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1 Introduction

First principles investigation of anionic redox in
bisulfate lithium battery cathodesf

Pawan Kumar Jha,® Shashwat Singh,® Mayank Shrivastava,® Prabeer Barpanda (2 °
and Gopalakrishnan Sai Gautam (2) *©

The search for an alternative high-voltage polyanionic cathode material for Li-ion batteries is vital to
improve the energy densities beyond the state-of-the-art, where sulfate frameworks form an important
class of high-voltage cathode materials due to the strong inductive effect of the $°* ion. Here, we have
investigated the mechanism of cationic and/or anionic redox in LiyM(SOy,), frameworks (M = Mn, Fe, Co,
and Niand 0 < x < 2) using density functional calculations. Specifically, we have used a combination of
Hubbard U corrected strongly constrained and appropriately normed (SCAN+U) and generalized
gradient approximation (GGA+U) functionals to explore the thermodynamic (polymorph stability),
electrochemical (intercalation voltage), geometric (bond lengths), and electronic (band gaps, magnetic
moments, charge populations, etc.) properties of the bisulfate frameworks considered. Importantly, we
find that the anionic (cationic) redox process is dominant throughout delithiation in the Ni (Mn) bisulfate,
as verified using our calculated projected density of states, bond lengths, and on-site magnetic
moments. On the other hand, in Fe and Co bisulfates, cationic redox dominates the initial delithiation
(1 < x < 2), while anionic redox dominates subsequent delithiation (0 < x < 2). In addition, evaluation
of the crystal overlap Hamilton population reveals insignificant bonding between oxidized O atoms
throughout the delithiation process in the Ni bisulfate, indicating robust battery performance that is
resistant to irreversible oxygen evolution. Finally, we observe that both GGA+U and SCAN+U predictions
are in qualitative agreement for the various properties predicted. Our work should open new avenues
for exploring lattice oxygen redox in novel high voltage polyanionic cathodes, especially using the
SCAN+U functional.

maximum possible number of electrons exchanged by the TM.
In addition to cationic redox, the last decade has seen numer-

Li-ion battery (LIB) technology has become ubiquitous in the
21% century propelling a range of technologies from small-scale
portable electronics to large-scale electric vehicles. Since its
commercialization by SONY®™ (circa 1991), the ongoing quest to
‘build better batteries’ has led to the development of various
high energy density electrode materials, electrolytes that are
stable over wide voltage windows, and critical advances in cell
design. Cathodes form the cornerstone of modern LIBs, which
have been conventionally based on 3d transition metal (TM)
redox (i.e., cationic redox) chemistry." In principle, the capacity
and energy density of conventional cathodes are capped by the
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ous reports on the lattice oxygen acting as an active redox
centre leading to capacity improvement,”” which has ushered a
new dimension in Li-ion batteries, namely the anionic redox
systems.

Reversible electrochemical anionic redox activity has been
verified using a combination of various sophisticated analytical
tools, while the computational signature of anionic redox can
be predicted via ab initio calculations.®*° A variety of mechan-
isms have been proposed for the origin of oxygen redox upon
removal of Li" in Li-rich TM oxides (TMOs), and the precise
mechanism that materials follow is still an open research
question. For example, oxygen redox has been attributed to
the formation of peroxo-like (0,)"” species using the ‘reductive
coupling’ mechanism, albeit with limited evidence.>'" Previous
studies have also claimed that a pre-requisite for anionic redox
is experimental evidence of reversible capacity beyond what can
be achieved with conventional TM redox.'® An important
thermodynamic driving force for the activation of oxygen redox
is the increase in energy of non-bonded O 2p states, which can
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occur in Li-rich TMOs, resulting in the facile extraction of
electrons from O states rather than TM states.* To date, the
study of anionic redox has been mostly focused on (Li-rich and
disordered) oxide compounds.”'* Here, we use density func-
tional theory (DFT"*'*)-based calculations to explore potential
anionic redox in a bisulfate class of polyanionic Li-cathodes,
using the insights provided by Li-rich TMOs and a silicate
polyanionic cathode.™

Polyanionic intercalation frameworks exhibit rich diversity
in chemistry, polymorphism, tuneable redox potential as pro-
vided by the inductive effect, stability in terms of structure and
thermodynamics. Various compounds with polyanionic units
[XO4)m™": X = B, P, S, Si, Ti, V, Mo, W, As etc.] have been
explored as LIB cathodes over the last few decades.®'” Among
them, SO4-based polyanionic systems can exhibit the highest
redox potentials given the high oxidation state of +6 on the S
atoms resulting in a strong inductive effect that reduces the
electron density around the 0>~ ions."®'® For example, sulfate
systems such as lithium iron bisulfate [Li,Fe(SO,),] and sodium
iron polysulfate [Na,Fe,(SO,);] display Fe**/Fe*" average redox
voltages of 3.83 V (vs. Li'/Li) and 3.8 V (vs. Na'/Na)
respectively.'>?® Notably, bisulfate Li,Fe(SO,), displays the
highest redox potential so far reported for any fluorine free
iron-based cathode.

Non-iron TM bisulfates, i.e., Li,M(SO,), (M = Mn, Co, Ni and
Zn), are found to stabilize in the monoclinic marinite (m-P2,/c)
or orthorhombic (0-Pbca) phase depending on the synthesis
conditions (except for the Mn bisulfate, which exists only in
the monoclinic phase).”’® Typically, mechanical strain, as
induced by energy ball milling, stabilizes the metastable (and
denser) orthorhombic polymorph. The enthalpy of formation of
bisulfates decreases (i.e., becomes more negative) with the
increase in the ionic radius of the TM in both polymorphs
(except for the Ni analogues).>*?® The bisulfates can deliver
high cationic redox voltage approaching 3.8 V, as indicated
by the example of Li,Fe(50,4),.*° In addition, they can trigger
anionic redox activity at high voltage (>5 V) leading to high
capacity, which is difficult to experimentally realize due to the
lack of high-voltage electrolytes.>® However, we do note that
ref. 26 is a computational prediction and a detailed experi-
mental characterisation of the redox process is required to
verify anionic redox.

The current work examines the origin and extent of anionic
redox activity in the bisulfate Li,M(SO,), family of polyanionic
compounds, where M = Mn, Fe, Co, and Ni. The Hubbard U
corrected strongly constrained and appropriately normed
(SCAN+U) exchange correlation (XC) functional within the
framework of DFT is employed to explore the underlying redox
mechanisms.””>° To the best of our knowledge, this is the first
study employing the SCAN+U XC functional to examine polyanio-
nic intercalation materials. In addition to SCAN+U, we also used
the Hubbard U corrected generalized gradient approximation
(GGA+U) XC functional to determine the phase stability, electronic
structure, charge transfer mechanism, and corresponding topo-
tactic average Li-intercalation voltage.’®*' We demonstrate that a
higher degree of covalent bonding between the M and O atoms
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results in higher voltage. We also observe that the SCAN+U XC
functional gives a better qualitative description of polyanionic
systems, consistent with the lower degree of self-interaction
errors in SCAN compared to GGA.*>*? Finally, we examine the
underlying mechanism of oxygen lattice redox by calculating and
analysing our partial density of states (pDOS), crystal overlap
Hamilton population (COHP), charge density difference iso-
surfaces, variations in M-O bond lengths, and on-site magnetic
moment data. We hope that our study will open new avenues for
using the SCAN+U functional and anionic redox in candidate
polyanionic cathodes to develop higher energy density LIBs.

2 Crystal structure

The crystal structure of the monoclinic marinite m-Li,M(SO,),
(M =Mn, Fe, and Co), as displayed in Fig. 1a, has been reported
by Tarascon and co-workers,>>****> while some of us have
recently synthesized the Ni-analogue, m-Li,Ni(SO,),.® The
marinite framework is built with MOg octahedra (green poly-
hedra in Fig. 1a) and SO, tetrahedra (brown polyhedra).
All corners of the MOg octahedra are linked with six SO,
tetrahedra, resulting in a star-like pattern in the a-c plane
(i.e., along the b axis, not shown in Fig. 1a). Conversely, out
of four, only three corners of the SO, tetrahedra are connected
to MOg octahedra with the fourth vertex pointing to a running
“tunnel” along the a axis, where Li atoms reside (blue spheres).
LiOg octahedra share edges with MOy octahedra, other LiOg
octahedra, and SO, tetrahedra, apart from sharing their vertices
with SO, tetrahedra and MOg octahedra as well.

The orthorhombic framework, o-Li,M(SO,), (M = Co and Fe),
as shown in Fig. 1b, was modelled by Tarascon and others,
using a prior report on the o0-Li,Ni(SO,), material.*> The
orthorhombic polymorph also consists of MOg octahedra con-
nected through corner-sharing of SO, tetrahedra, similar to the
marinite polymorph. However, the arrangement of MOg octahe-
dra in the orthorhombic framework is denser than the mono-
clinic analogue and hence breaks the tunnel of Li-sites along
the a axis, resulting in two distinct Li sites, namely Lil (dark
blue spheres in Fig. 1b), and Li2 (light blue spheres). Similar to
the monoclinic structure, one corner of SO, tetrahedra is not
shared with MOg octahedra and is instead shared with both Li1l
and Li2 sites. While Lil sites are octahedrally coordinated
(forming LiOg), Li2 sites coordinate with five oxygen neigh-
bours forming LiOs units. The combination of Li1 and Li2 sites
results in edge-sharing ‘‘zigzag” chains of Li sites along the b
axis (view shown in Fig. S1, ESIY).

3 Computational methods

DFT calculations were performed using the Vienna ab initio
simulation package (VASP) using projected augmented wave
(PAW) potentials, where the one electron wave functions were
expanded up to a maximum kinetic energy of 520 eV using a
plane-wave basis.>**° I'-centred Monkhorst-Pack k-point meshes,
with a density of 48 k-points per A, were used to sample the
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Fig. 1 Crystal structure of the (a) monoclinic and (b) orthorhombic polymorph of LioM(SO4),, shown along the a axis. Li atoms, MOg octahedra, and SO4
tetrahedra are presented in blue, cyan, and brown, respectively. Distinct Li sites in the orthorhombic polymorph are presented as dark (Lil) and light (Li2)

blue color.

Brillouin zone.*” We allowed the cell volume, shape, and positions
of all ions to relax for all structures without preserving any
symmetry, with the total energies and atomic forces converged
to within 107° eV and [0.01] eV A™*, respectively.>”*® All calcula-
tions were spin polarized and we initialized the magnetic
moments of all TM ions with a ferromagnetic ordering. We found
that the energy difference between ferromagnetic and antiferro-
magnetic configurations was ~0.01 eV f.u.” ", with the antiferro-
magnetic configuration exhibiting a lower energy, consistent with
a previous study.*® However, given the small energy difference
between the ferromagnetic and antiferromagnetic ordering, we
don’t expect significant variations in our voltage and stability
predictions.

In the case of SCAN+U calculations, we used U values of 2.7,
3.1, 3.0, and 2.5 eV for Mn, Fe, Co, and Ni, respectively, as
derived in previous work.**?> The U values in the case of GGA+U
calculations employed were 3.9, 4.0, 3.3 and 6.2 eV for Mn, Fe, Co,
and Ni, respectively, identical to the ones used in Materials
Project.”® For the Li,Ni(SO,), system, we also calculated the DOS
using the Heyd-Scuseria-Ernzerhof (HSE06*") hybrid functional
to ascertain the similarities/differences with SCAN+U predictions.
The HSE06 DOS calculations were performed on SCAN+U relaxed
structures. The chemical bonding information by means of
COHP, and Mulliken and Lowdin charge population analysis were
performed using the LOBSTER package.*>*

The general Li intercalation process into the bisulfate host
structure (monoclinic or orthorhombic) can be represented by
the following chemical reaction,

xLi" + xe” + LiM(SO,), — Liyy,M(SOy),

where the Li,,,M(SO,4), and Li,M(SO,), represent the lithiated
and delithiated compositions, respectively. The average intercalation
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voltage is related to the difference in the Gibbs energies of the
lithiated and delithiated phases, as given by the equation
below.***>

(ELix+yM(SO4)2 — ELiym(soy), — xELi)
xF

V =

The intercalation voltage, as calculated by us, approximates
the Gibbs energies with the total DFT energies (or G =~ E),
which ignores the entropic and p-V contributions. Ey; is the
total energy of the body-centred-cubic structure of pure Li and
F is the Faraday constant. Note that we have considered only
topotactic intercalation reactions in our study, i.e., we have
used the calculated DFT energies of lithiated and delithiated
structures, which are initialized with the same monoclinic or
orthorhombic starting configuration.

While we obtained the fully intercalated monoclinic and
orthorhombic structures from the inorganic crystal structure
database (ICSD*®) for the Fe, Co, and Ni bisulfates, we created
the 0-Li,Mn(SO,), structure via ionic substitution of Co with
Mn in 0-Li,Co(SO,),. We formed the initial delithiated struc-
tures by removing Li atoms from the unrelaxed Li,M(SO,),
hosts, resulting in two distinct compositions, namely LiM(SO,),
and M(SO,),. In the case of LiM(SO,),, several Li-vacancy
configurations are possible, and we used the pymatgen package
to enumerate all symmetrically distinct orderings.”” We con-
sidered only the DFT-calculated lowest energy LiM(SO,), struc-
tures for subsequent calculations and analysis.

The charge density difference isosurfaces were calculated as
follows: (i) we removed one Li atom from a SCAN+U-relaxed
structure and performed a single self-consistent-field (SCF)
calculation, and (ii) the charge density that was obtained from
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this SCF calculation was subtracted from the charge density of
the original SCAN+U-relaxed structure. For example, we calculated
the charge density difference isosurface between Li,Ni(SO,), and
Li; sNi(SO,4), by removing one Li per unit cell from the SCAN+U-
relaxed Li,Ni(SO,), and performing a single SCF calculation on
the resultant Li-removed structure. We followed a similar process
for calculating the charge density difference between LiNi(SO,),-
Lio 5sNi(SO,), compositions.

4 Results

4.1 Phase stability and lattice parameters

Fig. 2 plots the energy difference (in meV per formula unit)
between the monoclinic and orthorhombic polymorphs of
Li,M(SO,), (M = Mn, Fe, Co, and Ni), calculated using both
GGA+U and SCAN+U functionals. The monoclinic phase is
predicted to be more stable than the orthorhombic phase
for all transition metals, with the Ni-analogue exhibiting
the smallest energy difference between the two polymorphs
(~9.7 meV f.u.”" with SCAN+U). Previous phase stability mea-
surements, via formation and dissolution enthalpies, using
isothermal acid solution calorimetry analysis, are in agreement
with our predictions for Co and Fe, while for Ni, the ortho-
rhombic phase is found to be more stable experimentally.>**®
This disparity in the Ni-analogue may be due to the actual
energy difference between the two polymorphs being within the
experimental error bar or the neglect of entropy contributions
within our theoretical framework. For the rest of the manu-
script, we have considered the stable monoclinic phase for the
cases of Mn, Fe, and Co, while we performed calculations in
both polymorphs for the Ni analogue.

Table 1 and Table S1 of the ESIT compile the lattice para-
meters and volumes of all the monoclinic and orthorhombic
structures, respectively, as calculated by GGA+U and SCAN+U,
as well as from experiments.>*>"**?® Tables S2 and S3 (ESIY)
tabulate the bond lengths, bond angle variances, and other

200

180 I GGA+U
[TSCAN+U

160}
140}

Mn Fe Co Ni

Fig. 2 Difference in energy per formula unit between orthorhombic (E,)
and monoclinic (E.,) polymorphs of Li;M(SO4), (M= Mn, Fe, Co, and Ni)
using GGA+U (blue bars) and SCAN+U (orange bars) functionals.
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information related to coordination polyhedra within the
orthorhombic and monoclinic structures. Notably, both GGA+U
and SCAN+U calculations are in good agreement with experi-
mental values, with GGA+U (SCAN+U) overestimating (under-
estimating) the lattice parameters by a maximum of 1% (0.1%),
and are also consistent with previous theoretical studies.*®
Thus, we find that SCAN+U is quantitatively in marginally
better agreement with experiments than GGA+U. In terms of
lattice volumes, we observe that the volume of the conventional
cell, for both monoclinic and orthorhombic phases, increases
progressively with increasing atomic radius of the TM, a trend
that is captured by both GGA+U and SCAN+U. Similar to the
trend of lattice volumes, the M-O bond lengths (see Tables S2
and S3, ESIt) also increase with increasing TM atomic radius,
while the S-O bond lengths remain roughly constant for all TM
analogues.

4.2 Intercalation voltages

Fig. 3 presents the GGA+U (blue diamonds) and SCAN+U
(orange circles) calculated average topotactic voltages (in units
of Vvs. Li*/Li), for the monoclinic-Li,M(SO,), hosts (0 < x < 2).
Solid symbols in Fig. 3 represent the voltage for the first Li
deintercalation, i.e., for the Li,M(SO,), — LiM(SO,), process or
1 < x < 2, while hollow symbols represent the voltage for the
second Li removal (LiM(SO,), — M(SO,), or 0 < x < 1). In the
case of SCAN+U calculations in Ni bisulfate, we found
the LiNi(SO,), monoclinic phase to be metastable relative to
phase separation into Li,Ni(SO,), and Ni(S0,),, which explains
the half-filled orange circle for Ni in Fig. 3. The experimental
voltage for Li,Fe(SO,), — LiFe(SO,), is represented by the solid
cyan line in Fig. 3.%° Importantly, we observe that the SCAN+U
calculated voltages are typically higher than the corresponding
GGA+U values, consistent with recent trends reported in layered
Li-TM-oxides.*® Additionally, the average voltages across the
entire Li concentration (i.e., Li,M(SO4), — M(SO,),) is quite
“high” for all TMs considered (range of average voltages:
4.7-5 V with GGA+U and 5-5.5 V with SCAN+U), which is
consistent with trends reported for sodium sulfate cathodes as
well.*?

Our data with both GGA+U and SCAN+U functionals indicate
that the voltage for the first Li removal is higher for Mn, Co,
and Ni analogues compared to Fe, which can be attributed
largely to the stability of the 3+ oxidation state of Fe over its
2+ state.’® Mn, Co, and Ni bisulfates exhibiting higher inter-
calation voltages than the corresponding Fe-analogue is a
known observation among polyanion cathodes as well.>" While
SCAN+U calculated voltages for Mn, Co, and Ni follow the trend
of standard reduction potentials of the respective TMs, similar
to observations in layered Li-TM-oxides,*®* GGA+U displays
a qualitatively inconsistent trend of increasing voltages going
from Mn to Ni. However, GGA+U is in better quantitative
agreement (~3.79 V) with the known experimental voltage
(~3.8 V) for Li,Fe(SO,), — LiFe(SO,), than SCAN+U (~4.3 V),
also consistent with observations in Li-TM-oxides. Nevertheless,
the overall lower self-interaction errors and lower magnitude of
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Table 1 GGA+U, SCAN+U, and experimental (Expt.) lattice parameters of m-Li,M(SO4), (M = Mn, Fe, Co, and Ni). Vol. represents the lattice volume per
conventional cell. The 4 values in brackets next to the calculated lattice parameters and volumes indicate the percentage error (positive values are

overestimations by theory) between calculated and experimental values

System a(A) b (A) c (&) o (%) B 7 () Vol. (A%)
Li,Mn(SO,), GGA+U 5.041 (A0.98%) 8.427 (A1.05%) 8.992 (A1.46%) 90.000 121.030 90.000 327.810 (A3.91%)
SCAN+U  4.975 (A—0.33%)  8.265 (A—0.89%)  8.812 (A—0.56%)  89.999  121.216  90.000  309.860 (A—1.78%)
Expt.21 4.992 8.340 8.861 90.000 121.226 90.000 315.460
Li,Fe(SO,), GGA+U  5.050 (A1.33%) 8.277 (A1.06%) 8.974 (A1.86%) 89.999  121.901  90.000  318.480 (A4.32%)
SCAN+U 4.986 (A0.04%) 8.118 (A—0.89%) 8.771 (A—0.45%) 90.001 121.930 90.001 301.300 (A—1.31%)
EXpt.20 4.984 8.191 8.811 90.000 121.915 90.000 305.290
Li,Co(S0,),  GGA+U  5.023 (A1.34%) 8.182 (A1.13%) 8.906 (A1.61%) 90.000  121.501  90.000  312.090 (A4.32%)
SCAN+U  4.949 (A—0.36%)  8.015 (A—0.94%)  8.723 (A—0.47%)  89.999  121.350  89.999  295.510 (A—1.22%)
EXpt.21 4.967 8.090 8.764 90.000 121.855 90.000 299.160
Li,Ni(SO4), GGA+U  5.010 (A0.91%) 8.109 (A1.47%) 8.853 (A1.39%) 89.999  121.691  90.001  305.990 (A3.70%)
SCAN+U  4.949 (A—0.31%)  7.924 (A—1.15%)  8.681 (A—0.58%)  89.999  121.779  89.999  289.400 (A—1.92%)
EXpt.26 4.965 8.017 8.731 90.000 121.880 90.000 295.080
: : : removal across all systems (>5.2 V with GGA+U and >5.5V
6.5 I I I . with SCAN+U) signify that it will be challenging to accomplish
= : : : high extents of delithiation in the bisulfates considered in
~ 6.0 | ! ! . our work within the stable operating window of conventional
5 I I I Li-electrolytes.
. I I |
L 55+ I I I .
> o < 2 .
I I I 4.3 Electronic structure
b O I I I
® 50F ! ! | 4 The SCAN+U-calculated pDOS are plotted in Fig. 4 (and Fig. S3,
E I I & I ESIT) for the monoclinic structures of all TMs and in Fig. S4
§ 45+ 2 : : : i and S5 (ESIt) for the orthorhombic analogue. Panels a, b, and ¢
:‘%’, | | | in Fig. 4 represent Mn, Co, and Ni analogues, respectively, with
5 40 | I I green, blue, orange, dotted blue, and dashed black lines
VU I I I 7 .
3: —y—— | representing S p states, O p states, M d states, band edges,
35 | | | and the calculated Fermi level, respectively. The top panels in
' Mn Fe Co Ni Fig. 4 represented the fully lithiated (Li,M(SO,),) compositions,

|QGGA+U2»1<>GGA+U1~>0 SCAN+U2—>1(0) SCAN+U 1 ﬂ

Fig. 3 Average topotactic voltages of monoclinic m-Li,Mn(SO4), (M =
Mn, Fe, Co, and Ni), as calculated by GGA+U (blue diamonds) and SCAN+U
(orange circles) functionals. Filled and empty shapes represent the first
(1 < x < 2)and second (0 < x < 1) deintercalation of Li from the host,

respectively. The horizontal cyan line represents experimental voltage. The
half-filled orange circle for the Ni analogue represents the average voltage
across the entire Li deintercalation range (0 < x < 2), calculated by
SCAN+U.

U corrections required with SCAN indicate that SCAN+U calcula-
tions will yield qualitatively better trends than GGA+U.

Although the voltage for first Li removal of Mn and Co
bisulfates is higher than Fe, the voltage for second Li removal is
the highest in the Fe compound (~6.6 V with SCAN+U)
compared to all the other TMs (using SCAN+U), which can be
attributed both to the instability of the Fe*" oxidation state and
the increasing role played by anionic redox. Indeed, the second
Li removal voltage is also significantly high for Co (~6.4 V,
SCAN+U), which is symptomatic of anionic redox. The increase
in voltage, in GGA+U calculations, going from the first Li to
second Li removal (~0.77 V on average across the 4 TMs) is
lower than SCAN+U (~1.21 V on average across Mn, Fe, and
Co). In any case, the predicted high voltages for second Li

22760 | Phys. Chem. Chem. Phys., 2022, 24, 22756-22767

the middle panels highlight partially delithiated (LiM(SO,)s)
states, and the bottom panels correspond to fully delithiated
(M(S0,),) structures. The general trend of “large” bandgaps
predicted for all the lithiated compounds is consistent with
observed values in the polyanionic class of materials.”® Although
our GGA+U band gaps (Fig. S6-S8, ESIt) are lower than SCAN+U,
both functionals do predict qualitatively similar trends in band
gaps and the electronic states at the band edges.

The general features of the electronic structure obtained
through both the functionals in fully lithiated Li,M(SO,), are
similar for both the polymorphs. The TM d states dominate the
valence band edge in the fully lithiated Co (and Fe) system(s), as
shown in Fig. 4b (and Fig. S3, ESIt), while both TM d and O p
states contribute in equal measure in Li,Mn(SO,),, indicating
robust hybridization across the Mn-O bonds (Fig. 4a). In
Li,Ni(SO,),, O p states are the dominant contributors to the
valence band edge, with Ni d states gravitating towards lower
energies in the valence band (Fig. 4c). Thus, our pDOS calcula-
tions in the Li,M(SO,), structures indicate higher propensity
for O redox in the Ni compound compared to the Mn, Fe, and
Co analogues, upon first Li removal. Moreover, the Ni-O bond
lengths (see compilation in Table S13, ESIt) do not indicate any
Jahn-Teller-like distortion of the NiO4 octahedra upon delithia-
tion from Li,Ni(SO,), to LiNi(SO,),, indicating the lack of Ni
oxidation from Ni?" to Jahn-Teller-active Ni** with delithiation.
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Fig. 4 SCAN+U-calculated pDOS for m-Li,M(SOy4), (M = Mn, Co, and Ni in panels a, b, and c, respectively). The rows in each column indicate different
states of lithiation, namely full lithiation (x = 2 in Li,M(SO4),) in the top row, half lithiation (x = 1) in the middle row, and no lithiation (x = 0) in the bottom
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electrons. Dotted blue lines represent the valence and conduction band edges, with the numbers indicating band gap values. Dashed black lines signify
Fermi level. The zero on the energy scale in each panel is referenced either to the valence band maximum or to the Fermi level.

With partial delithiation, we observe a significant drop in
band gap in all the bisulfates considered. For example, the
SCAN+U band gap drops from 3.78 eV to 1.21 eV in Mn, 3.06 eV
to 1.86 €V in Fe, 3.90 eV to 0.90 eV in Co, and 3.86 eV to metallic
behavior in Ni. While the TM d states still contribute to the
valence band edge in LiMn(S0,),, the corresponding contribu-
tions are quite negligible in LiCo(SO,),, indicating an increas-
ing likelihood of anionic redox in the Co-structure with further
removal of Li. Importantly, the reduction of band gaps in the
Mn and Co structures with Li-removal also coincides with a
shift in TM d states from the valence band edge (in Li,M(SO,),)
to the new conduction band edge (in LiM(SO,),), indicating a
predominantly cationic redox. Note that the qualitative trends
in the shift of TM d and O p states with delithiation in the Fe
bisulfate (Fig. S3, ESIT) are similar to that of the Co analogue.

In LiNi(SO,),, the states around the Fermi level are predo-
minantly occupied by O p states with minor contributions from
the Ni d states. Importantly, on comparing the pDOS of
Li,Ni(SO,), and LiNi(SO,),, we find that the states that formed
the conduction band edge in Li,Ni(SO,), (~4 eV above the

This journal is © the Owner Societies 2022

valence band edge) remain at fairly similar energy levels with
partial delithiation (~4 eV above the Fermi level), with the transi-
tion into metallic behavior largely arising from the shift of O p (and
minor shift of Ni d states) from the valence band edge to energies
higher than the Fermi level. In the case of our HSE06 DOS
calculations (Fig. S2, ESIt), we notice that the shift of O p to
energies higher than the Fermi level eventually leads to the open-
ing up of a “small” band gap (~0.83 eV), which may indicate the
formation of localized O-hole polarons. Thus, our pDOS calcula-
tions provide a clear signature of anionic redox with (partial)
delithiation in the Ni bisulfate structure. Note that the transition
into metallic behavior (or at the least, a system with a small band
gap) could aid the delocalization of the hole across multiple O
atoms, which can reduce the likelihood of peroxo-type bond
formation and hence reduce O, gas evolution with Li removal.
Note that computational studies so far on delocalized holes have
focused on layered cathodes and not polyanionic systems.''*>°
With O p states dominating the states that are slightly below the
Fermi level, we can expect further contribution of anionic redox as
more Li is removed to form the Ni(SO,), composition. Indeed,
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Ni-O bond lengths in Ni(SO,), (Table S13, ESIT) do not exhibit any
Jahn-Teller distortion which would indicate Ni** formation.

Finally, with complete delithiation, the Co and Fe bisulfates
transition into metallic behavior, while the Mn bisulfate
remains semiconducting albeit with a smaller (0.79 eV) band
gap compared to the partial delithiation structure. The transi-
tion into metallic behavior in Co and Fe structures exhibits
signatures that are similar to the transition observed in
Li,Ni(SO,), — LiNi(SO,4),. For example, in Co (and Fe), the
states around the Fermi level are dominated by the O p states
with marginal TM d contributions. Additionally, the metallic
behavior arises largely due to the shift of O p states from the
valence band edge of LiCo(SO,), (and LiFe(SO,),) to energies
higher than the Fermi level in Co(SO,4), (and Fe(SO,),). Thus,
anionic redox dominates the second Li removal in Co and Fe
bisulfates while TM redox dominates the first Li removal. The
activation of anionic redox with second Li removal in Co and Fe
is also consistent with the significantly higher voltages (>6 V
with SCAN+U, Fig. 3) that we observe for second Li removal
compared to the first Li removal (< 5.3 V with SCAN+U).

During the final Li removal, the signature of TM redox (than
anionic redox) is strongest in the Mn bisulfate. For example,
Mn d states dominate the conduction band edge (with minor
contributions from O p states) in LiMn(SO4), as well as
Mn(SO,),, indicating that the holes with Li extraction are
introduced predominantly in the TM d orbitals. Moreover,
there is a significant peak in O p states with negligible Mn d
states at the valence band edge in Mn(SO,),, which has Mn in
the +4 oxidation state (so any further oxidation will involve
anionic redox), while Mn d states do contribute significantly in
both LiMn(SO,), (where Mn is in +3 oxidation state and can
reach the +4 state upon oxidation), and Li,Mn(SO,), (Mn in +2
and can attain the +3 state upon oxidation). Also, the Mn-O
bond lengths (Table S13, ESIT) exhibit clear Jahn-Teller distor-
tion in LiMn(SO,), compared to Mn-O bonds in Li,Mn(SO,),
and Mn(SO,),, signifying the formation of Jahn-Teller-active
Mn*" upon the first delithiation and non-Jahn-Teller-active
Mn*" upon the second delithiation. Thus, for the range of
delithiations considered in our work, we don’t expect any
anionic redox to be active in the Mn bisulfate. In contrast,
the anionic redox signature continues to remain strong with
the final Li removal in the Ni analogue, with a larger population
of O p states above the Fermi level, which signifies more holes
introduced in O p orbitals than Ni d. Thus, based on our pDOS
data, we can state that anionic redox is inactive in the Mn
bisulfate, becomes progressively active in the Fe and Co analo-
gues with increasing Li removal, and precedes any TM redox in
the Ni structure.

4.4 On-site magnetic moments

To further probe the anionic redox activity in the Fe, Co, and Ni
bisulfates, we analysed the SCAN+U-calculated on-site magnetic
moments of the TM and O in each system, which are listed in
Tables S4-S8 (ESIt). In the case of the Ni bisulfate, we observe
that the changes in the average magnetic moment of Ni, with
SCAN+U, for the first and second Li removal are quite low

22762 | Phys. Chem. Chem. Phys., 2022, 24, 22756-22767

View Article Online

Paper

(4% and —1.42% respectively), compared to the average change
in the magnetic moment of O atoms (505.36% and 0.90%,
respectively), highlighting anionic redox. On the other hand,
we find that only the average magnetic moment of Mn atoms
changes significantly upon Li removal (—16.50% and —22.01%
change with first and second Li extraction) in the Mn bisulfate,
a signature of cationic redox across the range of delithiation
considered. For the Co and Fe systems, changes in on-site
magnetic moments are consistent with cationic redox for first
Li removal followed by anionic redox for second Li removal, in
agreement with our pDOS data (Fig. 4 and Fig. S3, ESIT).

4.5 Charge density difference and charge population

To visualize the physical regions where holes are (de)localized
upon Li removal in bisulfates, we present the electronic charge
density difference isosurfaces between Li,Ni(SO,),-Li; sNi(SO,),
and LiNi(SO,4),-Li, sNi(SO,), pairs in panels a and b, respectively,
of Fig. 5. Notably, we find that the holes (yellow lobes in Fig. 5)
resulting from both first and second Li extraction (extracted Li
atoms indicated by pink spheres) exclusively occur in the vicinity
of nearby O atoms, with a minor degree of delocalization on Ni
atoms, which is definitive evidence for anionic redox preceding
any Ni redox. For the Co bisulfate, the charge density difference
isosurfaces (Fig. S9, ESIt) suggest a largely cationic redox upon
first Li removal, with holes localized largely on Co atoms.
Subsequent Li extraction in LiCo(SO,), results in a charge
density difference isosurface that appears similar to the Ni
analogue, signifying anionic redox. The evidence for anionic
redox in the Ni and Co bisulfates is further corroborated by the
Mulliken and Lowdin charge population analysis, as compiled
in Tables S9-S12 (ESIt). The unusual hole delocalization that
we observe in the case of Mn bisulfates (Fig. S9, ESIt) can be
attributed to the Jahn-Teller distortion associated with the
Mn*" state (see Discussion section for further description).

4.6 COHP

To examine the possibility of irreversible O, evolution with
anionic redox in Ni bisulfate, we inspect the possible bonding
of O," species by monitoring the changes in the negative
projected COHP (-pCOHP) of O and Ni atoms that neighbour
the O atoms that significantly change their on-site magnetic
moments with Li removal in monoclinic structures of Li,.
Ni(SO,),, as displayed in Fig. 6. The top (bottom) row of
Fig. 6 represents the Ni-O (O-O) bonds, while each column
represents different extents of lithiation in the Ni bisulfate.
Notably, in both Li,Ni(SO,), and LiNi(SO,), (panels a and » in
Fig. 6), antibonding states dominate near the Fermi level,
revealing that the antibonding electrons are withdrawn during
the oxidation. Importantly, there is no substantial increase in
either bonding or antibonding states near the Fermi level in
both Ni-O as well as O-O bonds across the extent of delithia-
tion, indicating weak interactions among neighboring O atoms
and suggesting low chances of O, evolution. Thus, we don’t
expect O, release to be a significant challenge with anionic
redox in the bisulfates considered in our work, which can be
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Fig. 5 Differential charge density map for removal of one Li atom from the relaxed unit cell of (a) LiNi(SO4), and (b) LiNi(SO4),. The isosurfaces displayed
(yellow lobes) correspond to a deficiency of 0.01 e Bohr~>. The pink sphere displays the removed Li atom, while blue spheres represent Li atoms that are
present. Cyan and orange polyhedra represent NiOg and SO, groups, respectively, with oxygens represented by red spheres.

attributed to the highly stable, covalent S-O bonds that form
the structural framework.

5 Discussion

In this work, we have used Hubbard U corrected DFT calcula-
tions to explore the polymorph stability, Li intercalation voltage,
and participation of cationic and/or anionic redox in Mn, Fe,
Co, and Ni-containing monoclinic (and orthorhombic) bisulfate
frameworks. Importantly, our calculated pDOS, on-site magnetic
moments, charge density difference isosurfaces, Mulliken and
Lowdin charge populations, and COHP point to anionic redox
dominating throughout delithiation in Li,Ni(SO,),. In the case of
Co and Fe bisulfates, we observe cationic redox to be predominant
during the first Li removal (Li;M(SO4), — LiM(SO,),), while
anionic redox dominates the second Li removal. We did not find
any evidence for anionic redox in the Mn analogue. Finally, our
COHP data also points to low likelihood for O, release during
anionic redox in the bisulfates, which is promising for the
eventual reversibility of the anionic redox.

A common observation in the bisulfates considered in this
work is that the computed average intercalation voltages (Fig. 3)
are beyond the anodic stability of conventional Li liquid
electrolytes, with the exception of the Li,Fe(SO,), <> LiFe(SO,),
redox. Thus, experimental techniques that can probe the electronic
structure can be used in place of electrochemical measurements to
examine the properties of Li,M(SO,), and validate our theoretical
predictions. For example, techniques like X-ray absorption spectro-
scopy or X-ray photon spectroscopy can be used to probe the
electronic states of the species present in the bisulfate framework,

This journal is © the Owner Societies 2022

which can then be compared with the oxidation states predicted in
our work. Furthermore, optical band gap measurements can be
used to qualitatively check the accuracy of our predictions as well.
However, we note that the application of the above mentioned
experimental techniques to study bisulfates may have practical
constraints as well.

In the case of layered and disordered cathodes, anionic
redox is almost always associated with irreversible structural
changes, leading to voltage hysteresis/fading, and also oxygen
evolution (resulting from oxygen dimerization).®*° Polyanionic
cathodes, which are typically resistant to “large” structural
changes,®*® can provide a platform for a different anionic
redox mechanism. For example, the strong, covalent X-O bonds
within the XO, polyhedral units may resist oxygen dimerization
and evolution, resulting in minimal irreversible structural
changes and voltage fade. Moreover, the covalency of X-O
bonds may stabilize the existence of 0"~ species (where n < 2),
compared to layered oxides. Thus, more experimental and
computational studies are required to fully understand the
possible anionic redox mechanisms in polyanionic cathodes,
although the high predicted intercalation voltages may present
significant experimental challenges.

Additionally, we note that the overall thermodynamic stabi-
lity of the partially lithiated bisulfate compositions remains to
be quantified, given the high computational costs associated
with calculating all possible elemental, binary, ternary, and
quaternary phases that can compete with the bisulfate compo-
sitions. Quantifying the thermodynamic (in)stability may be
important in understanding the tendency of oxygen release by
these polyanionic systems, via irreversible structural decom-
position. The specific mechanism of anionic redox may depend
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on the thermodynamic stability of the delithiated compositions
as well. Nevertheless, our preliminary evaluation of mechanical
stability (Fig. S10, ESIf) on the Ni-bisulfate, using SCAN+U,
does indicate that these bisulfate compositions should be
stable with respect to applied hydrostatic and shear strains.
Similar to trends observed in Li-TM-oxide cathodes, we
observe our GGA+U-calculated voltage in the Fe bisulfate to
be quantitatively more accurate with the experimental value
than the SCAN+U-calculated voltage.*® In general, we observe
SCAN+U-calculated voltages to be higher than the corres-
ponding GGA+U-calculations, also in agreement with Li-TM-
oxide trends.’® The overestimation of intercalation voltages

22764 | Phys. Chem. Chem. Phys., 2022, 24, 22756-22767

with SCAN+U can be attributed to the known underestimation
of energies (i.e., total energies are less negative) of metastable
and unstable phases by SCAN+U compared to GGA+U.*® Also,
our SCAN+U-predicted band gaps are higher than GGA+U, and
given that DFT is a ground-state theory, we expect our SCAN+U
band gaps to be in better agreement with any future experi-
mental measurements. In terms of polymorph stability, lattice
parameters, and qualitative trends of band gap, we find both
SCAN+U and GGA+U functionals to be in agreement with each
other (and with available experimental data), which augurs well
for the rest of our theoretical predictions. While hybrid func-
tionals can be used to probe anionic redox, as has been done in
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Fig. 7 lllustration of the different distributions of transition metal d (blue lobes) and O p (orange lobes) states in the bisulfates considered in our work,
where transition metal states are higher, similar, and lower in energy than oxygen states, in panels a, b, and ¢, respectively. The dashed red, peach, and
pink lines indicate progressive reduction in the Fermi level (E;) with progressive delithiation in the bisulfates.

other Ni-based oxides,” we performed a limited set of HSE06
calculations given its high computational cost (Fig. S2, ESIt),
and found similar qualitative trends between SCAN+U and
HSEO06 predictions. Nevertheless, we do not expect any qualita-
tive disagreement to arise even if calculations are performed
with hybrid functionals in the future.

In the case of Mn bisulfates, we observe an unusual extent of
hole delocalization (Fig. S9, ESIT), which is in contrast to the
observed band gaps in pDOS (Fig. 4a) and the on-site magnetic
moments (Tables S4 and S6, ESIt). This hole delocalization
behaviour in Mn bisulfates is not physically precise and can be
attributed to the Jahn-Teller distortion of Mn®" and the fact
that we do not allow for any ionic relaxation when we calculate
charge density differences between two structures. Hence, the
lack of Jahn-Teller distortion, in the case of charge density
difference of Li,Mn(SO,), — LiMn(SO,),, and the excess
Jahn-Teller distortion (in LiMn(SO,4), — Mn(SO,),) causes the
unphysical hole delocalization.

Previous work has reported that an electron transfer from O
p to M d states, through a so-called reductive coupling
mechanism,” can trigger irreversible superoxide formation
and eventual release of O, molecules from the lattice whenever
anionic redox is active. Specifically, the charge transfer from O
p to M d states increases the hole concentration on the oxygen
atoms, which facilitates the formation of peroxo bonds (0,"")
and eventually the O, molecule. In the case of Ni(SO,),, we
observe only minor reductive coupling across the Ni-O bonds,
signified by on-site magnetic moment changes on Ni atoms of
~0.026 on average (Table S4, ESIT). Note that this magnitude of
electron transfer to Ni d states is insufficient to promote O,"~
bonding as it requires the transfer of ~1e™ per Ni. Thus, the
lack of reductive coupling further validates our hypothesis that
anionic redox in bisulfate frameworks will not lead to peroxo
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formation and O, evolution, consistent with our -pCOHP data
(Fig. 6).

Finally, we provide a unified DOS schematic of the redox
mechanism in Fig. 7 to better illustrate the participation of
cationic and anionic redox processes in the bisulfates consid-
ered in this work. Orange, filled blue, and hollow blue indicate
filled O p states, filled M d states, and empty M d states, as
would be the typical case in the bisulfate frameworks. Thus,
upon delithiation, electrons from states that are closest to the
Fermi energy (E; in Fig. 7) will be removed, which indicates
whether the electrons are removed from M (cationic redox) or O
(anionic redox). Note that E¢ will drop in energy as electrons are
removed from the bisulfate framework, as indicated by the
dashed red, peach, and pink lines, which correspond to Ef in
Li,M(SO,),, LiM(SO,),, and M(SO,), compositions, respectively.

For the Mn bisulfate, the Mn d states are closer to E; relative
to the O p states, signifying pure cationic redox across the
entire delithiation range, as qualitatively shown in Fig. 7a.
In the case of Co and Fe (Fig. 7b), during the first delithiation,
the M d states are dominant below E¢ with marginal contributions
from O p states as well, highlighting cationic redox. However, with
the drop in Ef upon Li removal, O p states increasingly contribute
to the oxidation and eventually anionic redox dominates over
cationic redox during the second delithiation. Finally, in the Ni
bisulfate, the O p states are dominant below E¢ throughout the
delithiation process, highlighting that anionic redox occurs pre-
ferably over cationic redox throughout.

6 Conclusions

Herein, we explored the anionic and/or cationic redox chem-
istry in transition metal bisulfates, which are an important
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class of compounds for developing high voltage (and high energy
density) Li-ion batteries, using both GGA+U and SCAN+U calcu-
lations. Specifically, we computed the polymorphic stability
(between orthorhombic and monoclinic structures), average
topotactic Li intercalation voltages, band gaps via pDOS, on-
site magnetic moments, charge density difference isosurfaces,
Mulliken and Loéwdin charge populations, and pCOHP in
Li,M(SO,), frameworks, where 0 < x < 2 and M = Mn, Fe,
Co, and Ni. Importantly, we found anionic redox to be active
across all Li extraction in the Ni bisulfate, while cationic redox
was active throughout in the Mn bisulfate. In the case of Fe and
Co bisulfates, cationic redox dominated the first Li removal
(1 < x < 2), while anionic redox dominated the second Li
removal (0 < x < 1). The signature of anionic (or cationic)
redox was verified using the SCAN+U calculated pDOS, M-O
bond lengths, and on-site magnetic moments for all T™M
bisulfates. In the case of the Ni bisulfate, we also visualized
the hole (de)localization with Li removal by tracking the charge
density difference isosurfaces, which provided unambiguous
evidence of anionic redox. Furthermore, our pCOHP data
indicated low susceptibility of peroxo and O, molecule for-
mation in the Ni bisulfate, given the marginal amount of
antibonding state overlap across neighbouring O atoms.
While our GGA+U-calculated voltage provided better quanti-
tative agreement with the experimental value in Li,Fe(SO,),,
we expect our SCAN+U-calculated band gaps to be in better
qualitative agreement with experiments. Additionally, GGA+U
and SCAN+U were in qualitative agreement in their lattice
parameter and polymorph stability predictions, validating the
rest of our theoretical predictions. We hope that our work
provides a new dimension, especially in using the SCAN+U
functional, to discover and understand novel high voltage
intercalation cathodes for future generation of high energy
density batteries.
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