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One of the prevailing approaches to tune properties of materials is lattice doping with metal cations. Aluminum is a common
choice, and numerous studies have demonstrated the ability of AI** doping to stabilize different positive electrode materials, such
as Li[Ni-Co-Mn]O, (NCMs). Currently, an atomic level understanding of the stabilizing effect of Al doping in NCMs is limited. In
this work, we investigate the effect of Al doping on Ni-rich-NCM-523 (LiNig 5sCop2Mng307). Our results suggest that Al stabilizes
the structure of the cathode material via strong Al-O iono-covalent bonding due to a significant Al(s)-O(p) overlap, as well as
significant charge transfer capabilities of Al. The calculated formation energies suggest that Al doping results in stabilization of
partially lithiated states of NCM-523. On the other hand, calculated voltages indicate only a minor change in the voltage profiles as
a function of the state-of-charge due to Al doping, and a modest increase in the Li diffusion barrier was observed. We note that high
doping concentrations might mitigate the Li diffusion rates.
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In recent decades, rechargeable batteries have demonstrated
tremendous promise as alternate energy storage devices. In partic-
ular, Li-ion batteries (LIB) have revolutionized electronic devices,
ranging from portable electronics to electric vehicles (EVs), due to
their excellent power and energy density.! The bottleneck of LIB
in terms of capacity and performance is often considered to be the
nature of the positive electrodes (cathodes).'® Among the cathode
materials for LIB, layered transition metal (TM) oxides (LiTMO;,
TM = Ni, Co, Mn) are very promising candidates, and in particular
LiCoO,. However, in spite of the commercialization and wide use
of LiCoO, in portable LIB, it suffers from several drawbacks. Key
disadvantages include high cost and safety concerns associated with
cobalt.>® Other limitations of LiCoO, include low practical capacity
(140 mAhg~!) and oxygen loss on charge.”"'° Consequently, in a quest
to move beyond LiCoO,, a new class of mixed transition metal oxides
were designed, wherein Ni and Mn were introduced into the material
(i.e. Li[NiyCo,Mn,]O, or simply NCM).'""!> The Ni-rich variants of
these materials have emerged as the most promising low-cost and high
capacity alternatives to the already mature LiC00,.!%!3!4!! These Ni-
rich materials show improved performance; however, the capacities
and stabilities are still too low for practical commercialization for
EVs.12

Key hurdles in the commercialization of these materials for EV
applications are associated with oxygen release at high voltages and
cation migration, which leads to structural transformations.'>'% Re-
cently, it has been demonstrated that oxygen loss and cation migration
are concurrent events.'!7

To address these challenges, lattice doping of cations'® has been
adopted to improve the performance of these materials, and vari-
ous cations were explored.'®* A particularly promising dopant for
these materials is Al, although its effect is still not fully understood.
Early theoretical studies proposed that Al substitution in LiCoO,%
and NCMs?° could increase the intercalation potential, and these pre-
dictions were verified experimentally.?’ Various studies reported ben-
eficial effects of Al doping on LiCoO, and LiNiO, and NCMs.?-3
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To understand the stabilizing effect of Al doping in Ni-rich
electrode materials, Guilmard et al. studied Li,Nigg9Aly160, and
LiyNiy7Coq15Aly150,, and suggested AlI** migration to tetrahedral
sites as a possible mechanism for the suppression of layered-to-
spinel transformation.’3 Delmas and co-workers studied Al doped
NCM-424 (Li1,04Ni0,40C00A20,ZMn0A40A1Z02), and found that Al dOp-
ing reduces the reversible capacity, but significantly improves the
thermal stability of the electrode in the de-intercalated state.’® Al
doping in Li-rich-Mn-rich NCMs has also improved the thermal sta-
bilities of these materials.’” In a detailed theoretical study, Dianat
et al. studied the effect of Al doping on Li-Mn-Ni-O based cathode
materials.’® They reported that Al doping stabilizes the partially in-
tercalated states, but increases the Li-diffusion barriers. Park et al.
studied Al doping in LiNiO,, and they found improved cycling be-
havior at high temperatures due to Al-doping. They attributed the
stabilizing effect Al to the strong nature of Al-O bonds compared to
Ni-O bonds.*® In a recent study, Aurbach et al. demonstrated that Al
doped LiNij5C0p2Mng30, (NCM-523) possesses reduced capacity
fading, less aging in the charged state, and has a more stable mean
voltage behavior.>*

Although considerable research has been performed on Al doping
on different classes of materials, a sub-nanoscale level understanding
of the effect of Al doping in NCMs is still far from clear. Such in-
formation could provide valuable insights, facilitating rational design
of NCM-based superior cathode materials for LIB. In this study, we
adopt a computational approach to investigate the effect of Al doping
in NCM-523. To understand the effect of Al doping on NCM-523,
we compute voltage profiles, electronic structure, oxygen binding en-
ergies and Li-ion diffusion profiles using density functional theory
(DFT).

Computational methods.—DFT calculations were performed with
the Vienna ab-initio simulation package (VASP).**! The calcula-
tions employed the PBE exchange-correlation functional,*> which is
a generalized gradient approximation (GGA) method. In setting up
the calculations, we assumed a spin polarized antiferromagnetic spin
ordering. To represent the core electrons, plane-wave projector aug-
mented wave (PAW) pseudo-potentials were used.** The kinetic en-
ergy cutoff was chosen to be 520 eV. The relaxed lattice parameters
were computed using full spatial relaxation (both shape and volume
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Figure 1. The relaxed supercell of LiNig 45Co02Mng3Alp 0502, (a) side view of the supercell, (b) top view of the supercell showing the cation ordering. Li atoms

are shown as green spheres.

relaxation) without any constraints, and the supercell geometries were
considered minimized when the maximum force was found to be less
than 0.01 eV/A. All the calculations were performed on 5 x 4 super-
cells (60 formula units of the R-3m space group) of a a-NaFeO, type
structure. Due to the large supercells employed (240 atoms) and the
associated high computational cost, the calculations were performed
using a modest 2 x 2 x 1 k-point grid set, which was generated by
the Monkhorst-Pack scheme.** The values of the on-site coulomb
interaction (U) potential were selected based on previous studies on
a similar class of materials.**¢ Specifically, we used the U = 5.96,
5.00 and 5.10 eV for Ni, Co and Mn, respectively. Dispersion cor-
rections have been shown to be important in the prediction of lattice
parameters of layered cathode materials.*”*® In the current work, we
incorporated dispersion corrections using the DFT+D3 approach, as
implemented in the VASP code.*

In order to predict the preferred Al doping sites in the NCM-523
TM layers, we computed the substitution energies per Al atom as
follows:
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where E represents the total energies of corresponding systems.
For instance, Ep;, ¢ Nig.5:-3C00.2: Mng3; Al 05 O2: and Ey;, 2Nig.5;Cog.2;Mnp3; 02,
represent the total energy of Al doped (at Ni s1tes) and undoped
NCM-523, respectively. Our calculation models used the value of
z =60 (60 f.u. supercells).

The average intercalations potentials were computed assuming
chemical equilibrium during the Li de-intercalation reaction, using

the following equation:*"!

Erinem

V= { Eri, g.Nem —

— Eiy. 4
dx Lbu} []

where Ey; ., nvew and Ep; ney represent the total energy (per formula
unit) of the system before and after lithium extraction.

To account for oxygen evolution, we compute the oxygen bind-
ing energies (BE) using the PBE method. Specifically, the oxygen
binding energy for NCM-523 is computed using following equation:

BE, = {ELi,Niys.Copp,Mno302:_, T %Eoz} — {ELi.Nigs, Copn: Mno ;0. }

(51
where ELizNio.ssz’o.ZzM'lo.sz02: ’ELizNio.szC!?o.z;Mno.sz02;71and E02 repre-
sent the total energies of NCM-523, NCM-523 with one oxygen va-
cancy, and gaseous O,, respectively.

Li-ion diffusion was investigated using the nudged elastic band
(NEB)*> method. In these calculations, the plane wave kinetic en-
ergy cutoff was set to 400 eV to reduce the computational cost. During
the NEB calculations, the supercell lattice parameters were fixed to
those obtained using PBE+U, but the on-site coulomb interaction U
was not used for NEB calculations, as PBE+U method could results
in mixing of the diffusion barrier with charge transfer barriers.’* NEB
calculations were performed in the fully intercalated limit. We note
the dispersion corrections become important only in the low lithiation
regime; therefore, dispersion corrections were not deemed essential
and not included in these calculations.

Results and Discussion

Crystal structure of Al doped NCM-523.—Previous studies have
shown that the lithiated mixed-TM based layered metal oxide materi-
als exhibit limited in-plane ordering of TMs.>>">’ Various studies have
confirmed (,/3x./3)R30 type of ordering in these materials.”>’ In a
recent study, we obtained low-energy cationic ordering of NCM-523
using a multi-scale approach,*’” and for the current investigation of
Al doped NCM-523, we adopted the cationic ordering of NCM-523
from our previous study.*” One Ni ion was substituted with an Al ion
in each layer (three ions in the supercell), resulting in the stoichio-
metric formula LiNig45Coo,Mng3Alj0sO,. All possible doping sites
were studied at the DFT level of theory and the energetically most
favorable structure of Al-doped NCM-523 (at Ni site) is presented in
Fig. 1.

To elucidate the preferred substitution site for Al, we computed
the substitution energy (Equs) for Al-doping at all possible Ni, Co
and Mn sites using the PBE functional. The most favorable structures
were employed for the substitution energy calculation. The computed
substitution energies (Fig. 2) suggest that Al doping is most preferred
at Ni sites, followed by Co sites and least favorable at Mn sites.
However, the substitution energies are found to be negative for all
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Figure 2. Calculated substitution energies for Al doping at metal (Ni, Co,
Mn) sites in NCM-523.

TMs, suggesting that Al-doping might be possible at all TM sites.
These findings are in agreement with our previous study, although
the magnitudes of the substitution energies were found to be lower
in the current case due different reference states for the transition
metals (ground-state metal oxides were taken as the reference state as
opposed to the bulk metals in our previous study).*

Fig. 3 highlights the calculated lattice parameters of metal-doped
NCM-523. We obtain reasonable agreement between the calculated (a
=2.89, c = 14.29) and experimental (a = 2.86, ¢ = 14.23) parameters
for the pristine state (x = 1) using the PBE functional.”* However,
for the fully de-intercalated state, the c lattice parameters are found to
be higher than expected.?**” This increase was recently attributed to
deficiency of the dispersion treatment in PBE, which becomes signif-
icant in the low intercalated limit.* As seen in our previous studies
on NCM-523 and NCM-622, the inclusion of dispersion corrections
results in an expected drop in the ¢ lattice parameters at low lithia-
tion (Fig. 3).47%8 These results emphasize the importance of adding
dispersion corrections in the structural study of layered NCMs at low
lithiation levels.

Electronic structure of undoped and Al-doped materials.—Fig. 4
presents the density of states (DOS) computed with both PBE and
PBE+U methods. Interestingly, the DOS using the PBE4U method
with the U values adopted from single TM oxides (Figure 4b) sug-
gests a large contribution of oxygen ions near the Fermi level, while
the TM d-states are shifted to energies significantly below the Fermi
level. Such positioning of TM-d and oxygen-p states is at odds with
the electrochemical activity ascribed to TM redox. On the other hand
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Figure 3. Calculated ¢ lattice parameters (A) of Al doped NCM-523 as a
function of state of charge.
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Figure 4. Density of states for LiNip45C002Mng3AlppsO2 using (a)
PBE (b) PBE+U. (c) Single ion projected density of states for
LiNi0,45C00,2Mn0,3A10‘05 02 using PBE.

PBE predicts that the d-states of the TM are located near the Fermi
level (Figs. 4b, 4c). The electronic structure computed by the PBE
functional explains the electrochemical activity due to cationic re-
dox of NCM-523, and is in agreement with the suggested electronic
structure for this class of materials.>® In spite of the known self-
interaction error of the PBE method, it often predicts an electronic
structure of NCMs in good agreement with experiments®! (i.e. rela-
tive positions of the TM d- and oxygen p-states). Additionally, PBE
accurately predicts voltage trends,*”%>-% defect formation energies®
and TM layer stacking sequences®’ of layered TM oxide materials.
Adding a Hubbard correction parameter (i.e. PBE+U) corrects self-
interaction errors in the functional, and hence one might expect to get
a correct description of oxides and lithiated layered oxides. However,
the magnitude of the optimal U parameter depends on the electron
correlation in the material being studied, and this electron correlation
changes as a function of lithiation (i.e. TM oxidation state) of layered
TM oxides.**% For instance, for LiCoO, the U value which gives cor-
rect electronic structure (U~2.9) could not predict the correct average
voltages. Indeed, to accurately predict the average voltage a higher U
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Figure 5. Projected and integrated COHP using PBE for (a) AI>*-O bonds spin-up (b) AI**-O bonds spin-down (c) Ni>*-O bonds spin-up (d) Ni**-O bonds
spin-down (e, f) Mn**-O bonds in Al doped NCM-523. Projected and integrated COHP Zr**-O bonds in Zr-doped NCM-523 for (g) spin-up (h) spin-down.

value is often selected (U = 4.9).7%7! Therefore, further analysis was
done with the PBE method only.

The formal oxidation states of transition metals are often esti-
mated based on the calculated magnetic moments and projected DOS
(PDOS). The PDOS (Fig. 4) suggests that Ni ions have two dis-
tinct electronic configurations, corresponding to t,®e,> and %,
Inspection of both the magnetic moments and PDOS suggest that in
the pristine state of Al-doped NCM-523 Ni exists in both +2 and +3
formal oxidation states, similar to what observed for NCM-523%" and
NCM-62238. For the Co-ions, we predict a +3 valence state with the
electronic configuration of tzgﬁeg0 based on the PDOS and the absence
of a magnetic moment. A +4 valence state for the Mn ions (t2g3eg0)
is suggested by the magnetic moments (>2B) and spin-singly occu-
pation of the t, states. We note that minute Al-doping (5%) does not
change the electronic structure significantly.

Stabilizing effect of AL—To address the intriguing stabilizing ef-
fect of low Al-doping, we investigated the Bader charges,”® crystal
orbital Hamilton populations (COHP),” and oxygen binding ener-
gies. For comparison, we also considered high charge (Zr**) dopants
in NCM-523, in addition to AI’*. The absolute average Bader charge
on oxygen (Table I) in the dopant octahedra (MOg; M = Ni, Al, Zr) fol-

lows the order: undoped NCM-523 < Al-doped NCM-523 < Zr-doped
NCM-523. Interestingly, Al with a +3 formal charge transfers a sim-
ilar amount of charge as Zr**. These results suggest that Al effec-
tively transfers its electrons to the oxygen, thereby increasing the
absolute oxygen charge. Previously, it was suggested that a higher ab-
solute oxygen charge results in greater oxygen binding energy.*® Our

Table I. The calculated Bader charges in metal doped NCM-523
using PBE method.

Average charge Charge on Oxygen binding

System on oxygen (e)*  dopant (e) energy (eV)
Undoped —1.12 1.19 (Ni) 2.61
NCM-523

Al-doped —1.30 2.46 347
NCM-523

Zr-doped —1.37 249 3.78
NCM-523

2 Averaged over dopant octahedra.
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Figure 6. Calculated formation energies of Al doped and undoped NCM-523
using the PBE method.

calculated oxygen binding energies further verifies this finding (Table
D).

COHP is very useful in understanding chemical bonding in solids.
Fig. 5 shows the bond-projected COHP (pCOHP) for M-O bonds in
Al-doped NCM-523 (Zr-O in Zr-doped NCM-523). Inspection of the
Al-O pCOHP shows a high integrated COHP (ICOHP) of -2.5/bond;
this suggests strong Al-O bonding, and is likely due to Al(s)-O(p)
hybridization. We note that such a strong overlap was not found for
other metals. A significant charge transfer with considerable orbital
overlap suggests an iono-covalent nature of the Al-O bond.”*"

The inspection of the ICOHP for the various dopants suggest that
the order of bonding overlap is AP*-O > Zr**-O > Mn**-O >
Ni*2-0. In conclusion, we find high oxygen binding energy and high
ICOHP, which both point to strong Al-O bonding. Such strong iono-
covalent Al-O bonds could effectively stabilize the NCM lattice as a
result of doping.

Effect of Al doping on electrochemical stability.—One of the
crucial factors in determining the performance of a battery is electro-
chemical stability. The instability of partially delithiated states result
in deleterious capacity fading. During Li de-intercalation, the oxida-
tion states of transition metals change, which often lead to structural
instability. Thermodynamic characterization of the stability of par-
tially delithiated states is given by the formation energy (Ey):

E; = E (LixMO,) — xE (LiMnO») — (1 — x) E (MO») [6]

E(LixMO,), EMMO,) and E(LiMO,) are the total energies of par-
tially delithated, fully delithated and fully lithated states, respectively.

The formation energy of the partially delithiated states (Fig. 6)
provides the relative stability of a given state with respect to the
phase-separated states. Negative formation energy suggests a solid
solution behavior whereas positive formation energy suggests a phase
separation. Fig. 6 presents the formation energy of Al-doped and
undoped NCM-523. Interestingly, the absolute formation energies of
the Al doped material are greater than that of the undoped material,
suggesting that Al doping stabilizes the partially delithiated state. We
also note that both Al-doped and undoped materials have negative
formation energies during the course of delithaition. These findings
are in line with the recent theoretical study by Dianat et al. on Li-
Ni-Mn-O based materials.*® Our results are also in accordance with
our previous experimental work, which shows smooth voltage profiles
(solid solution) for both Al-doped and undoped NCM-523, suggesting
solid solution behavior.?*

Effect of Al doping on de-intercalation voltage profiles.—One
of the primary properties of cathode materials is voltage. Therefore,
the effect of dopant on the voltages is crucial. The computed voltage
profiles (Fig. 7) for Al-doped NCM-523 using PBE (up shifted) and
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Figure 7. Calculated voltage profiles for Al-doped NCM-523 at different
delithiation levels. The calculated voltages obtained using PBE and PBE+D3
were rigidly shifted up by 0.9 eV and 0.6 eV, respectively. The experimental
voltage profile of NCM-523 are taken from Ref. 77. To plot the experimen-
tal profile a specific capacity of 250 mA h g~! was considered in the fully
delithiated state. y = 0 for un-doped NCM-523 and y = 0.05 for Al-doped
NCM-523.

the PBE+D?3 (up shifted) is found to be similar to the experimental
and computed voltage profiles of undoped NCM-523.%7 These results
are also in agreement with our recent experimental study on Al doped
NCM-523, which demonstrated similar voltage profiles for undoped
and Al doped NCM-523.2* As noted recently, the PBE-+U method is
not able to reproduce the voltage profiles of NCMs. 74276 The inability
of the PBE+U method (with U values of lithiated single TM oxides)
to predict voltage profiles could be due several factors, such as change
in electron correlation of NCMs as a function of Li de-intercalation,
as mentioned above (i.e. different U values are needed for different
states of charge because of change in the formal oxidation states of
TMs).*” It is noteworthy that investigation of the transferability of the
U values of single-TM oxides to the multi-TM oxides (e.g. NCM) at
different states of charge, might be necessary for the application of
GGA+U in voltage profile calculations. Interestingly, we note that the
calculated voltages of the undoped materials are slightly higher than
that of the undoped material. This finding is also in line with previous
experimental data.”*

Effect of Al doping on Li diffusion.—Fast Li-ion diffusion is an
important requirement for high power density LIB cathode materials.
Sluggish Li diffusion kinetics results in loss of LIB power density and
often leads to undesired phase transitions. In layered cathode materials
two main mechanisms for Li diffusion have been proposed.”® These
mechanisms are dubbed oxygen dumbbell hops (ODH) and tetrahedral
site hops (TSH), based on the type of transition state (TS) involved.”®
Near the fully lithiated limit, Li diffusion occurs primarily via an ODH
pathway.”” To understand the effect of Al-doping on Li diffusion, we
investigate the Li hopping mechanism from one Li octahedral site to
another vacant Li octahedral site, via an ODH pathway. To compute
the Li diffusion profile we created a single Li vacancy (i.e. fully
lithiated limit), and the Li diffusion from the neighboring octahedral
site was investigated using the ODH pathway.

The calculated Li diffusion barrier (Fig. 8) near the Al-doped site
in doped NCM-523 (0.63 eV) is found to be significantly higher than
that of undoped NCM-523 (0.50 eV). This is possibly due to greater
repulsive interactions between Li*-AI** ions at the TS of Li diffusion
in the Al-doped material relative to the undoped material (Li*-Ni**
repulsion). These results suggest that a large amount of Al-doping
might mitigate Li diffusion. Since the ‘c’ lattice parameter was not
found to be altered significantly, the increase in Li-diffusion barrier
on doping is expected to be a local effect. Indeed, we find that Li-
diffusion barrier in the vicinity of the second-nearest neighboring TM
(Ni, 0.53 eV) was found to be only slightly higher than that of the
undoped material. Therefore, we suggest that the net Li diffusion rates
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Figure 8. Li diffusion profile for undoped and Al-doped NCM-523 using
PBE. (a) The NEB energy profiles, (b) top view of ODH path, (c) side view
of ODH path. Color code for spheres: green-Li atoms, grey-Ni atoms, violet-
Mn atoms, red-oxygen atoms. Orange spheres indicate NEB images for the
Li atoms. For the sake of clarity, only the Li-migration part of the system is
shown. Diffusion coordinate is given in angstrom.

in minutely Al-doped materials might be similar to that of the undoped
material.

Conclusions

In this work, we studied the effect Al-doping in NCM-523 on a
range of properties relevant to electrochemistry using first principle
DFT calculations. Our results suggest that the stabilizing effect of Al
is mainly due to strong Al-O iono-covalent bonding via Al(s)-O(p)
overlap with a high degree of charge transfer from Al to oxygen.
These strong Al-O bonds might provide stability in partially delithi-
ated cathode states. Calculations of formation energies also indicated
greater stabilization of partially lithiated states on Al doping. Further-
more, only a slight increase in the voltage profiles was observed on Al
doping. Inspection of ion-diffusion profiles, suggests that Al-doping
increases the Li diffusion barrier primarily near the dopant site. How-
ever, this effect is less pronounced for Li-diffusion further removed
from the site of doping, suggesting that low doping levels (5 atomic
percent) are unlikely to affect bulk Li-diffusion properties. Our find-
ings on Al doping in NCM-523 could be general for other positive
electrode materials.
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