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Honeycomb-ordered layered transition metal (TM) oxides, which are characteristic of a honeycomb network,
have recently emerged as a novel class of cathode materials with high voltage and superior long-term cycling
stability. Here, we provide a systematic first-principles study of the structural and electrochemical properties of
honeycomb-ordered ANiz/3M; /302 (A = Li and Na; M = As, Sb and Bi) aimed at disentangling the role of the M5
species. Our results show that M endorses strong bonding with O and can give rise to superior thermodynamic
stability of the compound as compared to ANiO; counterparts. Upon alkali deintercalation of ANip 3M;,/302,
there is a driving force for disproportionation of Ni** ions, which originates from the high-symmetric MOg
octahedron and leads to the activation of both Ni>*/Ni®* and Ni®*/Ni*" redox couples. The distortion of NiOg
octahedron can be modulated by the size of M, and a clear correlation is revealed between the distortion from
octahedral symmetry and the electronic structures of the compounds, including the energy position of eg orbitals
and the temporary stabilization of Ni®* ions. Both properties are linked to the voltage and polarization of the
cathodes. This work provides a basis for further development of cathode materials based on honeycomb-ordered

superstructure.

1. Introduction

Due to the rapid consumption of fossil fuels and the pressing demand
for sustainable energy, it is crucial to develop cathode materials for
lithium and sodium ion batteries with high energy capacity, long cycle
life and low cost. Even with the rapid progress on multi-cation layered
oxide LiNiyMnyCo;_x_yOo, which is widely recognized as one of the
most promising candidates for cathode, it is still challenging to achieve
both high capacity and long cycle stability simultaneously [1,2]. In
LiNiyMnyCo; _x_yOa, the transition metal (TM) elements are randomly
distributed in the TM layer due to similar electronic structures between
Ni, Mn and Co [3-12]. Apparently, its electrochemical performance is
closely related to the single-cation layered oxides, which hints that
multiple phase transformations in the form of layer gliding would be
nearly unavoidable [13-15]. Layer gliding would result in abrupt crystal
structural transition and diminished performance after long-term
cycling [16-23]. Although chemical modulation via the optimization
of the ratio between Ni, Mn and Co could alleviate this problem to some
extent, other properties like capacity would be compromised [24-27].
Knowing that main group elements are more likely to contribute to
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structural stability, it is tempting to design new cathode materials by
adding pentavalent main-group elements so as to tune the structure
units and regulate the coordination environments that are vital to the
electrochemical performance [28-31].

Recently, superstructure unit Sb@Nig ring constructed with six NiOg
octahedral units connected to a central SbOg octahedron in the com-
pound NaNiy,/3Sb;,302, which is similar to the Li@Mng unit with six
MnOg linked to a central LiOg in LioMnOs3, was demonstrated to facilitate
high structural stability and good cycling reversibility along with
promising energy capacity [32-34]. The imposed cationic ordering in
the form of Nig ring probably arises from the Ni—-O-Ni 90°
super-exchange interaction [34,35]. The high-symmetric Nig ring gua-
rantees a stable local oxygen environment with three Na, two Ni and one
Sb neighbors, which is believed to effectively enhance the thermal sta-
bility, increase the redox potential and suppress the multiple phase
transformations [32-34]. On such a basis, a systematic theoretical
evaluation of this kind of superstructure unit and the role of the group-V
element in the center will definitely be rewarding. An in-depth under-
standing on the structure—performance relationship could help pave the
way for future design of honeycomb-ordered cathode materials.
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Herein, we employ first principles calculations to evaluate M@Nig
super-structural units vs. the electrochemical properties of ANiy/3M;,
305 (A =Liand Na; M = As, Sb and Bi). We show that the smaller the size
of M element, the stronger M—O bond and the higher structural stability
would be expected. The voltage profile of the cathode and the evolution
of oxidation states of Ni ions during charge/discharge are closely related
to M element, while the overall disproportionation at composition A;,
3Nis/3M; /305 is universal for all compounds. By varying the degree of
distortion of NiOg octahedron though size effect of M, the energy posi-
tion of Ni-d bands can be actively modulated, which results in different
electrochemical performance and allows for optimization of the cath-
odes. These findings could elucidate the nature of M@TMe superstruc-
ture units and provide a basic platform on which a honeycomb-ordered
cathode with higher energy density and better cycling stability could be
developed.

2. Computational methods

All the calculations were performed using the plane-wave based
density functional theory (DFT) method as implemented in the Vienna
ab initio simulation package (VASP) [36-39]. Projector augmented
wave (PAW) potentials were used to probe valence-core interactions
[40,41]. The Perdew—Burke—Ernzerhof (PBE) parametrization of the
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generalized gradient approximation (GGA) was employed to describe
the electron exchange and correlation [42]. In order to correctly char-
acterize the localization of transition-metal d-electrons, the PBE+U
method with a Hubbard-type potential to describe the d-part of the
Hamiltonian was applied in all our calculations [43-45]. The value of
6.2 eV for the Hubbard U parameter of Ni ion was adopted from previous
work [34]. The kinetic energy cutoff of 500 eV was employed in
expanding the plane-wave basis set [34]. The k-point sampling density
of at least 1000/(the number of atoms per cell) within the Mon-
khorst—Pack scheme was found to be sufficient for energy convergence
[46]. The threshold for residual force was set to 0.01 eV/A in structural
optimization. Spin-polarization was considered in all our calculations.
Only the ferromagnetic state was considered, since the energy difference
between ferromagnetic and antiferromagnetic orders is approximately 1
meV per formula unit, substantially lower than that between different
Li/Na-vacancy configurations (> 26 meV).

3. Results and discussion

Three kinds of phases are involved in the structural evolution of
ANiy/3M; /302 [33,34,47], i.e. 03, P3 and O1 (Fig. 1a—c), according to
Delmas’ notation [48]. The notions O and P denote octahedral and
trigonal prismatic coordination of the Li/Na ions, respectively, and the

NiO,

X0,

AO; octahedron

AQ trigonal prism

> Wy W W

Fig. 1. Crystal structures of (a) 03-, (b) P3- and (c) O1-type phases for ANi,,3M;,30, (A = Li and Na; M = As, Sb and Bi). (d) The honeycomb-like arrangement of
NiOg and MOg octahedra. (e) Distribution of M@Ng superstructure unit in 03-ANij/3M; /305.



Z. Hu et al.

indices 3 and 1 denote the minimum numbers of repeated transition
metal layers [33,48]. Fig. 1d-e shows the honeycomb-like distribution
of NiOg and MOg octahedra, all of which are edge-shared, identical to
the way in LiCoOs. For all the stoichiometric ANiy,3M;,302 compounds,
the most stable structure is O3-type, which is in agreement with
experimental results [47].

First, we begin our analysis by establishing the relationship between
the geometry of basic structure units in ANiy/3M;,305 and the ionic
radius of M. The ionic radii of As®*, Sb>" and Bi®" are 0.46, 0.62 and
0.74 A, respectively [49]. As shown in Fig. 2a, the size of NiOg, MOg and
AOg octahedra in O3-type ANiy/3M; /305 increases monotonically with
the increase in the radius of M. However, we notice that the volume
increase of NiOg and AOg octahedra is much smaller than that of MOg
octahedron. Unlike AOg octahedron which distributes in different layers
from that of MOg, the relatively small expansion of NiOg octahedron
would mean that the size of M prefers to exert more influence on the
degree of distortion of NiOg octahedron rather than to directly alter the
Ni—O bond length. We also find that the size of NiOg and AOg for ANiO»,
as provided in Fig. S1, is smaller than the corresponding value of the
ANiy/3M; /302 counterparts. This is due to a higher valence state of Ni
ions in ANiO, (Ni®*") than in ANijy/3M; /302 (Ni2+), which means a
smaller ionic radius in the former case.

The degree of distortion of NiOg octahedron can be estimated from
the O-Ni-O bond angle (Fig. 2b), in which the two O ions belong to
different O layers (insets in Fig. 2b). There are two kinds of O-Ni—O
bond angles, one related to the connection between two NiOg octahedra
(61) and the other related to the connection between NiOg and MOg
octahedra (65). Given that the Ni%" ion exhibits an orbital occupation of
tggeé, the ideal form of Ni2+06 should be a perfect octahedron, with
identical Ni—O bond lengths and all O-Ni—O bond angles equal to 90°.
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Fig. 2. (a) Volume of NiOg, MOg and AOg octahedra in O3-type ANiy/ 3M;/305.
(b) O-Ni—O bond angle, 6. Two kinds of O-Ni—O bond angles are defined: 6,
correlates with connection between two NiOg octahedra, and 6, correlates with
connection between NiOg and MOg octahedra.
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The ionic radius of Ni®" is 0.69 A, in between those of Sb®>* and Bi®". It
can be expected that when small size ions, i.e. As® and Sb°*, are located
in the middle of the Nig ring, the M@TMg superstructure unit would
experience a tendency of contraction as compared to its natural form.
Because the Ni—20-Ni chain in the Nig honeycomb framework is rather
rigid, as substantiated by the value of close to 90° found for 61, the NiOg
octahedron would be distorted in such a way that the two O ions con-
necting Ni and M would approach one another, so that they can also be
closer to the M ion. Therefore, we can see that the smaller the size of M,
the lower the value of 95 is. On the other hand, when large size ion, Bi°t,
is in the middle of the Nig ring, the Ni-20-Ni chain tends to be slightly
stretched, resulting in a smaller #; than those in ANijy/3As1,302 and
ANiy/3Sby /302, while the distortion of NiOg is relatively minor with 6o
slightly below 90°. Following Tarascon et al., [50] we estimate the O-O
distortion degree with the formula: A = 1512 [(d; — (d) )/(d) %, with d;
the individual O—O distance in NiOg octahedron. It is found that the O-O
distortion becomes higher with smaller radius of M (Fig. S2). The above
results suggest that the size effect of M in M@TMg superstructure unit
can be generally characterized by the distortion of NiOg octahedron,
which is in turn relevant to the electronic structure of ANiy,3M; /302 and
the electrochemical performance of the cathode. Moreover, we can see
that all the ¢, and 0y are smaller for Na compounds than their Li
counterparts (Fig. 2b). Given that the ideal value of 6 is 90° (without
distortion), it can be inferred that the distortion of NiOg is more severe
for Na compounds. This is further substantiated by a larger value of A
shown in Fig. S2. The above result is probably due to a less compact
structure of Na compounds as indicated by the volumes of octahedra
shown in Fig. 2a, which could allow for higher flexibility of O ions to
accommodate the M ion.

In the following, we examine the phase transformation and the
voltage curve during the process of alkali intercalation/deintercalation.
Phase transition originates from the thermodynamic competition be-
tween different phases and can be investigated via the construction of
convex hull [51]. O3-, P3- and O1-type structures are compared to find
out the intermediate ground states at different deintercalation stages for
A;1.4Niy/3sM;,302. In order to reduce the computational burden of
exhaustive enumeration in DFT calculations, the potential configura-
tions are first evaluated by electrostatic energy through Ewald summa-
tion and only the low-energy configurations are taken into account for
DFT calculations [52,53]. Thermodynamic stability is determined by the
formation energy (Eg) of the configuration, which is calculated with
respect to the initial end member 03-ANiy/3M;,305 and the final end
member (03/P3/01)-Niy/3M;,302 according to the following formula
[54-57]:

Ef = E[Al,xNiz/gM]/goz] - (1 - X)E[ANi2/3M1/302] —)CE[Niz/;Ml/;Oz}
1

where E is the DFT total energy of the unit in square brackets. The for-
mation energies of different configurations and the corresponding
convex hull are depicted in Fig. 3.

The predicted intermediate ground states in Fig. 3 indicate that all
the compounds exhibit a phase transition from O3 to P3 during the alkali
deintercalation process. For NajNiz/3As1,302, the O3 phase persists
until x = 1/3, while for other compounds, the two-phase transition
tends to occur at the beginning of deintercalation. However, if we
consider the lowest-energy configurations in 0 < x < 1/3 for Na;_,Niy,
3Sby,302 and Naj_,Niy/3Bi; 309, it is not so apparent that the two-phase
transition will occur in this composition range, because the formation
energies of O3-type intermediates are quite close to the convex hull. In
this case, the energy for phase separation into a two-phase equilibrium
of O3-ANi2/3M1/302 and P3-A1_xNi2/3M1/302 would be limited, which
leaves room for a solid-solution pathway for deintercalation in O3 phase
until x = 1/3 [58]. On the contrary, Li compounds could only be sta-
bilized in P3 phase for 0 < x < 2/3. The above result implies that at the
beginning of deintercalation, Li;.,Nis/3M;,302 cathodes are generally
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more susceptible to layer gliding than NajNis/3M;,302 cathodes.
Moreover, for Naj,Niz/3As1,302 and Lij,Nig/3As;,302, further dein-
tercalation from P3 phase would lead to a phase transition back to O3
phase upon x > 2/3, while for other compounds, the final end member
Niy/3M; /302 is in O1 phase. This demonstrates the differential response
of phase transition at low Li/Na limit to the variation in the size of M ion.

Based on the calculated formation energies of intermediate ground
states, we can derive the voltage profile at 0 K via the following equation
[59,601]:

_ 1
Yeum) = e

where V(x;7,x;) is the average voltage in the composition range of x; <
x < x; with respect to the alkali metal anode and E[A] is the total energy
of a single Li/Na atom in its alkali-metal ground state. The calculated
voltage for Na; _4Nis/3Sb1,302 (3.2-3.5 V) is consistent with previous
experimental result [32-34]. For Li compounds, the voltage profiles
indicate a trend that smaller size of M will be advantageous for higher
voltage, while among the Na compounds, Na;_xNiz/3Sb1,302 cathode
shows the highest average voltage. Nevertheless, the difference in
average voltages for all ANiy 3sM;,302 compounds is relatively small.

The valence state of Ni ions can be determined by the calculated
magnetic moments, which are provided in Fig. 4. All the calculated
magnetic moments of Ni ions in A;.,Niz/3M; /302 fall into three classes:
0-0.3 pp, 1.0-1.3 pp and 1.6-1.8 pp. The corresponding Ni ions can be
classified into Ni**, Ni®* and Ni%*, respectively [34,61,62]. Before
deintercalation, all the Ni ions exist in divalent state, underpinning the
claim that As, Sb and Bi ions are in 5+ state. We notice that for all the
compounds at x = 2/3, half of the Ni ions are oxidized to Ni*" and the
other half remains in their original state. Given that the average valence
state of Ni at Ay/3Niz/3M1,302 is 3+, an overall disproportionation of
Ni*t s evidenced, as described previously for Nag 3Nip/3Sby,302
[32-34]. This phenomenon could be due to the instability of N13+05
octahedron, which is severely distorted under Jahn-Teller effect. The
MOg octahedron, in which the M—O bond lengths are nearly equal,
might offer a high resistance to long-range cooperative Jahn-Teller
distortion of the lattice and a strong tendency to high-symmetric
structures. Moreover, we notice that the highly distorted Ni2*Og octa-
hedra for NaNiZ/gAsl/goz, NaNig/3$b1/302 and LiNi2/3A51/302 (Flg 2b)
tend to aid in the stabilization of Ni®*Og octahedra at the composition
Aj/oNig/3M;,304. It is likely that the intrinsic distortion imposed by M
and the strong M—O bonding can compensate the strain effects caused by
local Jahn-Teller distortion, when the ratio of Ni" ions is small. Since
the direct disproportionation of Ni>* at each deintercalation step and
the facile reordering of Ni?*/Ni** ions during the 03/P3 two-phase
transition will presumably stimulate a high energy consumption, the
stabilization of Ni>* ions, which facilitates the gradual oxidation from
NiZ* to Ni>* and then to Ni**, could potentially help reduce the polar-
ization of the cathode. In this regard, A;,Nis/3M;,302 cathodes with
larger size of M will be less favorable.

Thermodynamic stability against oxygen release is a key requirement
for cathodes. To ascertain whether oxygen would release upon alkali
deintercalation in ANip/3M;,302, we have calculated the oxygen va-
cancy formation energy according to the following formula:

AEv(()) = E[AN12/3M1/30671] + X *E[ANi2/3M1/306] ()]
where pg is the reference chemical potential of oxygen (gas-phase Oy
molecule) and x denotes the concentration of O vacancies per formula
unit. As shown in Fig. 5a, all the compounds have positive AEyq, values,
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indicating that they will not decompose spontaneously. In comparison to
the oxygen vacancy formation energies in NaNiO and LiNiO; (2.61 eV
and 1.77 eV, respectively), the high AEy) values in ANiy/3M;,302
compounds demonstrate that the M element can effectively enhance the
resistance to oxygen evolution. It is also found that smaller radius of M
will lead to higher stability of the lattice oxygen atoms.

To better understand the underlying mechanism behind the high
thermodynamic stability of ANiy/3sM;,302, we carry out the projected
crystal orbital Hamilton population (COHP) [63-66] analysis to assess

{E[A\,NiysM;30,] — E[A, NipsM, 30,] — (x2 — x1)E[A] } (2

the bonding character between cations and oxygen. Following the con-
ventional denotation of bonding (positive values) and antibonding
(negative values) states, we provide —COHP for NaNiy/3As;,302 in
Fig. 5b. -COHP for other compounds are shown in Fig. S3 in the Sup-
porting Information. States below 0 eV are occupied states, while those
above are unoccupied states. It is shown that the M-O occupied states are
mostly bonding, while the Ni—O occupied states near the Fermi level are
antibonding, because they are the e; orbitals. The integration of the
COHP up to the Fermi level (ICOHP) is calculated (Fig. 5a), which can be
employed to quantitatively estimate the bonding strength. We find that
the ICOHP for M-O is substantially larger than that for Ni-O (Fig. S4),
thus confirming the strong M—O covalent bonding. We also find that
smaller size of M shows larger ICOHP for M-O. Given that M with
smaller radius possesses a higher electronegativity, a more pronounced
covalent character between M and O atoms would be expected from Bi to
As, which can account for the trends in bonding strength and oxygen
vacancy formation energy. Charge density difference was calculated to
visualize the electron accumulation/depletion regions in LiNis/3M;j 302
compounds, as shown in Fig. S5. The charge rehybridization between As
and O is relatively more significant than the Sb—O and Bi—O counter-
parts, suggesting a stronger bonding of As—O bonds and consequently
higher stability of LiNiy/3As;,302 than other compounds [67,68].

Previous reports have demonstrated the anionic redox activity in
Li@TMp superstructure units and revealed the importance of oxygen
non-bonding states near the Fermi level for anionic redox [69-72]. Here
we present in Figs. 6a and S6 the density of states (DOS) of
ANijy/3M;,302. An overlapping feature is observed between the O-p and
Ni-d states near the Fermi level, reflecting the Ni-O bond covalency,
while no oxygen non-bonding state is discernable. We have also exam-
ined the valence state of O during deintercalation and found there is
little change (no larger than 0.2). Therefore, we can eliminate the pos-
sibility of oxygen ions acting as redox active centers for this kind of
cathodes. Similar to other Ni-containing cathodes [73], both the
Ni2*/Ni*t and Ni*t/Ni*t redox couples in Aj,Niy/3M;/30, involve
losing or adding an electron in the eg orbitals. We investigate the vari-
ation in energy level of ey orbitals for different M by using the upper
bound of the occupied eg bands as a rough estimate. The bottom of al-
kali-s bands is taken as the energy reference. From Fig. 6b we see that the
upper band edge of eg orbitals increases from As to Bi, and all the values
for ANiy/3M;,30, are lower than those for the NaNiO, and LiNiO,
counterparts. This suggests that the energy level of eg orbitals is affected
by the presence of M and is a function of the size of M.

Now we try to establish the relationship between the distortion of
NiOg octahedron and the electrochemical properties of A;,Nig/3M;,302
cathodes. As mentioned above, the two O ions linking NiOg and MOg
octahedra tend to approach each other when the radius of M is smaller
than Ni. Each NiOg is coordinated by three MOg octahedra (Fig. 6¢), and
therefore the distorted NiOg displays a D34 symmetry, resembling that of
IrOg octahedron in Li»IrO3 [74]. As the eg orbitals point directly towards



Z. Hu et al.

(a)

Nano Energy 83 (2021) 105834

8 0.20
; Na 4t .
B Li ‘
6 | { 015
7~
é 4t { 0.10
25|
2 . 1{ 0.5
1 L
0 0.00

As Sb

Bi

~COHP (a.u.)

Fig. 5. (a) The oxygen vacancy formation energy, AEy(o), and the integration of COHP up to the Fermi level, ICOHP, for M—O bonds. (b) Projected crystal orbital
Hamilton population for Ni—O and As-O bonds in NaNij/ 3As;,305. Energies are referenced to the Fermi level (Eg).

(a) ()
-4.0
~ —— Nid g LiNi?ng,;O: NaNiO,
= Assp L 5.0 - NaNiy;sM,;30, - ——— — — —
8 — Op <
=1]
N Y 5
o = -6.0
a =
L : L -7.0
As Sb Bi
Energy A AYA*
e, orbitals in ANiO, 9
p 2_ %,
& 4 N3 \\ol‘,. e, orbitals in
& NiZ*/Ni & g
= % ANi, M, ;0,
S N M A
=~ _
1.0 Ni2*/Ni**

NiOj distortion

Ni**/Ni*t

Density of states Density of states

Fig. 6. (a) Localized DOS for NaNi,,3As1,302. (b) The upper bound of the occupied e; bands for ANiy,3M;,30, as referenced to the bottom of alkali-s bands. (c)
Schematic illustration of the distorted NiOg octahedron in M@Nis superstructure unit, and the influence of distortion on the energy level of e; bands.

the neighboring oxygen ligands in an ideal octahedral environment,
such a distortion would reduce the overlap between Ni-d and O-p or-
bitals of e; symmetry. Given that the e; orbitals are antibonding, the
energy level of eg orbitals will decrease with increasing distortion, which
can explain the trend shown in Fig. 6b. Although the distortion of NiOg
in ANiy/3Bi; 305 is relatively small, the elongation of Ni—O bonds could
also contribute to a weaker d-p interaction and lower e; bands. Conse-
quently, the energy level of ey orbitals will inevitably be lower in
ANiy/3M;,302 than in ANiO; counterparts. It is worth noting that the
voltage of a Ni oxide cathode is closely related to the energy consump-
tion for extracting an electron from the eg bands. In ANiz/3M1,302, half
of the Ni2" ions are to be oxidized to Ni** when the cathode is charged to
A;/3Niz/3M; /302, which involves the activation of both Ni?*/Ni®* and
Ni®*/Ni** redox couples. In ANiO,, only Ni®*/Ni*" redox couple is
activated. Therefore, the combined effect of lower band-energy induced
by NiOg distortion and the propensity for disproportionation owing to
the high-symmetric MOg octahedron, leads to the experimental obser-
vation that NaNiy/3Sb;,30, cathode operates at higher voltage than
NaNiO; [32-34]. In light of this, we can speculate that the voltage of
ANiy/3M; 302 cathodes may, to some extent, be modulated by the size of

M. Smaller radius of M will be beneficial for higher voltage. Yet it should
be noted that the AOg octahedron would also be destabilized by a highly
distorted NiOg octahedron nearby (for example, in NaNiy/3As1,302),
which could reduce the energy cost of extracting the alkali ion and result
in lower voltage. This may rationalize the voltage trend in
NaNiy/3sM; 302 cathodes and the small difference in average voltage
among different ANiy,3M;,302 compounds.

4. Conclusion

Taking ANip/3M;,302 (A = Li and Na, and M = As, Sb and Bi)
compounds as model systems, we have carried out a detailed first
principles study of M@Nig superstructure units in cathode materials to
clarify the role of group-V elements on electrochemical properties. It is
found that the M—O covalent bond strength decreases from As to Bi and
higher thermodynamic stability can be expected with lower atomic
number of M element. An overall disproportionation of Ni** jons will
take place for all cathodes at the composition A;/3Nis/3sM;,302, which
mediates the activation of both Ni2*/Ni®* and Ni®*/Ni** redox couples.
The distortion of NiOg octahedron is identified as a bridge between the
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size of M and the electrochemical properties of ANiy,3M;,302 cathodes
including the average voltage and the polarization loss. Smaller size of M
will contribute to more severe distortion of NiOg octahedron, which not
only has a lower energy level of the e; bands, but also facilitates the
stabilization of Ni®* ions. The former effect is in part responsible for
higher voltage and the latter for lower polarization. In aggregate, these
results can broaden our understanding of the M@Nig superstructure
units and provide the foundations for the design and development of
honeycomb-ordered cathode materials.
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