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ABSTRACT: Lithium excess disordered rock salt oxides have opened up a new vista in
search of high capacity cathodes, resulting in a variety of new materials with versatile
elemental compositions. This work introduces W6+ as a possible charge compensator and
explores the solid solution series Li1+x/100Ni1/2−x/120Ti1/2−x/120Wx/150O2 (x = 0, 5, 10, 15,
20), which has been rationally developed based on concepts from percolation theory.
Consistent with this understanding, the specific capacities increase from stoichiometric
toward lithium excessive compositions, while simultaneously capacity retention decreases
considerably. Specifically, Li1.2Ni1/3Ti1/3W2/15O2 exhibits a first charge capacity of 246 mAh
g−1, which exceeds the theoretical transition metal redox capacity. To understand this
peculiarity, we characterize the redox mechanism of nickel, titanium, tungsten, and oxygen
using X ray absorption spectroscopy, X ray photoelectron spectroscopy, density functional theory calculations, and differential
electrochemical mass spectrometry. We demonstrate that oxygen evolution takes place for Li1.2Ni1/3Ti1/3W2/15O2 predominantly
above 4.4 V vs Li+/Li but was absent for the stoichiometric LiNi0.5Ti0.5O2. The oxygen oxidation causes instability of the anion
framework, resulting in oxygen loss, which incurs severe capacity fading and leads to the observed voltage hysteresis. These findings
provide important implications for the development and design of novel high capacity lithium excess nickel based cathode materials.

■ INTRODUCTION

Recent developments in the automotive and grid energy
storage raise the question of whether the supply can meet the
demand of the critical constituents for the future. Especially
cobalt, which is still an essential component of the modern day
battery, is argued to be the more critical element in terms of
sufficient availability.1 Therefore, research into the develop
ment of cobalt free alternative materials is required for next
generation Li ion batteries. The implications for research have
been a continuous decrease in the cobalt content toward more
nickel 2,3 and manganese rich4 compounds. Hence, the
development of low cost and well performing positive
electrode materials is clearly necessary.
Currently, rock salt related complex oxides like the deriva

tives of layered LiCoO2
5,6 and spinel like LiMn2O4

7,8 and
polyanionic compounds like LiFePO4

9 are considered state of
the art. The former is preferred in automotive and portable
applications due to the high energy density. As a potential
alternative, rock salt related oxides display a variety of lattice
structures with ordered and disordered structures. In ordered
structures, different cation ordering arrangements are possible
with Li sites (sublattice) percolating over the entire structure.10

The disordered structures cover a broader range from partially
disordered, due to antisite defects11,12 and/or cation
migration,13,14 to the fully cation disordered material with Li
and transition metals sharing the same site statistically. A

typical representative for the latter is the cubic α LiFeO2.
15

Until recently, the design space for the development of
“ordered” positive electrode material has been limited to
transition metals that show minor or no intermixing of cations
between the transition metal and lithium sublattices, as this is
regarded being the prerequisite for good performance and
stability. To meet these stringent requirements, only a few
systems with specific chemistries (cobalt containing for rock
salt oxides) have so far been able to perform sufficiently.5 In
general, local structural disorder, stemming from the statistical
distribution of different cations at the same crystallographic
site, has been regarded to adversely affect the overall lithium
diffusivity and therefore to limit the electrode performance.
This has inevitably ruled out several classes of materials. One
of these are disordered rock salt oxides adopting cubic α
LiFeO2 type

16 structures, where Li and transition metals share
the same cation site with a random distribution and no long
range order.
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As a result, these materials have not been paid attention to
for a long time, as their performance is not comparable to that
of modern materials. Especially micron sized, well crystalline
particles show relatively poor electrochemical activity.17

However, recent findings have shown that this may not
necessarily be the case in general;18,19 several new Li rich
compositions capable of inserting/extracting a reasonable
amount of lithium have been demonstrated. Albeit cation
disorder is expected to be detrimental to the battery
performance, at an excess of at least 10% lithium, diffusion
can become facile, unveiling the hidden potential of Li rich
disordered rock salt structures.20−23 Without the requirement
to be “well layered” as described above, new chemistries/
substitutions can be explored, which may pave the way for the
development of cobalt free materials. However, a significant
fraction of the charge originates from reversible oxygen redox
(rather than mainly oxygen release).20,21 Unfortunately, the
gain in capacity is associated with a number of problems such
as sensitivity to the processing conditions, voltage hysteresis,
transition metal migration, surface disorder, and the irrever
sible release of lattice oxygen as major roadblocks toward the
realization of stable disordered rock salt materials.24

A widely used approach for the design of new lithium rich
compositions comprises the hypothetical solid solution
between a stoichiometric disordered rock salt and a lithium
enriched phase with predominantly d0 cations. Note that the
latter has been shown to favor the stabilization of the
disordered phase.25 Alternatively, disorder can be induced by
(de)lithiation,26 and/or disordered phases can be formed
directly by high energy milling. Because d0 cations are not
expected to undergo a redox reaction in the pristine state (fully
lithiated), cations with high oxidation number are particularly
attractive, given that more equivalents of lithium can be
introduced for the reason of charge balancing and less
compromise needs to be made on the side of the substituted
redox active transition metal. Following this idea, chemistries/
substitutions with V+4,27,28 Ti4+,29,30 Sb5+,31 Nb5+,20 Ta5+,32

and Mo6+33,34 have been explored, leading to a considerable
diversity of candidates for new cathode materials.
Several Ni based disordered rock salts have been reported

up to now with different compositions, containing Ni2+−Ti−
Mo,24,33 Ni2+−Ta,35 Ni2+−Nb,20 Ni2+−Ti−Nb,36,37 Ni2+−Zr,27
Ni2+−V,27 and Ni2+−Ti.38,39 The theoretical Ni2+/4+ redox
couple, which promises higher operating voltages, makes Ni
based compounds attractive for application in positive
electrode materials. However, X ray absorption spectroscopy
(XAS) studies on Li1 .2Ni0 .333Ti0 .333Mo0.133O2,

24 ,33

Li1.3Ni0.27Ta0.43O2,
35 and Li1.2Ni0.35Ti0.35Nb0.1O1.8F0.2

40 suggest
incomplete utilization of the Ni redox reservoir in most of
these compounds, with Ni2+ being oxidized roughly to Ni3+

during charging and competing with O oxidation. This
observation is also in agreement with theoretical predictions
that Ni3+/4+ redox occurs at higher voltages in disordered rock
salts.62

In this work, we investigate a new family of Li rich
d i s o r d e r e d r o c k s a l t o x i d e s , n a m e l y ,
Li1+x/100Ni1/2−x/120Ti1/2−x/120Wx/150O2 (x = 0, 5, 10, 15, 20),
which have been rationally designed applying concepts of
percolation theory. We show the feasibility of W6+ as a high
valence cation to increase the Li content in disordered rock
salts. Using a combination of diffraction and spectroscopic
techniques and density functional theory (DFT) calculation,
the role of Ni, W, and O in the charge compensation during

electrochemical (de)lithiation was elucidated. The
Li1.2Ni0.333Ti0.333W0.133O2 (x = 20) phase delivers a large
reversible specific capacity beyond the Ni2+/4+ redox couple
(only 60% accessible predicted by DFT), which suggests that
half of the capacity should be due to anion redox during the
first charge. We also demonstrate by differential electro
chemical mass spectrometry (DEMS) that lithium excess
invokes oxygen redox and triggers oxygen evolution,
accompanied by a large voltage hysteresis. X ray photoelectron
spectroscopy (XPS) analysis of the cathode materials showed
no change in the oxidation state of Ti and W after oxygen loss.
Structural changes were probed by in situ X ray diffraction
(XRD) and extended X ray absorption fine structure (EXAFS),
indicating irreversible changes after oxygen loss. Finally, the
phenomena of oxygen loss and voltage hysteresis, often
observed for Ni based disordered rock salts, are being
discussed.

■ RESULT AND DISCUSSION
Synthesis and Characterization. We chose to investigate

the solid solutions of the stoichiometric disordered Fm3m
Li2NiTiO4 (LiNi0.5Ti0.5O2) and the lithium rich cation ordered
(P1) Li4WO5 (Li1.6W0.4O2), targeting lithium rich disordered
Li−Ni−Ti−W oxides. LiNi0.5Ti0.5O2 adopts an α LiFeO2 type
crystal structure without long range cation order. Li and
transition metals are randomly distributed over the octahedral
sites. These types of compounds are referred to as disordered
rock salt oxides. In the cation ordered triclinic P1 Li4MO5,
with M = W6+ and Mo6+, the latter cations occupy octahedral
sites in a cubic close packed (ccp) anion sublattice, with the
lithium ions residing on the remaining octahedral sites. Edge
sharing MO6 octahedra form a [M2O10] unit in the ccp
lattice.41,42 A series of compounds with gradual increase in Li
excess level was targeted, the compositions of which are given
in Table 1. Hereafter, LiNi0.5Ti0.5O2 is referred to as LNT 0
and the solid solutions as LNTW X, with X being the targeted
lithium excess value.

For the hypothetical binary mixture of “xLi1.6W0.4O2 (1 −
x)LiNi0.5Ti0.5O2” (LiMO2 formula unit based notation), single
phase compositions were achieved for 0 ≤ x ≤ 1/3, adopting
the α LiFeO2 type crystal structure, which is schematically
shown in Figure 1a. The measured XRD patterns and the
refined lattice parameters for a single phase fit in the Fm3m
space group are presented in Figure 1b and Table S1,
respectively. Rietveld plots for the X ray refinements of LNT 0
and LNTW X (X = 5, 10, 15, 20) are shown in Figure S1a−e
of the Supporting Information (SI). Figure S2 shows
transmission electron microscopy (TEM) images for LNT 0
and LNTW 20, revealing small crystallites of size less than 100
nm. Figure 1c shows results from scanning transmission
electron microscopy energy dispersive X ray spectroscopy
(STEM EDX) mapping for LNTW 20, indicating homoge

Table 1. Targeted vs Measured Li/Ni/Ti/W Atomic Ratio
for All Compounds from ICP OES

materials Li excess/% targeted ratio measured ratio

LNT-0 0 1.00:0.50:0.50:0 0.99:0.51:0.50:0
LNTW-5 5 1.05:0.46:0.46:0.03 1.06:0.46:0.47:0.04
LNTW-10 10 1.10:0.42:0.42:0.07 1.10:0.41:0.42:0.07
LNTW-15 15 1.15:0.38:0.38:0.10 1.15:0.36:0.38:0.10
LNTW-20 20 1.20:0.33:0.33:0.13 1.20:0.32:0.35:0.14



neous distribution of Ni, Ti, and W. Note that in disordered
rock salts with multiple transition metal species, phase
separation may be observed.43

Electrochemical Properties. Galvanostatic charge−dis
charge measurements were carried out to study the electro
chemical properties. Figure 2a shows the voltage profiles with
the corresponding differential capacity curves for LNT 0,
LNTW 5, LNTW 10, LNTW 15, and LNTW 20. The cells
were cycled between 4.5 and 1.3 V with a constant specific
current of 20 mA g−1. In general, two significant observations
were made regarding the shape of the voltage profile and the
observed specific capacity. With a gradual increase in Li excess
and consequently in the W6+ fraction, the shape of the
discharge curves altered significantly. For the first charge, a
staircase like profile with a distinct voltage plateau around 4.3
V was observed for all compounds. Notably, the voltage
plateau became longer with increasing Li excess, resulting in a
considerable increase in specific charge capacity. For X > 10,
the upper voltage plateau became more sloping, and a more
defined lower voltage plateau appeared. For LNTW 15, the
lower voltage plateau is located at 1.8 V, whereas LNTW 20
exhibited a more sloping plateau at 2.4 V. LNT 0 delivered a
specific discharge capacity of 100 mAh g−1 and LNTW X (X =
5, 10, 15, 20) 136, 168, 187, and 226 mAh g−1, respectively.
Overall, the discharge capacity increased with Li excess. This
observation is in line with percolation theory, which predicts
that for disordered rock salts, a Li excess of ≥9% is necessary

to form percolating Li sites spanning the entire structure and
therefore enables higher lithiation/delithiation degrees.19,45

The substitution with W6+ lowers the fraction of Ni per
formula unit, which results in a decrease of the theoretical
Ni4+/2+ redox, as shown in Figure S3. Notably, in the first
charge cycle, LNTW 20 delivered a specific capacity of 246
mAh g−1, clearly exceeding the theoretical Ni2+/Ni4+ capacity
(Ti4+ and W6+ have d0 electron configuration). This implies
that other redox species must be involved in the charge
compensation mechanism, even though electrolyte/electrode
side reactions can also be anticipated for this voltage window.
The appearance of the low voltage plateau and the increase in
voltage hysteresis have been attributed to structural changes
taking place during oxygen oxidation and/or loss.46

The cycling stability at 50 mA g−1 in the voltage range
between 4.5 and 1.3 V is shown in Figure 2b. Striking is that
the stability decreased with increasing Li excess. For instance,
the LNT 0 cells retained 80% of their initial capacity and
delivered a specific discharge capacity of 88 mAh g−1 after 50
cycles, whereas LNTW 20 retained only 49% (100 mAh g−1).
In the present work, LNTW 20 was investigated more

thoroughly, as it showed the highest capacity among the series
of Li−Ni−Ti−W oxides. Figure 2c illustrates the rate
performance of LNTW 20. For 50, 100, 200, 400, 800, and
50 mA g−1, LNTW 20 exhibited specific capacities of 205, 153,
111, 60, 35, and 155 mAh g−1, respectively. Figure 2d displays
the first cycle charge−discharge profile of each current step.

Figure 1. (a) Schematic illustration of crystal structures of rock salt Li4WO5 and LiNi0.5Ti0.5O2. (b) XRD patterns of
Li1+x/100Ni1/2−x/120Ti1/2−x/120Wx/150O2 (x = 0, 5, 10, 15, 20) and Li4WO5. (c) STEM EDX elemental mapping of LNTW 20. Note that the
crystal structures were drawn using the software VESTA.44
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For higher specific currents, we observed a strong increase in
polarization and a decrease in specific capacity, thus indicating
kinetic limitations.
Furthermore, the cycling stability was examined as a

function of the cutoff voltages, which were varied between
4.7 and 1.3 V. Figure 2e shows the cycle life test at 50 mA g−1

up to 60% of the initial capacity. For a narrow voltage window

of 4.1−2.0 V, a reasonably stable cycling behavior was
observed, however, with a relatively low specific discharge
capacity of 85 mAh g−1. In contrast, the extended voltage
window of 4.7−1.3 V led to a relatively high specific discharge
capacity of 263 mAh g−1, but at the cost of accelerated fading
(note that the capacity dropped to 60% within 17 cycles).
Figure 2f shows the cycling stability of LNTW 20 for specific

Figure 2. (a) Charge−discharge profiles of LNT 0 and LNTW X (X = 5, 10, 15, 20) with the corresponding differential capacity curves of the
discharge cycle at 20 mA g−1. (b) Cycling stability of all compounds when cycled between 4.5 and 1.3 V at 50 mA g−1. (c) Rate capability of
LNTW 20 in the range of 4.5−1.3 V and (d) the corresponding charge−discharge profiles of the first cycle for each C rate step. (e) Cycling
stability of LNTW 20 for various cutoff voltages at 50 mA g−1. (f) Cycling stability of LNTW 20 cycled between 4.5 and 1.3 V at 10 and 100 mA
g−1.
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currents of 10 and 100 mA g−1 in the voltage range between
4.5 and 1.3 V. The cells delivered 59 mAh g−1 and retained
27% of the maximum capacity after 100 cycles at 10 mA g−1.
After the same number of cycles, the cells could deliver 87
mAh g−1 at 100 mA g−1, corresponding to 45% of the initial
capacity. It is noteworthy that the capacity retention is lower
for slower cycling and increases with the current density. This
could hint at reactive interactions between the electrode and
electrolyte. Slower rates infer longer contact times with the
electrolyte and therefore less reaction and more time for self
discharge via oxygen release.26,28,47,48

Figure 3 shows the respective charge−discharge profiles for
various cutoff voltages. In Figure 3a, c, and e, the lower and
upper cutoff voltages were gradually decreased and increased,
respectively, with each scan starting from the open circuit
voltage of 2.8 V. When the voltage range was limited between
4.1 and 2.0 V, the profiles remained relatively symmetric with
low voltage hysteresis. A noticeable and increasing hysteresis

was observed when the voltage window was increased. When
the upper cutoff was set to 4.5 V and the lower cutoff was
decreased (deeper discharge), the hysteresis remained fairly
large, as shown in Figure 3b, d, and f (see also changes in
voltages profiles with prolonged cycling in Figure S4). This
observation points to a voltage hysteresis triggered with
charging beyond 4.1 V. Similar observations have been made
for other lithium rich materials, and both oxygen redox and
lattice oxygen loss, leading to surface reconstruction, have been
inferred as the underlying reasons.49

In order to determine whether oxygen release took place in
the case of LNTW 20, in situ DEMS measurements were
performed and the results compared to LNT 0. To this end,
half cells were charged at a specific current of 10 mA g−1 for
LNT 0 and 16 mA g−1 for LNTW 20 while monitoring the gas
evolution. Figure 4 shows the voltage and gas evolution profiles
for the first three cycles. For LNTW 20, CO2 evolution started
around 3.9 V in the initial (activation) cycle, and as expected,

Figure 3. Charge−discharge profiles of LNTW 20 at 50 mA g−1 for various cutoff voltages: (a) 4.1−2.0 V, (b) 4.5−1.8 V, (c) 4.3−1.8 V, (d) 4.5−
1.5 V, (e) 4.7−1.3 V, and (f) 4.5−1.3 V.
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the evolution rate decreased in the later cycles. Interestingly,
the DEMS data reveal two maxima in the second and third
cycles, which appear to be associated with the low and high
voltage plateaus during charge. Significant O2 evolution was

only observed above 4.4 V in the first charge cycle, thereby
indicating oxygen loss from the lattice. Upon discharge (initial
cycle), the formation of C2H4 and H2, due to reductive
decomposition of the electrolyte, was clearly observed below
2.0 V, with the highest evolution rates at the lower cutoff
voltage.50 The comparison with LNT 0 in Figure S5
demonstrates that apparent oxygen evolution only occurs for
the lithium excess material. Note that side reactions of released
oxygen with the electrolyte are not the only source of CO2, as
similar behavior was observed for both compounds. Electro
chemical electrolyte oxidation51 and decomposition of
carbonate contaminates52,53 from the synthesis can also
contribute to CO2 evolution. In Li rich compounds, oxygen
loss has been shown to occur predominantly at the surface of
the active material particles, eventually leading to the
formation of densified surface phases.54−56

Structural Changes upon Cycling. In situ XRD measure
ments were carried out to investigate the structural changes of
LNTW 20 and LNT 0 in the first charge−discharge and
second charge cycles between 4.5 and 1.5 V at 16 and 10 mA
g−1, respectively. The voltage profile and the changes in the a
lattice parameter from single phase Rietveld refinement
analysis are shown in Figure 5 and Figure S6 with an enlarged
section of the 002 reflections. During the initial charge of
LNTW 20, two distinct regimes were found. The first one
starts from the open circuit voltage of 2.8 V and extends to 4.0
V and shows a strong slope, where the a lattice parameter
decreases continuously (thus reflecting lattice contraction).

Figure 4. DEMS measurement for the first three cycles of an LNTW
20 half cell. The cell voltage (black) is shown together with the m/z =
2 (H2 in blue), m/z = 28 (C2H4 in red), m/z = 32 (O2 in green), and
m/z = 44 (CO2 in orange) evolution. Artifacts are denoted by
asterisks.

Figure 5. In situ XRD patterns of LNTW 20 over two consecutive cycles in the voltage range of 4.5−1.5 V with the corresponding voltage profile
(red) and changes in the a lattice parameter (blue) from Rietveld refinement analysis. The red dots represent the measurement points where the
XRD patterns were collected.
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This finding can be related to Ni2+/3+ oxidation [Ni2+ (r = 0.69
Å) and Ni3+ (r = 0.56 Å)].57 Beyond 4.0 V, the lattice
parameter changes only slightly until the end of charge.
Oxygen oxidation and release can be anticipated, as shown by
DEMS. O2− oxidation may result in shrinkage of the oxygen
framework due to shortened interatomic distances as a
consequence of the elimination of electrons from antibonding
states of the σ* orbital.58 During the first discharge from 4.5 to
3.1 V, the a lattice parameter remains nearly constant. From
3.1 to 1.7 V, it changes significantly due to lattice expansion,
and from 1.7 to 1.5 V, the changes are minor. At the end of the
first discharge, the a lattice parameter was found to be slightly
larger as compared to the pristine material. At the beginning of
the second charge cycle, a rapid decrease from 4.153 to 4.149
Å at 3.5 V was observed. During further charging, the evolution
of the a lattice parameter closely resembles the behavior of the
initial cycle. For LNT 0, the a lattice parameter shows slight
changes with a monotonous decrease during charge and
monotonous increase during discharge (see Figure S6). In
contrast to LNTW 20, there is no direct evidence of oxygen

loss for LNT 0 by DEMS, which provides a likely explanation
for the differences in the evolution of the a lattice parameters.
For further clarification of the structural changes, the local

structure of Ni and W was probed by EXAFS. The EXAFS
fitting procedure for the first coordination shell is described in
the SI, and the fitting parameters are given in Table 2. Figure
6a displays the Fourier transform (FT) of the Ni K edge. The
maximum at 1.5 Å corresponds to the first oxygen coordination
shell (Ni−O) and the second maximum at 2.5 Å to the sphere
with Ni atoms (Ni−Ni). During charge, the most pronounced
changes take place in the first coordination shell around the Ni
atoms, resulting in a decrease of the Ni−O peak amplitude.
This can be explained by the distortion of the oxygen
octahedron around Ni3+ due to Jahn−Teller distortion, where
two bonds are elongated, thus reducing the effective
coordination number upon oxidation.59,60 When Ni3+ is
reduced back to Ni2+, the Ni−O peak amplitude is increased
again. For LNTW 20, the Ni−O peak amplitude recovers fully,
indicating the reversibility of the reaction.
Figure 6b−d and Figure S7a display the FT of the W L3

edge (k3 weighted EXAFS in R space) with first shell fits for

Table 2. Parameters of the Single Shell EXAFS Fits

state shells N S0
2 σ2 (10−4 Å2) RW−O (Å) ΔE0 (eV)

pristine W O 2.5 ± 0.1 43 ± 5 1.79 ± 0.01 4.3 ± 1.8
discharged W O 2.12 ± 0.08 18 ± 3 1.76 ± 0.01 2.8 ± 1.4
charged W O 1.8 ± 0.2 17 ± 9 1.74 ± 0.02 3.5 ± 3.8
chargeda W O1 1.8 ± 0.2 20b 1.73 ± 0.01 0b

W O2 0.8 ± 0.3 2.15 ± 0.03
aResults for the fit assuming two W−O shells. bFixed value.

Figure 6. FT EXAFS of LNTW 20. (a) Ni K edge for the pristine, fully charged, and fully discharged states. W L3 edge with the corresponding fit
for the (b) pristine, (c) discharged, and (d) charged states.
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LNTW 20 at different states of charge (SOC). Table 2 reports
the parameters refined during the fitting and includes the
coordination number, correlated with the amplitude reduction
factor S0

2,61,62 energy shift parameter ΔE0, bond length R(W−O),
and Debye−Waller factor σ2. The changes in the first
coordination number were estimated using the product N·
S0

2, as these two parameters are correlated. Furthermore, to
avoid correlation between coordination number and Debye−
Waller factor (represents the thermal and static disorder in the
bond distances), we applied the strategy shown in Figure S7b−
d when σ2 is calculated for different N·S0

2 using three k
weights. The correlation between these parameters can be
eliminated, given that σ2 exhibits a k weight dependence unlike
N·S0

2. Proper values for N·S0
2 and σ2 were therefore chosen in

the points of intersection. The fits for the pristine and
discharged samples shown in Figure 6b and c were made using
a single W−O shell. For the charged state, such a fit provided
poor agreement with the experimental data (cf. Figure S7a).
An additional lowering of N·S0

2 suggests a splitting of the
oxygen shell. Clearly, the two W−O shell model with
independent distances and amplitudes captures the data
more accurately, as shown in Figure 6d. The number of
independent points Nidp was preserved by fixing ΔE0 to 0 and
σ2 to 0.002 Å2 for both scattering paths, resulting in two
oxygen shells with N·S0

2 amplitudes of 1.8 ± 0.2 and 0.8 ± 0.3
at distances (RW−O) 1.73 ± 0.01 Å and 2.15 ± 0.03 Å,
respectively. Compared to the single shell fit with the same
number of independent variables, the R factor decreased from
0.052 to 0.012, and χ2 decreased from 286 to 64, indicating
better suitability of the model. Upon charge, a rearrangement
in the first coordination shell of W−O takes place with two
distinctly different but close W−O oxygen bonds, leading to an
apparent reduction in N·S0

2 for the single W−O shell model
(“charged” in Table 2). However, the two shell model
(“chargeda” in Table 2) clearly demonstrates that the oxygen
coordination number in the charged sample is similar to the
pristine one. In contrast to the discharged sample, a significant
reduction in N·S0

2 was observed compared to the pristine
sample. We attribute this result to the formation of oxygen
vacancies around W.
Redox Mechanism. In order to elucidate the redox

mechanism, a combination of DFT calculations with ex situ
XAS and XPS was used. For LNTW 20, only Ni is expected to
be redox active since Ti4+ and W6+ are d0 elements that cannot
contribute to the charge compensation in the lithiated
(discharged) state. Interestingly, LNTW 20 delivered 246
mAh g−1 in the first charge (delithiation) cycle, corresponding
to 0.92 Li per formula unit (f.u.), thus exceeding the
theoretical capacity of Ni2+/4+ redox (178 mAh g−1). This
implies that other species are involved in the charge
compensation mechanism (Ti4+ and W6+ are electrochemically
inactive during the first charge).27

Figure 7 compares the equilibrium voltage profile predicted
by DFT with the experimental measurement. The calculated
voltage traces the measured first charge voltage well but slightly
underestimates it by ∼0.4 V. The computed voltage profile
shows a continuous slope until 166 mAh g−1 and a voltage
plateau for higher capacities. This indicates that the redox
mechanism changes from a single phase to a two phase
reaction after 0.667 out of 1.2 Li per f.u. have been extracted.
Further analysis of the magnetic moment of the nickel and
oxygen atoms during delithiation (Figure S8) revealed that the
sloped region of the voltage profile corresponds to Ni redox,

whereas the voltage plateau is mostly due to oxygen oxidation.
The calculations predict that nickel is not fully oxidized to
Ni4+. This finding is in agreement with previous computations
that cation disorder can raise the Ni3+/4+ redox potential.63

Only around 60% of the theoretical Ni3+/4+ redox capacity is
accessed before oxygen oxidation dominates. Note that the
calculated voltage profile predicts a higher overall accessible
capacity than is observed in the experiment since the
computations did not account for oxygen loss and subsequent
structural changes.
The Ni K edge X ray absorption near edge structure

(XANES) data for different SOCs shown in Figure 8a and
Figure S9 confirm that the edge position is similar to charged
LiNi0.5Ti0.5O2 with roughly 0.5 Li per f.u. extracted (based on
the charge capacity) and therefore close to a Ni3+ oxidation
state. Note that the ratio of Ni3+ to Ni4+ cannot be determined
quantitatively. During discharge, the Ni K edge shifts back to
lower energies, pointing to nickel reduction. Interestingly, it
was observed that oxygen loss occurred together with the
partial reduction of Ni3+ to Ni2+.35 This could explain the
relatively smaller shifts of the Ni K edge generally found for
Ni based disordered rock salts. Figure 8b shows the L3 edge of
W for different SOCs and the model compounds WO2 and
WO3. The W L3 edge white line exhibits prominent 2p s and
2p d dipole allowed electronic transitions, originating primarily
from 2p3/2 to 5d5/2 states with a weaker contribution of 2p3/2
to 5d3/2.

64 For the W L3 edge, the most striking difference is a
change in the amplitude and broadening of the white line. The
amplitude may reflect structural distortion and therefore
splitting of the d states manifold, which changes the number
of unoccupied 5d states. The shape of the white line could
suggest deviation from the octahedral symmetry of the W local
environment since it is not distinctly split.65,66 However, W L3
XANES alone is not sufficient to determine the oxidation
state.64 Hence, XPS was used to probe the surface oxidation
state of tungsten and titanium for LNTW 20 in the pristine
and charged states, and the results obtained are shown in
Figure 8c, d, e, and f. For the pristine compound, single peak
doublets at 458.3/464.0 eV for Ti 2p and 35.8/38.0 eV for W
4f were introduced for the peak fits in these regions, i.e., both
Ti and W were in the expected oxidation state of +4 and +6,

Figure 7. Calculated voltage profile (in blue) of LNTW 20 as
predicted by DFT. The measured voltage profile is overlaid (black
lines). Vertical lines indicate the theoretical capacity for Ni2+/3+ and
Ni3+/4+ redox. The redox regions predicted by DFT, i.e., nickel or
oxygen oxidation, are indicated by green and red arrows. Further
details of the DFT calculations are given in the Experimental Section.
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respectively. The F 1s spectrum from the pristine electrode in
Figure S10 displays two peaks at ∼688 and 685 eV, which can
be assigned to fluorine in PVDF and LiF, respectively.67 We
were not able to detect a change of the oxidation state of Ti
and W in the charged sample. However, note that the F 2s
peaks of PVDF and LiF obscure the energy range at which the
W 4f7/2 peak component of W in lower oxidation state would
be expected to appear (e.g., ∼32.8 eV for W4+). If an additional
W 4f peak doublet accounting for W4+ is added to the fit (fixed
at 32.8 and 35.0 eV), its intensity amounts to less than 10% of
that of the W6+ doublet. This means the presence of a small
number of W atoms in the reduced state cannot be excluded
on the basis of this measurement. Interestingly, partial
reduction of the Mo6+ to Mo4+ has been found for the Mo

analog system Li1.2Ni0.333Ti0.333Mo0.133O2 and associated with
oxygen loss on the surface.24

Oxygen Activity and Voltage Hysteresis in Ni-Based
Compounds. Ni based disordered rock salts showing both
a n i o n i c a n d c a t i o n i c r e d o x s u c h a s
Li1 .2Ni0 .333Ti0 . 333Mo0.133O2,

33 Li1 . 3Ni0 .27Nb0 .27O2,
20

Li1.2Ti0.35Ni0.35Nb0.1O1.8F0.2,
40 and Li1.3Ni0.27Ta0.43O2

35 suffer
from severe capacity fading. All these compounds have in
common that they have Li excess introduced with a high
valence d0 cation and show oxygen redox and/or oxygen loss,
with limited utilization of the Ni4+/2+ redox couple and large
voltage hysteresis between charge and discharge. On the
contrary, Mn4+/2+ redox was realized in disordered rock salt
compounds containing d0 cations with comparably low voltage

Figure 8. Experimental XANES and XPS spectra for LNTW 20 at different SOC. (a) Ni K edge, (b) W L3 edge, (c and e) Ti 2p core level spectra,
and (d and f) W 4f core level spectra. The intensity of the Ti 3p peak was determined by comparison with the Ti 2p peak taking the relative
sensitivity factors of both peaks into account.
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https://pubs.acs.org/doi/10.1021/acs.chemmater.9b05285?fig=fig8&ref=pdf


hysteresis. Several different hypotheses regarding the origin of
the voltage hysteresis, in particular, the appearance of the low
voltage plateaus during discharge, have been suggested in the
literature.35,68−72 However, only a few studies were performed
for disordered rock salt systems. In general, the voltage
hysteresis has been attributed to structural modifications
related to cation migration or anionic redox. Lee et al.33

ascribed the appearance of a low voltage plateau in
Li1.2Ni0.333Ti0.333Mo0.133O2 to a kinetic inhibition due to
surface densification after the loss of oxygen. They
hypothesized that the associated loss of Li excess results in
kinetic limitations, thus leading to a high voltage polarization,
based on an estimate of the redox contribution of Moy+ and
Tix+ in the surface regions from the amount of O loss. In
contrast, Jacquet et al.35 attributed the instability of Ni based
compounds against O2 release and the large hysteresis (due to
the low voltage plateau associated with oxygen reduction) to
the low charge transfer bandgap associated with the Jahn−
Teller distorted Ni3+. A small charge transfer bandgap, in
conjunction with anion oxidation, may facilitate electron
transfer from σ* states of O to the transition metal, leading
to a reduction of the transition metal and O2 release.71,73

Supporting this hypothesis, Taylor et al.74 associated the
voltage drop and the low voltage plateau observed for
Li4.15Ni0.85WO6 with the formation of peroxide like oxygen
dimers (dO−O = 1.46 Å); the role of d0 W6+ in the stabilization
of peroxide species in Li rich rock salts was highlighted.
Nevertheless, the question of what triggers oxygen loss

remains interesting. Bruce et al.75,76 proposed that oxygen loss
occurs when the average coordination number around the
oxygen anion falls below 3 (i.e., a high degree of alkali
deficiency during charge), which has been exemplified for P2−
Na0 . 7 8L i 0 . 2 5Mn0 . 7 5O2 (oxygen re lease) and P2−
Na0.67Mg0.28Mn0.72O2 (no oxygen loss), both showing oxygen
redox. Interestingly, although no oxygen loss occurs for P2−
Na0.67Mg0.28Mn0.72O2, a large voltage hysteresis is observed.
However, the hysteresis has been correlated not only with
oxygen redox and/or oxygen loss but also with cation
migration.77 Gent et al.78 proposed a mechanism, where
transition metal migration is the consequence of oxygen redox,
thereby linking oxygen redox with cation migration. Striking is
the finding that the voltage hysteresis related to oxygen redox
can be small for structures inhibiting the local transition metal
disorder, thus preventing oxygen dimerization and O2
formation.79−81 These findings underline the impact of local
cation environment on the cationic and anionic redox
potentials. Different approaches, such as the incorporation of
fluorine46 in the anion lattice and surface modification,24 have
been tested with moderate success in the mitigation of oxygen
loss and voltage hysteresis. In this context, it is important to
note that identifying the underlying reasons for the complex
processes, which vary with the cations and are clearly
dependent on the local environment, is very challenging and
clearly requires more studies.

■ CONCLUSIONS
In summary, rational design principles for the solid solution
series Li1+x/100Ni1/2−x/120Ti1/2−x/120Wx/150O2 (x = 0, 5, 10, 15,
20) have been introduced as a new class of high capacity
disordered rock salt oxides. In agreement with a recent
percolation theory model, we observe that the specific capacity
inc reases wi th the amount o f l i th ium exces s .
Li1.2Ni0.333Ti0.333W0.133O2 delivers up to 225 mAh g−1 and

675 Wh kg−1 at 20 mA g−1 in the initial cycle. On the basis of
combined characterization data from in situ XRD, XANES,
EXAFS, DEMS, XPS, and electrochemical cycling, we propose
that the redox mechanism is a combination of Ni2+/3+ and
possibly a partial Ni4+ reservoir for charge compensation.
According to DFT calculations, Ni redox accounts theoretically
for 119 mAh g−1 but is not sufficient to explain the measured
specific capacity of 246 mAh g−1 during the first charge.
Oxygen loss is evident from the oxygen evolution detected by
DEMS. Although the release of lattice oxygen can be regarded
intuitively as the irreversible part of anion redox, the exact
relationship between oxygen loss and oxygen redox has not yet
been clarified. After oxygen loss, W6+ and Ti4+ can possibly
participate in the charge compensation, which has been
evidenced for an analog Mo based material system.24,33 We
argue that the capacity fading mechanism is closely linked to
the oxygen loss and the associated structural changes. In
addition, oxygen loss results in higher surface reactivity toward
the electrolyte. Similar observations have been made for other
Ni based disordered rock salts, suffering from oxygen loss and
large hysteresis and thus pointing to electronic instabilities
related to the presence of Jahn−Teller active Ni3+.

■ EXPERIMENTAL SECTION
S y n t h e s i s . F o r t h e s y n t h e s i s o f

Li1+x/100Ni1/2−x/120Ti1/2−x/120Wx/150O2 (x = 0, 5, 10, 15, 20), Li2CO3
(Alfa Aesar, 99%), NiCO3 (Alfa Aesar, 99%), TiO2 nanopowder (<50
nm; Alfa Aesar, 99.7%), and WO3 (Alfa Aesar, 99%) were used as
precursors. Li4WO5 was synthesized using adapted conditions. The
precursors were ball milled for 24 h at 200 rpm using a Fritsch P6
planetary ball mill with a 80 mL silicon nitride vial and silicon nitride
balls, with a ball to powder weight ratio of 20:1. Subsequently, the
milled mixture was pelletized and then sintered at 900 °C for 2 h in
air, followed by furnace cooling to 200 °C and immediate transfer
inside an argon filled glovebox. Li4WO5 was sintered at 650 °C for 24
h. After sintering, the pellets were manually ground into a fine
powder.

Density Functional Theory (DFT). DFT calculations were
performed using the Vienna Ab Initio Simulation Package
(VASP).82,83 All calculations employed a plane wave basis set with
an energy cutoff of 520 eV for the representation of the Kohn−Sham
orbitals, Gamma centered k point meshes with a spacing of 25 Å−1 for
the Brillouin zone integration, and projector augmented wave
pseudopotentials.84 A structure model of composition
Li18Ni5Ti5W2O30 (Li1.2Ni1/3Ti1/3W2/15O2) was used to model the
fully lithiated LNTW 20, and possible atomic orderings were
enumerated using the method by Hart and co workers,85,86 as made
available by the Python Materials Genomics (pymatgen) package.87

Out of around 30 000 enumerated configurations, 350 configurations
were randomly selected for DFT calculations to identify a
representative low energy atomic ordering that was used as the initial
structure for subsequent delithiation, considering a total of 650
delithiated structures with enumerated lithium vacancy orderings.

The 1000 DFT calculations of enumerated structure models
employed the exchange correlation functional by Perdew, Burke, and
Ernzerhof (PBE)88 with an additional rotationally invariant Hubbard
U correction89,90 for the nickel d bands. The U value of 6.0 eV by Jain
et al.91 was used. While PBE+U is accurate for predicting transition
metal redox reactions, it is not reliable for oxygen redox. Structures
predicted to be low in energy by PBE+U were therefore recalculated
using the Strongly Constrained and Appropriately Normed (SCAN)
exchange correlation functional,92 which has been shown to predict
accurate formation energies of transition metal oxides even without
Hubbard U correction.93 All reported computational results are based
on SCAN calculations.



The equilibrium voltage of the delithiation reaction Lix1MO2 →

Lix2MO2 + (x1 − x2)Li
+ + (x1 − x2)e

− was calculated using Nernst’s
equation but neglecting temperature effects94,95
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where E(LixMO2) is the DFT energy of LNTW 20 with lithium
content x, E(Li) is the DFT energy of lithium metal in the body
centered cubic crystal structure, and F is the Faraday constant. Only
the compositions predicted to be thermodynamically stable, as
determined by a convex hull construction of the formation energy
(Figure S11), occur in the voltage profile.
Electrochemical Testing. Electrochemical tests were carried out

in Swagelok type cells. Electrode slurries were made of 90 wt %
composite and 10 wt % polyvinylidene difluoride (PVDF) binder with
N methyl 2 pyrrolidone (NMP) as a solvent. The composites
comprised active material and Super C65 carbon black in a weight
ratio of 80:20. The mixed slurry was coated onto an aluminum foil
using the doctor blade technique and dried at 120 °C for 12 h in a
vacuum. Each working electrode (12 mm diameter) contained
approximately 3 mg of active material, and Li foil was used as a
counter electrode. LP30 from BASF SE (ethylene carbonate/dimethyl
carbonate, 1:1 weight ratio with 1 M LiPF6) was used as an
electrolyte. Temperature controlled galvanostatic charge−discharge
experiments were conducted at 25 °C in climate chambers using an
Arbin electrochemical workstation.
Differential Electrochemical Mass Spectrometry (DEMS). In

situ gas analysis was performed by use of DEMS. The setup has been
described elsewhere.51,96 Custom made cells with gas in and outlets
were assembled in an argon filled glovebox. The (circular) cathodes
used had a diameter of 40 mm with a 4 mm hole for proper gas
extraction. GF/A (42 mm diameter; GE Healthcare Life Sciences,
Whatman) was used as a separator; 600 μL of LP47 (1 M LiPF6 in
ethylene carbonate/diethyl carbonate, 3:7 by weight, BASF SE) as an
electrolyte; and 40 mm diameter, 600 μm thick Li metal foil
(Albemarle Germany GmbH) as a counter electrode. A constant
carrier gas flow (2.5 mLHe min−1; purity 6.0) was applied during the
DEMS measurements for gas extraction. The gas was analyzed by
mass spectrometry (GSD 320; OmniStar Gas Analysis System, Pfeiffer
Vacuum GmbH). After each run, a calibration gas of known
composition was introduced to quantify the measured ion currents.
X-ray Absorption Spectroscopy (XAS). The P65 XAS beamline

(PETRA III, Hamburg) provides a relatively large beam (0.5 × 1
mm2) and a moderate photon flux density. The 11 period mini
undulator delivers a monochromatic photon flux of about 1011 ph s−1.
Two plane mirrors with variable angle of incidence and three different
surface coatings are installed in front of the water cooled double
crystal monochromator. Si(111) and Si(311) crystals are used for the
energy ranges 4−22 keV and 7−44 keV, respectively. The P65
beamline is also equipped with a seven pixel HPGe energy dispersive
detector and Si PIPS diode. XAS measurements were performed in
both transmission and fluorescence mode. For ex situ measurements,
the step scan mode with a duration of 10−11 min for each spectrum
was utilized.
Extended X-ray Absorption Fine Structure (EXAFS). Single

shell Fourier fitting of EXAFS data was performed in the Demeter
package97 using theoretical amplitudes and phases calculated by the
FEFF6 code.98 The fit was done in R space from 1.0 to 2.0 Å using
the Fourier transformed k2 weighted χ(k) data applying a Δk
Hanning window from 2.0 to 11.0 Å−1 with a width of the window
slope dk = 0.2 Å−1. The fitting parameters were the first shell W−O
interatomic distance (RW−O), Debye−Waller factor (σ2), zero energy
shift (ΔE0), and the product of coordination number and amplitude
reduction factor N·S0

2. To reduce the observed correlations between
σ2 and N·S0

2, the σ2 (N,S0
2) dependencies for differently k weighted

data were plotted, and the chosen values defined by the intersection of
the three lines.

X-ray Diffraction (XRD). In situ XRD patterns were collected
using modified coin cells on a parallel beam laboratory diffractometer
with a microfocus rotating anode (Mo Kα radiation) in transmission
geometry and a Pilatus 300 K−W area detector. The cells consisted of
a LNTW 20 based cathode, Li anode, LP30 electrolyte, and Whatman
glass fiber film separator. Galvanostatic charge−discharge cycling was
performed in the range between 1.5 and 4.5 V using an Ivium
potentiostat. Diffraction patterns were collected every 300 s. Two
consecutive patterns were coadded to eliminate cosmic spikes on the
detector. The diffraction images were integrated using the pyFAI
software99 and analyzed with the Rietveld method using software
TOPAS V6.

X-ray Photoelectron Spectroscopy (XPS). The elemental
composition of the surface region was analyzed by XPS using a
Physical Electronics PHI 5800 ESCA system. The measurements were
carried out with monochromatic Al Ka radiation (250 W, 13 kV) at a
detection angle of 45° and with pass energies of 93.9 and 29.35 eV for
survey and detailed measurements, respectively. An electron flood gun
was used for sample neutralization. The main C 1s peak was set to
284.8 eV for binding energy calibration. Some of the samples were
subject to Ar+ ion sputtering (approximately 1 nm min−1 sputter rate,
1 mA, 5 kV) to remove the topmost surface layer(s).
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