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ABSTRACT: Elemental doping represents a prominent strategy to improve interfacial
chemistry in battery materials. Manipulating the dopant spatial distribution and
understanding the dynamic evolution of the dopants at the atomic scale can inform
better design of the doping chemistry for batteries. In this work, we create a targeted
hierarchical distribution of Ti4+, a popular doping element for oxide cathode materials,
in LiNi0.8Mn0.1Co0.1O2 primary particles. We apply multiscale synchrotron/electron
spectroscopy and imaging techniques as well as theoretical calculations to investigate
the dynamic evolution of the doping chemical environment. The Ti4+ dopant is fully
incorporated into the TMO6 octahedral coordination and is targeted to be enriched at
the surface. Ti4+ in the TMO6 octahedral coordination increases the TM−O bond
length and reduces the covalency between (Ni, Mn, Co) and O. The excellent
reversibility of Ti4+ chemical environment gives rise to superior oxygen reversibility at
the cathode−electrolyte interphase and in the bulk particles, leading to improved
stability in capacity, energy, and voltage. Our work directly probes the chemical
environment of doping elements and helps rationalize the doping strategy for high-voltage layered cathodes.
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1. INTRODUCTION

The large and growing lithium-ion battery market provides
strong incentives to continue research, especially as new
opportunities in vehicular applications emerge.1,2 Improving
energy density has been a focus of current research in lithium-
ion batteries, which can be achieved by elevating the cell
operating voltage.3,4 However, most cathode materials and
electrolytic solution undergo severe interfacial reactions at high
voltages.5−7 These interfacial reactions can completely trans-
form the electrochemical interface of cathode particles through
surface reconstruction and metal migration, leading to notable
capacity fading and impedance buildup.8−10 Ni-rich layered
oxides (LiNi1−x−yMnxCoyO2, NMC) represent a frontier in
lithium battery research because of their high energy density
and potentially low cost.11−14 However, the inferior surface

and bulk structural stability has become the major roadblock
toward the practical implementation of Ni-rich layered oxides
(1 − x − y > 0.75).15 The bulk structural instability involves
multiple phase transformations, especially the H2−H3 trans-
formation that results in the large charge−discharge hysteresis
at high voltages.16 The surface structural instability is
associated with the strong orbital hybridization (covalency)
between transition metal (TM) 3d orbitals and oxygen (O) 2p
orbitals.5,17 A high degree of lithium deintercalation increases
the TM(3d)−O(2p) hybridization and disrupts the integrity of
the layered structure, leading to surface phase transforma-
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tions.7,18−20 Surface phase transformations usually lead to the
release of surface lattice oxygen that participates in the
electrolyte oxidation at high voltages.21 Therefore, limiting
oxygen activation has been a long-sought goal for improving
the cycle life and energy density of Ni-rich layered oxide
cathodes.
Surface coating and bulk elemental doping are among the

most popular methods to improve the structural stability at the
surface and in the bulk, respectively.22−24 The technical
hurdles are to achieve atomically thin and conformal coating
layers on primary particles and to obtain controlled
distribution of doping elements in primary particles. Atomic
layer deposition (ALD) has been shown to be effective at
creating conformal coating layers on NMC secondary
particles.25−27 However, the large-scale manufacturability of
the ALD technique remains a major concern for batteries,
albeit intensive efforts to commercialize the technique. Doping
elements usually have limited solubility in the NMC
lattice.28,29 Upon thermal annealing, the oversaturated doping
elements can potentially segregate to the particle surface and
form a conformal coating layer.29 Hypothetically, such process
can potentially lead to an optimal doping concentration in the
bulk and a conformal coating layer on the surface.22 Ultimately,
this strategy is expected to simultaneously stabilize the surface
and bulk structures of NMC particles. Mechanistically, there
are some long-standing questions regarding the exact role of
elemental doping in stabilizing local chemical environments as
well as the dynamic evolution of doping elements upon
electrochemical cycling.
Herein, we used Ti4+ doping in LiNi0.8Mn0.1Co0.1O2

(NMC811) particles as a model system to manipulate the
spatial distribution of the doping element and monitor the
evolution of the Ti4+ chemical environment at the atomic scale.
We synthesized the Ti4+-doped NMC811 using a modified
coprecipitation method followed by thermal annealing (see
Experimental Method). We then performed an in-depth
spectroscopic and theoretical investigation on 3%Ti4+-doped
NMC811 particles (i.e., (Ni + Co + Mn)/Ti = 1/0.03,
NMC811-Ti) undergoing extensive electrochemical cycling.
The work focuses on investigating the roles of Ti4+ surface
doping, and the evolution of the dopant chemical environment
during electrochemical cycling.

2. RESULTS AND DISCUSSION
The pristine NMC811-Ti material had a R3̅m layered structure
and a similar X-ray diffraction (XRD) pattern to the baseline
NMC811 (Figure S1a, Supporting Information). The I003/I104
ratio increased from 1.35 in NMC811 to 1.74 in NMC811-Ti,
qualitatively implying that the Ti4+ doping limited the initial
Li/TM cation mixing.30 Subsequently, we performed scanning
transmission electron microscopy-electron energy loss spec-
troscopy (STEM-EELS) analysis to probe the Ti4+ distribution
as well as the surface electronic properties of NMC811-Ti. The
particles had a layered structure in the bulk with a slight surface
reconstruction layer that was expected in nickel-rich cathode
materials (Figure 1a). Furthermore, the high-resolution Ti L-
edge XAS demonstrated that Ti4+ was fully incorporated in the
NMC811 lattice, free of any TiO2 phases (Figure S1b).

31 The
EELS scanning shows that Ti4+ was present throughout the
primary particle and enriched at the top 1−2 nm surface
(Figures 1b,c), that is, hierarchical surface doping. We also
found that the surface was populated with all four transition
metals and that Ti4+ might have partially replaced the Mn4+

based on the Ti L-edge and Mn L-edge EELS intensity
changes. Meanwhile, the (Ni, Mn, Co) L-edge and O K-edge
spectra showed that the surface was slightly reduced. The
surface reduction is attributable to the surface reconstruction
and the necessity of charge compensation caused by the
tetravalent Ti4+. Such a reduced surface may potentially inhibit
the electrolyte oxidation at the cathode surface during
cycling.32 We found that the doping behavior reported here
is different from the Ti4+ addition in LiCoO2 materials,33 likely
because of the fact that the NMC lattice is more
accommodative for the tetravalent Ti doping.
Our next task is to investigate the battery performance of

these materials and to evaluate the suitability of the NMC811-
Ti material as the platform to investigate the roles of Ti4+

surface doping, and its evolution during electrochemical
cycling. Compared to the baseline NMC811, the NMC811-
Ti material exhibited improved cycling stability in energy
density, discharge capacity, and voltage, which is attributable to
the mitigated cell polarization in the NMC811-Ti (Figures
2a,b). When cycled at 1C between 2.5 and 4.5 V vs Li+/Li, the
Ti4+ doping increased the capacity retention from 69% to 80%
over 300 cycles, and from 58% to 70% over 500 cycles (Figure
2c). Such good capacity retentions have been rarely reported
for Ni-rich layered oxides such as NMC811 cycled to high
voltages (e.g., 4.5 V vs Li+/Li) for 500 cycles.7,12,34−38 The rate
of voltage drop decreased from 0.35 to 0.22 mV/cycle after the
Ti4+ doping (Figure 2d). The Ti4+ doping also increased the
energy retention from 54% to 67% over 500 cycles (Figure 2e).
The rate capability did not seem to be altered much by the
Ti4+ doping (Figure S2). Finally, the battery performance of

Figure 1. Characterization of pristine NMC811-Ti materials. (a)
STEM image of the pristine NMC811-Ti particle, where the dashed
line separates the surface reconstruction layer from the bulk layered
structure. (b) Area of the particle that was analyzed by the EELS
scanning. (c) EELS spectra of the transition-metal L-edges and the
oxygen K-edge, with the TM(3d)−O(2p) hybridization labeled. Ti
was enriched at the top surface. The vertical dashed lines indicate the
shift of the edge energy showing that transition metals at the surface
are reduced compared to those in the bulk. In (c), the EELS spectra
probed deeper from the bottom to the top, as indicated by the arrow
in (b).
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the NMC811-Ti was superior to those of Ti4+-doped NMC811
materials synthesized with different Ti4+ concentrations or
using different methods (Figure S3). Therefore, the perform-
ance measurement suggests that the NMC811-Ti can provide a
good platform to investigate the roles of Ti4+ surface doping,
and its evolution during electrochemical cycling.
Probing the evolution of the Ti4+ chemical environment and

how it stabilizes the electrochemical interface can provide
insights into the chemical origin of the improved battery
performance. We applied soft XAS Ti L-edge to monitor the
reversibility of the Ti4+ local chemical environment (Figure

3a). Ti L3-eg (second peak) and L2-eg (fourth peak) peaks
gradually broadened upon charging and reversibly sharpened
upon discharging (Figures 3a and Figure S4). The finite
difference method near-edge structure (FDMNES) calculation
showed that the broadening was attributed to the reduced Ti−
O bond length (Figure S5). The Ti4+ local environment was
fully reversible after multiple cycles (Figure S6). STEM-EDS
mapping of the NMC811-Ti showed that the hierarchical Ti4+

distribution remained intact after prolonged cycles (Figure
3b). Ti was still enriched at the surface (∼6 at. %) after 300
cycles at 1C between 2.5 and 4.5 V vs Li+/Li. Therefore, one

Figure 2. Electrochemical performance of cells containing pristine NMC811 and NMC811-Ti materials. (a) Charge−discharge profiles of
NMC811-Ti. (b) Charge−discharge profiles of NMC811. (c) Specific discharge capacity as a function of cycle number. The Ti4+ doping increased
the capacity retention from 69% to 80% over 300 cycles and from 58% to 70% over 500 cycles. (d) Middle voltage (the voltage at 50% discharge
capacity) as a function of cycle number. (e) Specific discharge energy as a function of cycle number. The cells were all cycled at 1C between 2.5 and
4.5 V vs Li+/Li for 500 cycles.
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can conclude that the Ti4+ chemical environment was highly
reversible and might be capable of accommodating the strain
by changing the Ti−O bond length.
Subsequently, we analyzed the evolution of surface

chemistry as a function of the state of charge and cycle
number. We expected that surface Ti4+ enrichment could
decrease the transition-metal−oxygen covalency, thus improv-
ing the oxygen stability at the surface.39 The surface chemistry
of layered oxide cathode materials is dominated by the surface
reconstruction (i.e., transition-metal reduction, oxygen loss).
For Ni-rich layered oxides, nickel cations play the dominant
role in the surface reconstruction. Mn and Co cations exhibited
relatively high reversibility at the surface of NMC811-Ti
(Figure S7). The resilience against surface reconstruction can
be characterized by the reversibility of TM(3d)−O(2p)
hybridization and quantified by the pre-edge intensity of the
O K-edge soft XAS in the TEY mode (Figure S8a). The
quantification of the TM(3d)−O(2p) hybridization clearly
showed that the NMC811-Ti had deactivated oxygen sites and
improved reversibility relative to NMC811 (Figure 4a). In
addition, the subsurface oxygen environment, probed by the
fluorescence yield (FY) mode, was also highly reversible in the
NMC811-Ti material (Figure S9). We further compared the
reversibility of surface nickel cations. In general, the Ni
oxidation state in NMC811-Ti was more reversible than that in
the NMC811 (Figure 4b and Figure S8b). The subsurface
nickel oxidation state was reversible in both NMC811-Ti and
NMC811(Figure S10). Therefore, our spectroscopic study
concluded that the Ti4+ doping can stabilize the TM(3d)−
O(2p) chemical environment at the surface.
Finally, we studied the impact of Ti4+ doping on the bulk

chemical environment using hard XAS. The Ti4+ doping
slightly increased the Ni−O bond length, indicating the
decreased Ni−O covalency (Figure S11a). Importantly, such a
desirable impact of Ti4+ doping remained effective even after

300 cycles (Figure S11b). It is important to note that the
doping effect mainly remained at the surface and the shift is
expected to be minor in the EXAFS. The bulk nickel oxidation
state remained unchanged after 300 cycles in both NMC811
and NMC811-Ti (Figure S12). Meanwhile, there was no
difference in the bulk nickel oxidation state between NMC811

Figure 3. Stability of the Ti4+ chemical environment. (a) Ti L-edge soft XAS spectra as a function of the state of charge, where the arrow indicates
the broadening of the L3-eg peak (second peak). (b) STEM-EDS mapping of the NMC811-Ti material after 300 cycles at 1C between 2.5 and 4.5 V
versus Li+/Li.

Figure 4. Stability of the surface chemistry quantified by soft XAS in
the total electron yield (TEY) mode. (a) Integrated area for the
TM(3d)−O(2p) hybridization as a function of the state of charge for
two cycles. (b) Ni L3‑high/Ni L3‑low ratio as a function of the state of
charge for two cycles. The cells were cycled at C/10 between 2.5 and
4.6 V vs Li+/Li. The “C” and “DC” represent “charged” and
“discharged”, respectively.
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and NMC811-Ti in the pristine state and after 300 cycles
(Figure S13). Furthermore, the changes in (Mn, Co) K-edge
XAS were similar in NMC811 and NMC811-Ti (Figure S14).
Therefore, the bulk characterization demonstrated that in the
bulk the Ti4+ doping modified the local bond length and did
not alter TM oxidation states. It should be noted that the
stability of the NMC811-Ti could be further enhanced if
methods were taken to mitigate other fading mechanisms, such
as chemomechanical breakdown.

3. CONCLUSION
In summary, we developed a hierarchical surface Ti4+ doping
for Ni-rich layered oxides, at the primary particle level, to
stabilize the electrochemical interface undergoing prolonged
cycling to high voltages. The hierarchical Ti4+ distribution
enhanced the reversibility of the TM(3d)−O(2p) hybrid-
ization at the surface as well as reducing the TM−O covalency
in the bulk. The hierarchical doping was highly stable and
remained effective after extensive high-voltage cycling. The
resulting NMC811-Ti material exhibited improved stability in
energy density, discharge capacity, and voltage. The present
study provided mechanistic insights into the chemical and
structural origins of the improved stability by surface elemental
doping.

4. EXPERIMENTAL PROCEDURES
Materials, Methods, and Characterization. Synthesis of

NMC811-Ti: The materials were synthesized using a modified
coprecipitation method (“gradient substitution”). A transition-metal
solution of 0.8 M NiSO4·6H2O (Sigma-Aldrich, 99.99%), 0.1 M
MnSO4•H2O (Sigma-Aldrich, 99%), and 0.1 M CoSO4·7H2O
(Sigma-Aldrich, 99%) was dissolved in 100 mL of aqueous solution
with a total metal concentration of 1 M. A base solution of 2 M
NaOH and 1.67 M NH3·H2O was diluted to 100 mL of aqueous
solution. Each solution was stored in a Kimble bottle and the base
solution was under the N2 protection. A titanium solution was made
using a titanium oxysulfate solution (Sigma-Aldrich, 15 wt % in dilute
sulfuric acid). Titanium oxysulfate (0.003 mol) was diluted to a 50
mL aqueous solution. This titanium solution was stored in its own
Kimble bottle. 1 M NaOH and 0.83 M NH3·H2O were diluted to 160
mL in deionized (DI) water and then placed into the reaction vessel.
The vessel was heated to 50 °C, protected with N2 gas, and stirred
continuously starting at 600 rpm. The pH was adjusted to ∼10.5. The
transition-metal solution and base solution were pumped into the
reaction vessel at approximately 2 mL/min. Once the pumping began,
a third pump was used to pump the titanium solution directly into the
transition-metal solution at 2 mL/min. The temperature and nitrogen
protection were maintained throughout the reaction, and the base
pumping was tuned to maintain a pH of 10.5 ± 0.1. The stirring rate
was gradually increased to maintain a consistent vortex in solution as
volume increased. The precipitate was collected using vacuum
filtration and washed with 400 mL of DI water and then 400 mL of
isopropanol. The precipitate was dried in a vacuum oven overnight at
100 °C. The precursor and LiOH were mixed thoroughly and
calcined under pure oxygen flow at 0.5 L/min. The calcination
procedure involved heating at 5 °C/min to 460 °C and holding for 1
h, and then heating at 5 °C/min to 725 °C and holding for 6 h.
Finally, it was cooled at 5 °C/min to 25 °C under constant oxygen
flow to obtain the final powder (i.e., “gradient substitution”). The
“bulk substitution” samples were synthesized by having the titanium
oxysulfate directly in the transition-metal solution. The “surface
substitution” samples were synthesized by precipitating Ti(OH)4 after
the (Ni, Mn, Co) hydroxide precipitation was completed. The
baseline NMC811 was synthesized following a similar procedure but
without the titanium oxysulfate. The electrode preparation and
battery testing method remained similar to our previous work and is
referenced here.7 The methods for XRD, STEM-EELS, soft XAS, and

hard XAS were provided in our earlier publications and are referenced
here.5,7,40,41

Theoretical Calculation Method. The time-dependent density
functional theory (TDDFT) based X-ray absorption near-edge
structure (XANES) calculations, as implemented in Finite Difference
Method Near Edge Structure (FDMNES) package,42 have been
performed for Ti-substituted Li1−xTMO2. Within the TDDFT
method, the partly localized edges (L23-edges of transition-metal
Ti) can be described quite correctly beyond the most common
density functional theory (DFT).

First, to provide the quantitative experimental quantity for
theoretical modeling, we perform the peak fitting for the experimental
XAS spectra of Ti L-edge with different lithium concentrations. In
such a way, we are able to set up an experimental database of FWHM,
area, and position of Ti L-edge peaks. Typical fitting results are shown
in Figure S4 for example. One can clearly see the trend of broadening
character of Ti L-edge during the delithiation process. Second, the
XANES calculation of Ti-substituted Li1−xTMO2 has been done with
TDDFT-based Finite Difference Method using a cluster model. The
XANES calculations were performed on clusters containing 66 atoms
and with the convolution widths of 1.2 eV for L2- and L3-edge,
respectively. A theoretical database of XANES as a function of Ti−O
bond length and lithium concentration has been thus obtained. Figure
S5a,b shows typical XANES results for two different Li concentrations
as a function of Ti−O bond length.

Third, first-principles total energy calculations based on DFT has
been done for Ti-substituted Li1−xTMO2 to obtain the trend of Ti−O
bond length changed with Ti substituting and Li concentration. The
Vegard’s law of lattice change is thus verified with changes of Li
concentration.

Finally, the theoretical model of XANES as a function of Ti−O
bond length and lithium concentration has been built and fitted to
experimental data, utilizing the obtained trends of XANES vs bond
length (Figure S5a,b) and the Vegard’s law for lattice changed with
lithium concentrations x. The fitting formula of Li1−xTMO2 can be
expressed as

= + − +w w x w w x b xFWHM ( ) ( ) ( )00 01 10 11

α α α α= + − +x x b xarea ( ) ( ) ( )00 01 10 11

where b(x) = b0 − b1x is the bong length of Ti−O and b0 and b1 are
coefficient parameters. The best fitted parameters are listed below: w00
= 6.80, w01 = 11.05, w10 = 2.79, w11 = 5.65; α00 = 7.00, α01 = −1.86,
α10 = 2.73, α11 = −0.86; b0 = 2.06, b1 = 0.12. The comparison of
fitting results from theoretical model and experiments are shown in
Figure S5c,d.
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