptions have been observed when Ni2+ 
is presented in the spinel, Ni2+ has high octahedral site prefer-
ence due to the high crystal field stabilization energy (CFSE), 
whereas Ti4+ has no preference because it has an empty 3d 

orbital (see Figure S6, Supporting Information, for details).[48] 
Therefore, the presence of Ni2+ in LiNi0.5Mn1.5O4 might also 
explain why only octahedral coordinated Ti was found in the 
case of surface Ti doping of LiMn2O4 as reported by Amine and 
co-workers.[49] In addition, part of the Ti4+ ions are octahedrally 
coordinated, indicating that the Ti has replaced part of the Mn/
Ni in the bulk and formed a LiTixNiyMn2−x−yO4 phase, which 
complies well with the peak shift observed in the XRD results. 
This could be ascribed to the fact that squeezing into a tetrahe-
dral site requires more energy than octahedral site due to size 
effect, energy tend to dissipate as the depth increases. Partial 
occupation of Ti in the octahedral sites of TMO-like phase may 
also be a possible explanation for the A1 peak.

In addition, the new phase is further confirmed by the 
EELS spectrum acquired from the surface region of the 
LNMO/250TiO2A particle, as shown in Figure 5c. Both Ti and 
Mn are observed from the surface region with a small amount 
of coexisting Ni, which is consistent with the surface struc-
tural indexation of the TMO-like spinel phase as shown in 
Figure 4. Furthermore, a significant change in the Li K-edge is 
observed from the bulk to the surface of the annealed particle. 
The intensive Li K-edge presents in the bulk is not detected 
in the surface layer, as shown in Figure 5b, indicating that 
the surface TMO-like spinel phase formed after annealing 
contains almost no Li. According to EELS quantification, the 
Ti concentration (≈7%) in the surface region is lower com-
pared to the ideal TMO phase, indicating that there would 
be vacancies on the tetrahedral sites. The Ti concentration 
decreases dramatically when approaching from the outermost 
surface to the bulk, whereas a weak Ti L-edge signal is still 
observed beyond 40 nm depth, suggesting that the diffusion 
of Ti is rather vigorous under such post-annealing conditions. 
Besides, the Mn L-edge acquired from the bulk to the surface 
exhibits a clear chemical shift of ≈3 eV toward lower energy 
and the L3/L2 ratio of the Mn L-edge decreases dramatically. 
It is generally accepted that the energy shift and the relative 
intensity of the two peaks in Mn L-edge are correlated with 
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Figure 4.  a) HAADF-STEM image of LNMO/250TiO2A particle acquired near the surface, the corresponding region is shown in the inset image.  
b,c) Atomic-resolution HAADF-STEM images showing the lattice structure of the outermost layer and the inner region of the particle, respectively.  
d,e) Processed images corresponding to the HAADF-STEM images shown in (b) and (c) with a band-pass filter applied. f,g) Simulated HAADF images 
of LiMn2O4 and TiMn2O4.
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the oxidation state of Mn ions.[50,51] Therefore, it can be con-
cluded from the spectra that the oxidation state of the Mn 
from the bulk to the surface varies, with predominantly Mn2+ 
near the surface and Mn3+/Mn4+ in the bulk. The reduction 
of Mn ions can be ascribed to the charge balance with the 
incorporation of Ti4+.[50] The O K-edge EELS spectra are also 
shown in Figure 5c. It is noticed that the peak features of the  
O K-edge vary greatly when approaching the surface. It has 
been reported that the reduction of transition metals will 
result in an intensity decrease of the O pre-edge since the O 2p 
state is highly hybridized with the transition metal 3d states,[40] 
thus the significant drop of the O pre-peak is consistent with 
the Mn reduction observed from the Mn L-edge. The O K-edge 
feature resembles a TiM2O4 (M = metals) O K-edge as has 
been reported by Fleet and co-workers.[52]

The above observations clearly indicate that TiO2 was depos-
ited onto the surface of LNMO particle with controlled thick-
ness and that upon post-annealing treatment, part of the Ti 
substituted the surface Li in the 8a tetrahedral sites and formed 
a layer with TMO-like spinel structure. The Li, together with 
part of the Ni, formed a rock salt LixNi1−xO phase. Some Ti 
atoms were found to have diffused into deeper regions of the 
LNMO particle and occupied the 16d octahedral sites, leading to 

a slight lattice distortion. An EDX map of the surface tiny par-
ticle has been presented in Figure S6 (Supporting Information), 
the particle was rich in Ti and Mn, indicating that with longer 
treatment time, the surface TMO-like phase tend to agglom-
erate into tiny particles. A schematic illustration of the process 
is demonstrated in Figure S8 (Supporting Information).

To reveal the impact of the TMO-like phase and surface Ti 
doping on the electrochemical performance of LNMO sam-
ples, charge/discharge measurements were carried out at both 
room temperature (RT) and 55 °C. Figure 6a shows the cyclic 
stability of the samples at a current density of 0.5C under RT. 
Bare LNMO shows an initial discharge capacity of 116 mAhg−1. 
The plateau at 4.0 V corresponds to the redox couple of Mn3+/
Mn4+ and it provides ≈25% of the capacity, indicating that there 
exists a large amount of oxygen deficiencies in the lattice and 
the LNMO is in the phase of nonstoichiometric Fd3m crystal-
lographic structure, which will lead to severe Jahn–Teller distor-
tion that has an onset voltage of 4 V. However, after 350 charge/
discharge cycles, its capacity retention was only 74.1%. Besides, 
the performance of LNMO/25TiO2 without post-annealing treat-
ment has been studied and shown in Figure S8 (Supporting 
Information). An initial discharge of only 80 mAhg−1 was 
observed in the LNMO/25TiO2 sample even though the stability 
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Figure 5.  a) XANES spectra of Ti K edges of LNMO/250TiO2 and LNMO/250TiO2A collected at FLY mode (inset: enlarged pre-edge regions; schematics 
showing tetrahedral and octahedral Ti); b) EELS spectra of the Mn M-edge and Li K-edge on the surface and bulk (without background subtraction); 
c) EELS depth profile of the LNMO/250TiO2A particle from the surface to the bulk.
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also reached 85.2%. The inferior performance of LNMO/25TiO2 
is probably due to the insulating nature of TiO2, which could 
hamper the Li ions and electron transportation, as schematically 
shown in Figure S10d (Supporting Information).[53] In contrast, 
the LNMO/25TiO2A sample shows apparent improvement. 
The sample demonstrates increased discharge capacity as well 
as good stability with 85.2% capacity retention after 350 cycles, 

10% higher than that of the bare LNMO. The improved capacity 
of LNMO/25TiO2A compared with LNMO/25TiO2 also suggests 
that the new surface formed after annealing has a better con-
ductivity than amorphous TiO2. Such improved kinetics can 
be presumably ascribed to the 8a tetrahedral vacancies in the 
TMO-like spinel phase, which can improve the Li ion diffusion 
rate compared to pure amorphous TiO2 coating.[54,55]

Adv. Mater. 2017, 1703764

Figure 6.  a) Stability test at 0.5C under room temperature; b) stability test at 0.5C under 55 °C; c) 1st and 350th charge/discharge curves under RT;  
d) rate capability test at 0.1, 0.5, 1, 2, 5, and 0.1C under RT; e) CV curves of the first cycle normalized by active materials weight; f) plots of the polariza-
tion potentials of the Mn3+/Mn4+, Ni2+/Ni3+, and Ni3+/Ni4+ redox couples calculated based on the CV curves; all of the spectra are based on sample: 
bare LNMO, LNMO/5TiO2A, LNMO/25TiO2A, and LNMO/50TiO2A.
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Coulombic efficiencies shown in Figure S12 (Supporting 
Information) also reveal that the electrolyte decomposition of 
the LNMO/25TiO2A is much less severe than the bare LNMO. 
These results indicate that surface modification helps to sup-
press the side reactions between the LNMO particles and the 
electrolyte. Despite that the TMO-like phase may also be dis-
solvable in the electrolyte, the stronger TiO bond should 
enable much higher resistivity against the electrolyte than bare 
LNMO and it is capable of producing a more stable cathode/
electrolyte interfacial layer.[56–58] The LNMO/5TiO2A sample 
shows slightly improved capacity, but higher capacity reten-
tion than the bare LNMO after 350 cycles. In contrast, when 
the TiO2 cycle number was increased to 50, the capacity in 
the LNMO/50TiO2A sample dropped immediately with only 
87 mAhg−1 initial discharge capacity, the stability is lower 
than the bare LNMO or the samples with 5 and 25 ALD cycles 
either. This capacity drop reveals that the surface structure of 
the excessive TiO2 coating on LNMO followed by annealing 
does not benefit the performance at all and could be ascribed 
to (1) the lattice distortion caused by overwhelming Ti substi-
tution, as has been observed in bulk doping studies;[28] (2) the 
increasing amount of the impurity LixNi1−xOy rock salt phase; 
(3) overwhelming number of Ti4+ ions and Mn2+ that replace 
the Li+ ions on 8a sites;[56] and (4) too much soluble Mn2+.

Moreover, the same test carried out under 55 °C is shown 
in Figure 6b, it can be seen that all of the capacity fading rates 
are rather close, this may be due to the fierce side reactions 
under such high operating temperature. Nevertheless, the dis-
charge capacity follows the same trend as the test conducted 
under RT, the LNMO/25TiO2A sample shows even more 
remarkable improvement with an initial discharge capacity 
of over 130 mAhg−1. The reason for this capacity improve-
ment will be discussed below. It is reasonable that the overall 
capacity obtained under 55 °C is higher than that of the room 
temperature because the kinetics of the lithium ions is much 
more vigorous. The 1st and 350th charge/discharge curves dis-
played in Figure 6e reveal that the capacity mainly originates 
from three redox couples, Mn3+/Mn4+ at 4 V, Ni2+/Ni3+ at 4.6 V, 
and Ni3+/Ni4+ at 4.7 V. Rate capability of the samples is shown 
in Figure 6d, it can be seen that the LNMO/25TiO2A sample 
shows the best performance as well. More than 90 mAhg−1 

discharge capacity can still be maintained under 5C, whereas 
LNMO/50TiO2A shows no capacity at all under this current 
density. In addition, LNMO/25TiO2 shows a worse rate capa-
bility compared with the LNMO/25TiO2A sample as shown in 
Figure S10 (Supporting Information).

In order to further elucidate the redox couples, CV tests were 
also conducted under RT on these samples. The CV redox peaks 
support the charge/discharge curves observed in Figure 6c, 
where redox couples of Mn3+/Mn4+ at 4 V, Ni2+/Ni3+ at 4.6 V, 
and Ni3+/Ni4+ at 4.7 V are clearly revealed. Also, the normal-
ized intensity of the redox peaks fits well with the trend of the 
discharge capacities in Figure 6a. The potential polarizations of 
the redox couples are plotted in Figure 6f, the LNMO/25TiO2A 
sample shows the lowest polarization in all of the three redox 
couples, demonstrating the optimized kinetics of the surface 
structure. The abovementioned electrochemical studies reveal 
that the controlled growth of the TMO-like phase is essential to 
the performance of LNMO, 25 ALD cycle number has demon-
strated the most promising performance.

In an effort to understand the improved discharge capacity 
of the LNMO/25TiO2A sample, electrochemical impedance 
spectra (EIS) were collected on both the bare LNMO and the 
LNMO/25TiO2A samples after charging to 5 V and holding 
for 3 h. The EIS of the two charged cells of bare LNMO/Li and 
LNMO/25TiO2A/Li samples are shown in Figure 7a, two semi-
circles from high to medium frequency and one inclined line 
at low frequency can be observed. The simulated equivalent 
circuit is presented as an inset. The RΩ stands for the Ohmic 
resistance that arose from the electrolyte, separator, and other 
components. The semicircle in the high-frequency range repre-
sents the lithium diffusion across the surface film, simulated as 
a resistor Rs and a constant phase element (CPE); the semicircle 
in the medium frequency range shows the charge transfer reac-
tion composed of a resistor Rct and another CPE; the inclined 
line is interpreted as the finite length Warburg impedance. In 
this case, the value of Rs stands for the solid electrolyte inter-
phase (SEI) resistance and Rct epitomizes the likely phase trans-
formation on the surface of LNMO after initial charging. It 
can be seen that the bare LNMO shows an Rct value of 58.9 Ω, 
whereas the LNMO/25TiO2A sample shows only 9.0 Ω. Lithium 
diffusion pathway in the spinel structured LNMO is illustrated 

Adv. Mater. 2017, 1703764

Figure 7.  a) EIS of bare LNMO and LNMO/25TiO2A after initial charge to 5 V; inset: an equivalent-circuit simulation model; b) structure of LNMO 
showing the lithium ions diffusion path.
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in Figure 7b, the lithium ions hop into adjacent empty 16c octa-
hedral sites and then migrate into the next 8a tetrahedral site. 
Huang and co-workers reported that the surface of LNMO will 
transform into a Mn3O4-like structure during the first charge 
due to cation migration to the 8a tetrahedral sites, subsequent 
cation migration from 16d sites into the empty 16c octahedral 
sites leads to the formation of rock salt-like phase that extends 
to the interior part of the particles, therefore, the occupation 
of the empty 16c sites by transition metals will result in severe 
impedance buildup. They also suggested that preoccupation of 
the lithium tetrahedral sites with a small amount of insoluble 
ions can stabilize the structure.[59] In this study, we have vali-
dated this assumption by using Ti to occupy the tetrahedral 
sites. Hence, the formation of the TMO-like phase at the sur-
face region after annealing with Ti substituting into the 8a tet-
rahedral site should play a key role in inhibiting the structural 
evolution of the LNMO cathode material during cycling.

The significant impedance difference between the above-
mentioned samples reveals that the presence of Ti in tetrahe-
dral sites helps to prevent the LNMO cathode material from the 
surface structural transformation into a Mn3O4-like phase and 
subsequent formation of a rock salt structure, such modifica-
tion mitigates the impedance buildup that happens at the initial 
charge process, this explains why the LNMO/25TiO2A sample 
shows higher capacity than bare LNMO under both RT and 
55 °C.

In order to further unveil the phase transformation mecha-
nism and the change of surface chemical states upon charging/
discharging, the bare LNMO and LNMO-25TiO2A samples 
were characterized using soft XANES and the results are shown 
in Figure 8a–d. Mn, Ni L3,2-edges and O K-edges of the bare 
LNMO, LNMO/25TiO2A, and electrochemically cycled bare 
LNMO and LNMO/25TiO2A were recorded. Standard MnO, 
Mn2O3, and MnO2 were also studied and their Mn L3,2 XANES 
spectra are shown in Figure S11b (Supporting Information); it 
can be seen that the relative intensity of the peaks correlates 
well with the oxidation state of the corresponding Mn oxides, 
which is in accordance with the EELS results shown before. 
Figure 8a shows the Mn L3,2 edge XANES spectra of the 
referred samples. It can be seen that the samples before elec-
trochemical cycling, whether bare or modified, show predomi-
nantly Mn4+ feature, with the presence of a small amount of 
Mn3+, this is in correspondence with the electrochemical tests, 
where extra plateau at around 4.0 V was observed. A closer 
scrutiny reveals that the LNMO/25TiO2A sample has extra 
shoulders at lower photon energy, this also proves the pres-
ence of Mn2+ and this is in agreement with the EELS results. 
Since this sample has a thin layer of TiO2 with only 25 ALD 
cycles, the change in the peak feature is not as obvious as what 
was observed from the EELS results. Nevertheless, the Mn L3,2 
edge XANES shows a significant change after electrochemical 
cycling, the majority of the Mn ions are in the state of 2+ and, 
strikingly, the LNMO/25TiO2A sample shows much more Mn4+ 
feature than the bare LNMO. A similar phenomenon has also 
been found in our previous work using FePO4 as coating mate-
rial to protect the LNMO surface.[60] We can therefore conclude 
that the presence of the TMO-like phase prevents the Mn in 
the LNMO from being heavily reduced so that more stable 
performance can be retained after the electrochemical cycling 

process.[61,62] Mn L3,2-edge XANES spectra collected at FLY 
mode shown in Figure S11c (Supporting Information) indicate 
that such reduction does not occur in the bulk. The Ni L3,2-edge 
XANES spectra are shown in Figure 8b, it is apparent that the 
Ni does not show any changes in any of the samples, this is 
because Ni2+ is already in low valence state.[63] The F K-edges 
of the cycled bare LNMO and cycled LNMO/25TiO2-A have also 
been shown in Figure S11d (Supporting Information), peaks 
other than the poly(vinylidene fluoride) (PVdF) have emerged 
in the cycled bare LNMO, which can be assigned to the hydrol-
ysis products of LiPF6. In addition, the sharp peaks at around 
710–730 eV assigned to the L3,2 edges of Fe in the cycled bare 
LNMO indicate that the HF amount was very high that even the 
coin cell cases were corroded. As has been mentioned before, 
total electron yield (TEY) mode has a detection depth of ≈5 nm, 
and this range falls into the thickness of the SEI, so the Mn, Ni 
L3,2-edge XANES spectra of the cycled samples obtained in TEY 
mode also contain information from the SEI.

Kostecki and co-workers proved that the transition metals 
mainly exist as fluorides and/or organic salts such as oxalate in 
the SEI layer,[64] indicating the absence of MeO (Me = Mn, Ni) 
bonds. Therefore, the O K-edge XANES was collected to under-
stand the composition of the SEI, as shown in Figure 8c where 
O K-edge XANES spectra before electrochemical cycling show 
five features, labeled C, E, F, G, and H. Features C and E in 
the pre-edge regions represent the excitation of O 1s electron 
to the hybridization of the O 2p with the transition metals 3d 
orbitals, and are believed to be related to t2g and eg symmetry, 
respectively. The broader peaks G and H are due to the hybridi-
zation of the O 2p with the transition metals 4sp orbitals.[65,66] 
It is noticed that feature F appears only in the LNMO/25TiO2A 
sample. Actually the O K-edge threshold of TiO bonds 
appears at higher photon energy than MnO as has been dis-
cussed by F. de Groot,[65] therefore, the feature F corresponds 
to the eg symmetry of TiO and its t2g symmetry overlaps with 
the MnO and NiO eg symmetry, that is the reason why the 
intensity of feature E appears to be much higher than feature 
C after post-annealing. The feature F can be seen in the FLY 
spectra as well, implying that the TiO hybridization exists in 
rather high depth, which is consistent with the EELS result dis-
cussed above. The samples were electrochemically cycled and 
dissembled so as to understand the oxygen species in the SEI 
layer.

The TEY spectra of the electrode samples show drastic dif-
ference after electrochemical cycling. The bare LNMO shows 
mostly weak peaks like B and D, they are assigned to the organic 
compounds in the SEI, whereas in the LNMO/25TiO2A sample, 
features E, G, and H still exist. These features are assigned to 
the hybridization of O 2p and Ni 3d orbitals, the 3d electron 
configuration of Ni2+ is t e2g

6
g
2, where the 3 t2g orbitals have 

been fully filled by electrons, therefore, no t2g peak is expected 
in Ni2+ L3,2 edges, that is why only peak E is observed in the 
pre-edge regions. NiO bonds are extremely weak when the 
LNMO is charged to high voltage since Ni4+ is highly electron-
depleted, its catalytic effect facilitates the electrolyte decompo-
sition.[35] We can therefore conclude that the transition metal 
dissolution in the electrochemically cycled bare LNMO sample 
is so intense that none of the surface Mn or Ni were in the 
form of oxides any more, whereas NiO bonds still exist in the 

Adv. Mater. 2017, 1703764
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LNMO/25TiO2A sample since the incorporation of Ti4+ can pos-
sibly strengthen the NiO bond, as has been observed in Caba-
na's work of incorporating Mg2+ into the surface of LNMO.[35] 
Another possibility is that the rock salt LixNi1−xO phase remains 
on the surface, it acted as a protection agent against HF attack. 
Taking a look at the FLY spectra, one can find that the features 
C, E, F, G, and H still exist, indicating that the loss of MeO 
bonds mainly happens on the surface. The area of peaks C and 

E is lower in the cycled LNMO/25TiO2A than the cycled bare 
LNMO, indicating the presence of less oxygen 2p hybridiza-
tion with TM 3d orbitals in the bulk, which complies with the 
reduction of Mn. A new peak “I” appears in the electrochemi-
cally cycled LNMO/25TiO2A sample. This intensive peak has 
also been reported in many references where electrolyte addi-
tives were studied. It can be assigned to the π* orbital of the 
CO bond in Li2CO3.[67] Li2CO3 is a well-known favorable SEI 

Figure 8.  XANES spectra of the bare LNMO, LNMO/25TiO2A, and bare LNMO after 350 charge/discharge cycles and LNMO/25TiO2A after 350 charge/
discharge cycles in a) Mn L3,2-edges collected at TEY mode; b) Ni L3,2-edges collected at TEY mode; c) O K-edges collected at TEY mode; d) O K-edges 
collected at FLY mode; e) schematic illustration of the bare LNMO and LNMO/25TiO2A after 350 charge/discharge cycles.
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component since it helps create a more robust and dense SEI 
layer, this can be another reason of the improved stability.[68–70] 
The Li2CO3 signal can be observed in FLY spectra but not TEY 
spectra, indicating that it mainly locates at the “inner” layer of 
the SEI which is closer to the surface of the electrode materials, 
probably because that Li2CO3 forms at the beginning of the 
electrochemical cycling.

To summarize the results above, we depict a schematic illus-
tration in Figure 8e. The presence of spinel TMO-like phase 
and Ti occupation of octahedral sites in LNMO help create an 
SEI with more Li2CO3, strengthen the NiO bonds and prevent 
severe Mn reduction and dissolution during electrochemical 
cycling. The Li2CO3 helps build more robust SEI. The suppres-
sion of the reduction of Mn and the stronger NiO interaction 
help retain better surface consistency upon electrochemical 
cycling.

We have carried out a systematic study of the post-annealing 
effect on the performance of ALD-TiO2 coated LNMO. It is 
found that the surface of the LNMO undergoes several changes 
during the process: (1) partial Ti substitution of 8a Li tetrahe-
dral sites, forming a TMO-like phase; (2) Li and Ni extrusion, 
forming rock salt LixNi1−xO phase; (3) octahedrally coordinated 
Mn/Ni replacement by Ti in deeper region, resulting in slight 
doping of LNMO; (4) aggregation of the TMO-like phase into 
tiny particles. Electrochemical studies reveal that the formation 
of the TMO-like spinel phase on the surface through the substi-
tution of Ti in the 8a tetrahedral sites will help undermine the 
impedance buildup resulting from the continuous formation of 
rock salt structure during electrochemical cycling. In addition, 
the presence of the substituted Ti strengthens the NiO bond. 
The TMO-like phase helps form an SEI with more desirable 
Li2CO3 and hampers the reduction of Mn after electrochemical 
cycling. More importantly, the effect of Ti substitution highly 
depends on the ALD cycle number, 25 ALD cycle appears to 
produce the optimal thickness that yields improved stability, 
Coulombic efficiency, discharge capacity, and rate capability. 
Nevertheless, other factors such as annealing time and tem-
perature are worthwhile to be further studied. This work has 
paved the path to controlled manipulation of surface structures 
on cathode materials, provided a novel explanation to the role 
of surface modification, and extended the practice of ALD tech-
nique in LIBs and related research.

Experimental Section
Materials Preparation: The LNMO powders were purchased from 

Daejung Energy Materials Co. Ltd., South Korea. ALD of TiO2 was 
performed at 150 °C in a Savannah 100 ALD system (Ultratech/
Cambridge Nanotech) by using titanium(IV) isopropoxide (TTIP, 
Ti[OCH(CH3)2]4, Sigma Aldrich, 97%) and distilled water (H2O) as 
precursors. The source temperature for TTIP was 85 °C, while H2O was 
kept at RT. N2 gas was used as the carrying and purging gas, at a flow 
rate of 20 sccm. Each ALD cycle of TiO2 was executed with the following 
steps: (1) 1 s pulse of TTIP; (2) 3 s extended exposure of TTIP in the 
reaction chamber; (3) 20 s purge of residual TTIP and any by-products; 
(4) 1 s pulse of H2O; (5) 3 s extended exposure of H2O in the reaction 
chamber; (6) 20 s purge of residual H2O and any by-products. The 
growth process has also been illustrated in Figure S1 (Supporting 
Information). LNMO powders were dispersed on a stainless steel tray, 
and then put at the center of the ALD reaction chamber. TiO2 was 

deposited on LNMO powders by repeating the above ALD cycles, the 
corresponding samples are denoted as LNMO/nTiO2 where n stands 
for the ALD cycle number. 5, 25, and 50 cycle numbers were chosen as 
the performance study parameter. In order to better characterize the 
consequence of the TiO2 reaction with LNMO upon post-treatment, 
250 ALD cycle number was used for Ti-related structural studies.

In the post-treatment process, the LNMO/nTiO2 samples were 
annealed in air under 810 °C for 6 h followed by slow cooling to RT within 
10 h. The treated samples were named as LNMO/nTiO2A. All of the bare 
LNMO samples studied were treated under the same conditions as well 
to make the results comparable.

Characterization Methods: The morphology of the samples was 
characterized by a Hitachi S-4800 field emission scanning electronic 
microscopy (FESEM) and a JEOL 2010F field emission TEM. The XRD 
patterns were collected on a Bruker D8 Advance Diffractometer using Cu 
Kα radiation at 40 kV and 40 mA. The stoichiometry of the as-purchased 
LNMO was determined by an inductively coupled plasma optical 
emission spectrometer (ICP-OES, Vista Pro Axial, Varian, Australia). The 
soft XANES measurements with both TEY and FLY modes at the Mn 
L3,2-edges, Ni L3,2-edges, and O K-edge were collected at the Spherical 
Grating Monochrometer (SGM) beamline with a photon energy of 
250–2000 eV at the Canadian Light Source. The Ti K-edge XANES was 
collected at the Soft X-ray Microcharacterization Beamline (SXRMB) at 
the Canadian Light Source.

For the electron microscope (EM) specimen preparation, the 
pristine and LNMO/250TiO2 powder samples were suspended on the 
copper grids for EM characterization. The LNMO/250TiO2A specimen 
was prepared using a Zeiss NVision 40 dual beam focused ion beam 
(FIB)/SEM for a detailed structural analysis. EELS and the STEM 
characterization were carried out on an aberration-corrected (probe and 
image-forming lenses) FEI Titan Cubed 80–300 kV microscope equipped 
with a Gatan Image Filter Quantum-965 spectrometer operated at 
200 kV. EELS spectra were recorded with a 0.25 eV/channel dispersion 
of the spectrometer. The HAADF-STEM image acquired with a HAADF 
detector is also called a “Z-contrast” image, whereby the image intensity 
is proportional to the atomic number (∝Z1.7) of the elements present in 
the material.

Electrochemical Measurements: The LNMO powders were uniformly 
mixed with acetylene black (AB) and poly(vinylidene fluoride) in a ratio 
of 8:1:1 in N-methyl-pyrrolidione (NMP) as solvent. The slurry was 
then pasted onto aluminum foils and dried at 80 °C overnight under 
vacuum. The electrode was subsequently cut into round shape with a 
diameter of 12 cm and assembled into a CR-2032 coin cell in a glove 
box with moisture and oxygen being controlled below 1.0 ppm. Lithium 
metal was used as the counter electrode in the coin cells. The electrolyte 
was composed of 1 m LiPF6 dissolved into ethylene carbonate (EC) 
and dimethyl carbonate (DMC) in a 1:1 volume ratio (BASF Corp.). 
Celgard K2045 was used as the separator. Cyclic voltammetry (CV) 
was performed on a Bio-Logic multichannel potentiostat 3/Z (VMP3) 
with a scanning rate of 0.1 mV s−1 and a potential range of 3.5–5.0 V 
(vs Li/Li+) at RT. Galvanostatic charge/discharge test was carried out 
on an Arbin BT 2000 at various current densities between 3.5 and 
5.0 V (vs Li/Li+). The cyclic stability test was done at a current density of 
0.5 C (1C = 147 mAg−1) under both RT and 55 °C. The tested cells were 
dissembled in the glove box and the cathode sheets were collected and 
thoroughly washed with DMC for several times and kept in a hermetic 
box for XAS study.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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