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Abstract

Compositional tuning of nanoscale complex metal oxides (CMOs) can lead to enhaced per-

formance and favorable properties for a variety of energy related applications. However, inves-

tigations of the nanoscale CMOs used in energy storage technologies demonstrate that these

nanomaterials may have an adverse biological impact, highlighting a fundamental knowledge

gap between nanomaterial design and the structure and properties at the end of life. CMO nano-

materials can enter the environment due to improper disposal, where they undergo subsequent

(as of yet poorly understood) nanoscale transformations that may affect biological response

and ultimately, environmental fate. This points to the need for studies at the nano-bio interface

that can be used to shape rules for the redesign of CMOs: materials that are are potentially

more benign by design and serve as examples of sustainable nanotechnology. The example

given here is to enrich lithium nickel manganese cobalt oxide, Lix(NiyMnzCo1−y−z)O2 (NMC)

with Mn to create a family of materials that are less expensive and potentially less toxic to

a wide range of organisms. In this manuscript, we investigate the structure and electronic

states of Mn-rich NMC at the density functional theory (DFT) level to elucidate the interplay

of redox properties, oxidation state, and coordination environment of a compositionally-tuned

CMO. We find that the oxidation states of Ni and Co remain mostly unaffected while Mn ex-

ists as both Mn2+ and Mn4+. Our models show that the ratio of Mn2+ and Mn4+ varies with

changes in the coordination environment, such as the identity of neighboring atoms and sur-

face OH group coverage. The surface metal release properties of Mn-rich NMC compositions

are predicted using a DFT + solvent ion model, and show that Mn-rich NMC compositions are

inherently more prone to dissolution than NMC, and that this is attributed to the changes in

oxidation state of the transition metals in Mn-rich NMC.
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Introduction

The rapid rise in renewable energy is leading to increased use of complex metal oxides (CMOs)

in large quantities, with current manufacturing capacities estimated to be at least 100,000 metric

tons/year.1,2 While in many cases these materials are being used as nanomaterials, mechanical

stresses during use lead to pulverization and subsequent formation of nanoparticles from bulk ma-

terials.3 In particular, the intercalation materials in lithium ion batteries (LIBs) are CMOs that con-

tain potentially toxic transition metals,4–7 leading to questions about how to re-design nanoscale

materials to reduce adverse biological impact. Recently it has been argued that the environmen-

tal impact of engineered nanomaterials is small.8 However, others have argued that the statistical

methods and analysis in that work were flawed.9 In either case it is important to recognize that

these and other studies10–13 have generally focused attention on a small subset of relatively simple

binary metal oxides, such as TiO2 and SiO2, that are inherently chemically stable. In contrast, the

recent increases in LIB use have now made worldwide manufacturing of CMO materials such as

Li(NixMnyCo1−x−y)O2 (NMC) comparable to or even greater than the nanomaterials considered in

Refs.,10–13 with projected Co manufacturing estimates of up to 150,000-300,000 metric tons/year

through 2025.2 It has been shown that multi-valent mixed transition metal oxides can be tuned

to obtain desirable properties in a CMO, but what is not yet clear is how compositional tuning

will affect the interplay of redox properties, oxidation state and coordination environment in bulk

CMOs, let alone the surface.14,15

Since NMC materials contain transition metals with known toxicity4,6,7,16 but have poorly

understood chemical transformations, there remains a mandate to understand the factors that influ-

ence metal release and to identify factors that can mitigate the potentially adverse risks associated

with unintentional release into the environment.17 In prior studies, we have shown that NMC trans-

formed incongruently; releasing Li, Ni and Co to aqueous media, leaving behind a Mn-rich shell.

It was also shown that the released Ni and Co ions inducing toxicity in Shewanella oneidensis

MR-1 and Daphnia magna.4,7,16 Billy and co-workers reported a similar incongruent metal re-

lease from NMC in highly acidic solutions, and proposed a mechanism based on experimental
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observations.18 These previous studies suggest that Mn-enriched particles have greater stability

in aqueous environments, and that a more complete mechanistic understanding of the transforma-

tions of CMOs remains lacking. Recent reviews identify the need for exploration and design of

new CMO with lower cost and increased sustainability. Mn is a redox active TM that is cheaper

than Co, more Earth abundant, and environmentally friendly, side-stepping concerns about cost,

scarcity, and adverse biological impact.14,15,19

Using first-principles to assess how the surface of a CMO behaves for a wide range of tun-

able conditions will allow for insights into energy storage/production technologies such as oxygen

reduction/evolution catalysts, electrochemical capacitors, and fuel cells, potentially leading to in-

creased efficiencies and different operating regimes beyond current CMO capabilities.14 Moreover,

the results of these analyses could be used to form sustainable design principles for tunable CMO

materials such as spinels, pyrochlores, and perovskites with rich, complex chemistries,15,20,21 and

be used to control the interactions and transformations underlying the adverse biological impact

of CMOs.22–24 Recently, a new approach has emerged to calculate the thermodynamics associated

with metal release from complex oxide materials. The DFT + solvent ion model25 was used to un-

derstand the surface transformations that may take place, over a wide range of tunable conditions

for LiCoO2 (LCO)26 and the related NMC27 material. In these studies, metal release thermody-

namics was approximated as the initial stage of material dissolution. The quantity of interest in

these studies was the free energy of release of surface metal species, referred to as dissolution,

∆Gdiss. ∆Gdiss was computed using a piecewise approach that combined DFT total energies (∆G1)

with tabulated values of G0
SHE and experimentally controllable parameters (∆G2). This thermody-

namic approach demonstrated that in aqueous environments, Li and H will exchange at the surface,

and that surface metal release was most likely OH mediated. The experimentally observed trend in

metal release, as interpreted from ICP measurements,4,16 is that Li > Ni > Co > Mn, which agreed

with the empirical trend obtained with the DFT + solvent ion values for ∆Gdiss. All together, the

agreement between theory and experiment, along with physical insights provided by the DFT +

solvent ion model offers a platform for understanding the mechanisms of CMO transformations
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and using this information to create and test new materials design rules.

Here we use first-principles DFT and thermodynamics to explain the observed metal release

trends in Mn-rich NMC through an analysis of the surface coverage, coordination environment, and

electronic structure. We model Mn-rich NMC compositions of chemical formula Lix(Ni0.22Mn0.56Co0.22)O2

and Lix(Ni0.11Mn0.78Co0.11)O2, and calculate values of ∆Gdiss to compare with previous results ob-

tained from modeling Lix(Ni0.33Mn0.33Co0.33)O2.27 We find that the local environment, in terms

of neighboring transition metals, surrounding pH, and surface terminations will change the redox

properties of the surface transition metals, which will affect the release of transition metals from

Mn-rich NMC surfaces. Our results, for a wide range of compositions and chemical environments,

can also be used as input parameters for improved environmental fate and toxicity models28,29 and

as a guide for the redesign of CMOs with tunable redox properties.

Materials and Methods

Periodic DFT calculations30,31 of Mn-rich NMC surface structures are employed using Quantum

Espresso, an open source software package.32 All atoms are represented using ultrasoft GBRV-type

pseudopotentials,33,34 and all calculations use a plane-wave cutoff of 40 Ry for the wavefunction

and 320 Ry for the charge density. All atoms are allowed to relax during structural optimiza-

tions, and the convergence criteria for self-consistent relaxations was a maximum residual force of

5 meV/Å per atom. Calculations are performed at the GGA level35 using the PBE-GGA exchange

correlation functional. A comparison of cation release using GGA and GGA+U methodology

is presented in the Supplemental Materials of Ref.;27 we found that the addition of Hubbard U

(above ≈ 2 eV) to each of the transition metals in NMC resulted in non-linear behavior in ∆G1.

This changed the trend in release from Ni > Co > Mn to Co > Ni > Mn, which is why GGA + U

methodology is not employed in the current study.

Prior experimental work described the as-synthesized NMC nanosheets as having at least seven

O-TM-O layers,4 which would be computationally expensive for the supercell compositions that
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Figure 1: Shown here for the Mn-rich NMC supercell NMC-171-A are the a) side view and b) top
down view of an H-terminated surface slab, with both crystallographic axes and inversion center
(i, side view) labeled. In the bottom right hand corner, truncated versions of the c) Li-terminated
and d) H-terminated surface layer are depicted to illustrate differences in preferred location. Li is
depicted as gray, H is white, and O is red. The transition metals in the subsurface layer are depicted
as follows: Ni is dark blue, Mn is magenta, and Co is cyan.

we are investigating. Therefore, the Mn-rich NMC surface slabs used here include four total tran-

sition metal oxide layers (O-T M-O), like the NMC surfaces in Ref.,27 of which the two interior

and two exterior layers are related by inversion symmetry, as has been shown to be a best prac-

tice.36 Top and side views of supercell surface slabs are shown in Figure 1. The surfaces are a

[
√

3×
√

3]R30o rotated modification of the LCO unit cell and both side and top down views of a

representative Mn-rich NMC supercell surface slab are shown in Figure 1. Highlighted in Figures 1

for (c) Li and (d) H-terminated surfaces are the differences between the two surface terminations.

Li is above a 3-fold hollow site and H is above an O, forming an OH bond. Each supercell surface

slab has in-plane dimensions of 3
√

3a ×
√

3a (where a=2.883 Å), and at least 15 Å of vacuum

between surface slabs. This yields total cell dimensions of 14.981Å × 4.994Å × 41.048Å. Sur-

face relaxations use a 2×6×1 k-point grid,37 which converges the energy sampling to within 10

meV per formula unit. Since each Mn-rich NMC layer has 9 total transition metal (T M) sites,
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removal of 1 T M from a surface results in a surface vacancy density of 1/9 or 11.11%. This is kept

constant for all calculations. The two compositionally-tuned slabs are labeled 171 and 252, where

171 refers to transition metal compositions of Ni1/9Mn7/9Co1/9 (11%Ni-78%Mn-11%Co) and 252

refers to transition metal compositions of Ni2/9Mn5/9Co2/9 (22%Ni-56%Mn-22%Co), close to the

stoichiometries of the synthesized materials discussed in Ref.6

We investigate three distinct cation arrangements for the 171 and 252 compositions, labeled A,

B, and C. These surfaces form a representative set in which the oxidation state and coordination

environment (via atomistic interactions such as neighboring atoms and surface terminations) can

be compared. Each T M removed will have a subscript with the number of Mn nearest neighbors

and a superscript with the number of Ni and/or Co nearest neighbors. For example, removing the

Ni from 171-B with 2 Co and 4 Mn neighbors (Depicted in Figure 2b) would be referred to as

removing 171-B-Ni2Co
4Mn, and differentiable from removing a Ni from 252-C with 1 Co and 5 Mn

neighbors (depicted in Figure 3c) which would be referred to as removing 252-C-Ni1Co
5Mn. It should

be clarified that not every T M is removed from each surface, but a representative set to map out

the breadth of T M release from Mn-rich NMC as the first step in material dissolution.

The perfectly alternating Ni1/3Mn7/3Co1/3 (33%Ni-33%Mn-33%Co) composition, referred to

as 333, contains Ni with 3 Mn and 3 Co nearest neighbors (333-Ni3Co
3Mn), Co with 3 Mn and 3 Ni

nearest neighbors(333-Co3Ni
3Mn), and Mn with 3 Co and 3 Ni nearest neighbors (333-Ni3Co−3Ni

0Mn ). In

all DFT surface calculations, Ni and Co atoms are initialized spin-down and spin-up, respectively.

To maximize antiferromagnetic spin coupling, for 171-NMC, of the seven Mn, four are initialized

spin-up and 3 are initialized spin-down, and for 252-NMC, of the five Mn, three are initialized

spin-up and two are initialized spin-down.

Here we model surface metal release (as the initial step of dissolution) by removing a transition

metal, O, and H from the surface. We assume that the removal of any M-OH species results in a

delocalization of electrons, since operation of Li-ion batteries relies upon the oxidation/reduction

response of redox active T M in the cathode. To compute the change in free energy of metal

dissolution, ∆Gdiss, a DFT + solvent ion method25,38 based on Hess’s Law is employed. In the
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DFT + solvent ion method, ∆Gdiss is partitioned between the computed energies of the reactants and

products (used in ∆G1) and experimental data (used in ∆G2). Zero-point energy (ZPE) correction

terms are added to the DFT total energies of NMC slabs to obtain ∆G1 = Eproducts - Ereactants + ZPE,

as described in Ref.27 and in the style on Ref.25 The total energies of M, O, and H released from

the surface are for the atoms in their standard state, which implies that ∆G1 can be used as a term

that gauges relative lattice stability for the removal of an isolated T M-OH unit per surface slab.

The second model term, ∆G2, is based on the Nernst equation. ∆G2= ∆G0
SHE - neeUSHE -

2.303nH+kT pH + kT ln a(HxAOz−
y ), where ∆G0

SHE is the change in free energy of the aqueous

cation/anion relative to the standard state, referenced to the standard hydrogen electrode (SHE).

eUSHE is the applied potential, relative to the SHE, and HxAOz−
y are the concentrations of the

released aqueous ions. Here we assume that no external potential is applied (eUSHE=0) and that

ion concentrations are 1×10−6M, an order of magnitude in line with measurements of released

cations reported in experiment.4,6 ne and nH+ are the number of electrons and protons involved in

the chemical reactions required for surface release. They are zero for the Li1+, Ni2+, Mn2+, and

Co2+ aqueous species in the pH region of 1 to 9 investigated here.

Values of ∆G0
SHE are obtained from Ref.39 and are tabulated in units of eV in Section S1 of the

supplemental materials. At conditions of eUSHE = 0 and a = 1×10−6M, DFT-calculable Pourbaix

diagrams40 show that Ni2+
(aq) (∆G0

SHE = -0.472 eV) will be the preferred aqueous cation of Ni until≈

pH 9.5 when NiO(s) will precipitate, Mn2+
(aq) (∆G0

SHE = -2.363 eV) will be dominant until ≈ pH 10,

when Mn2O3(s) or Mn3O4(s) will precipitate, and Co2+
(aq) (∆G0

SHE = -0.563 eV) will be dominant

until pH 7, where Co2+
aq reacts further with H2O to produce HCoO−1

2(aq) (∆G0
SHE = -4.223 eV),

which becomes the preferred aqueous ion of Co. In the pH region investigated here (pH 1 to 9),

the dramatic change in Co speciation, Co2+
(aq) vs. HCoO−1

2(aq), will be present as a discontinuity at

pH 7.

It is clear from the ∆GO
SHE values that the speciation of the metals after release depends on

identity and conditions, the former which we infer from Pourbaix diagrams and the latter which

can be parametrically tuned in the calculation of ∆G2. It is important to emphasize that the hydrated
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metal species are not being calculated using DFT, and are instead captured entirely in ∆G2. One

of the main objectives of this work is to investigate the release of Mn-rich NMC materials for

a range of environmentally relevant conditions. Choosing a wide pH range allows for release

comparisons of the divalent T M cation species Ni2+, Mn2+, Co2+ in environments as diverse as

acid-mine runoff, water wells, and lakes and streams. Example calculations of ∆Gdiss from 333-

NMC are presented in Section S1 of the Supplemental Materials of Ref27 and Section S1 of the

supplemental materials of the present work.

Results and Discussion

171 and 252 Surface Models

For the 171-NMC (11% Ni-78% Mn-11% Co) compositions depicted in Figure 2, the arrangement

of neighbors in the supercell slabs allows for control of the distance between Ni and Co. These

slabs can be used to determine how the local environment of an isolated T M can influence the

release of each species and how changes in coordination affect both the oxidation state and the

electronic band structure for all T M species.

For surfaces A-C, the distance between Ni and Co is let increase by at least 2.00 Å. As shown in

the top views of Figure 2, 171-A has a repeat unit of Mn-Ni-Co-Mn-Mn-Mn-Mn-Mn-Mn (where

Ni and Co are nearest neighbors), and Ni and Co are separated by 2.96 Å. This is in close agreement

to the DFT-relaxed lattice constants of both bulk LCO (2.85 Å)26 and NMC (2.88 Å).27 171-B has

a repeat unit of Mn-Ni-Mn-Co-Mn-Mn-Mn-Mn-Mn (where Ni and Co are next-nearest neighbors,

separated by one Mn, or 5.00 Å apart), and 171-C has a repeat unit of Mn-Ni-Mn-Mn-Co-Mn-Mn-

Mn-Mn (where Ni and Co are separated by two Mn, or 7.59 Å apart). These arrangements allow

for a comparison of ∆Gdiss of Ni and Co between surfaces, and Mn from the same surface. For

example, the release of a Ni with 4 Mn and 2 Co neighbors (171-A-Ni2Co
4Mn) can be compared to

that of a Ni with 6 Mn and 0 Co neighbors (171-C-Ni0Co
6Mn) in different surfaces, and the release of

the Mn with 3 Mn, 2 Ni, and 1 Co neighbors (171-A-Mn2Ni−1Co
3Mn ) can be compared to that of a Mn
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(a) 171-A (b) 171-B

(c) 171-C

Figure 2: Top-down views of the 171 Mn-rich NMC surfaces, where the distance between Ni
(dark blue) and Co (cyan) octahedra is systematically adjusted from a) nearest neighbor, to b) next
nearest neighbor, separated by one Mn (magenta) neighbor, and finally c) Ni and Co separated by
two Mn.

with 6 Mn and no Ni or Co neighbors (171-A-Mn0Ni−0Co
6Mn ) in the same surface.

Depicted in Figure 3 are the top views of the 252 Mn-rich NMC supercell surface slabs, of

composition 22% Ni-56% Mn-22%Co. 252-A has a repeat unit of Mn-Ni-Co-Mn-Ni-Mn-Mn-Mn-

Co, 252-B has a repeat unit of Mn-Ni-Mn-Mn-Co-Ni-Mn-Mn-Co, and 252-C has a repeat unit of

Mn-Ni-Co-Mn-Mn-Co-Mn-Ni-Mn. The design of these supercell slabs allow for comparisons of

T M that have atomic arrangements similar to 333-NMC than 171-NMC, but in a different extended

chemical environment. For example, removing 252-A-Co3Ni
3Mn should yield a ∆Gdiss more similar to

333-Co3Ni
3Mn, than either 252-B-Co2Ni

4Mn or 252-C-Co2Ni
4Mn, which themselves should behave similarly.

As mentioned in the Introduction and Materials and Methods, prior studies have demonstrated

that CMO surfaces in contact with aqueous media will undergo Li-H exchange to become H-

covered. This results in an OH functional group termination on the CMO surface. In this work,

surface coverages to compare ∆Gdiss will be either 1/3 or 2/3 OH-terminated,26,27 and top down

views showing the different coordination environments are depicted in Figure 1.
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(a) 252-A (b) 252-B

(c) 252-C

Figure 3: Top views of 252 NMC compositions. Same color scheme as Figure 1.

Metal Release From Mn-rich NMC

The initial reference structure for each of the 171 and 252 surface metal release calculations will

be a 1/2 Li-terminated surface. Since 1/2 Li-terminated surfaces cannot be created with a 3
√

3a ×
√

3a surface slab, the average total energy of a 1/3 and 2/3 Li-terminated surface will be used to

compute ∆Gdiss in each case. Inspection of Figure 4 shows that ∆Gdiss of Ni (a), Co (b), and Mn (c)

is dependent on composition and surface termination. The slope of 1/3 H surface coverage (dot-

dashed lines) is less than 2/3 H surface coverage (solid lines), indicating that NMC surfaces with

less H will be more stable at higher pH than NMC surfaces with more H. The magnitude of ∆Gdiss

from NMC-171 is similar for Ni, Co, and Mn for all pH below 7, and then switches to Ni > Co >

Mn. The difference in ∆Gdiss between 171 and 252 compositions increases in the following order:

Ni < Co < Mn. Ni release is the least sensitive to changes in composition and surface termination,

while Mn is the most sensitive. This is opposite the trend observed in NMC-333, demonstrating

that trends in metal release are highly dependent upon coordination environment.

There are general trends present in the ∆Gdiss values in Table 1. As Mn content is increased

relative to Ni and Co, the DFT + solvent ion model predicts surface metal release to be more
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Table 1: ∆Gdiss of Ni, Co, and Mn from NMC surfaces with 1/3 H coverage for pH 3, 5, 7, and 9.
Entries are ordered by compositions 171, 252, and 333 and the number of Mn nearest neighbors.

cation ∆G ∆G ∆G ∆G
pH 3 pH 5 pH 7 pH 9
(eV) (eV) (eV) (eV)

171-B-Ni0Co
6Mn -6.43 -5.95 -5.48 -5.01

171-C-Ni0Co
6Mn -6.33 -5.86 -5.39 -4.92

171-A-Ni2Co
4Mn -6.01 -5.54 -5.06 -4.59

252-C-Ni1Co
5Mn -5.46 -4.63 -3.81 -2.98

252-B-Ni1Co
5Mn -5.18 -4.71 -4.24 -3.77

252-A-Ni1Co
5Mn -4.98 -4.51 -4.04 -3.57

252-B-Ni2Co
4Mn -5.52 -5.05 -4.58 -4.10

252-C-Ni2Co
4Mn -4.93 -4.46 -3.99 -3.52

333-A-Ni3Co
3Mn -2.81 -2.34 -1.87 -1.39

171-B-Co0Ni
6Mn -6.10 -5.63 -5.15 -9.94

171-C-Co0Ni
6Mn -5.97 -5.50 -5.03 -9.81

171-A-Co2Ni
4Mn -5.31 -4.83 -4.36 -9.15

252-B-Co1Ni
5Mn -4.23 -3.77 -3.29 -8.07

252-C-Co1Ni
5Mn -4.28 -3.81 -3.34 -8.12

252-B-Co2Ni
4Mn -4.98 -4.51 -4.04 -8.82

252-C-Co2Ni
4Mn -4.75 -4.28 -3.80 -8.59

252-A-Co3Ni
3Mn -3.86 -3.39 -2.92 -7.70

333-A-Co3Ni
3Mn -2.09 -1.62 -1.15 -5.93

171-B-Mn0Ni−0Co
6Mn -5.11 -4.64 -4.17 -3.70

171-A-Mn0Ni−1Co
5Mn -5.56 -5.09 -4.62 -4.14

171-B-Mn1Ni−0Co
5Mn -6.59 -6.12 -5.64 -5.17

171-C-Mn1Ni−1Co
4Mn -5.51 -5.04 -4.57 -4.09

171-A-Mn1Ni−2Co
3Mn -6.27 -5.80 -5.33 -4.86

252-B-Mn2Ni−2Co
2Mn -4.15 -3.68 -3.20 -2.73

252-A-Mn2Ni−3Co
1Mn -3.92 -3.45 -2.98 -2.50

252-C-Mn3Ni−1Co
2Mn -3.61 -3.13 -2.66 -2.18

333-A-Mn3Ni−3Co
0Mn -1.28 -0.81 -0.34 -
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(a) Ni (b) Co

(c) Mn

Figure 4: ∆Gdiss of a) Ni, b) Co, and c) Mn for both 1/3 and 2/3 H-terminated NMC surface slabs
171-B and 252-C. In all plots, the solid lines are used for 2/3 H surface coverage and dot-dashed
lines are used for 1/3 H surface coverages. The dashed red line at ∆Gdiss=0 separates the region
where metal release is predict to be favored (∆Gdiss < 0) from the region where it is not predicted
to be favored (∆Gdiss >0).

favorable for all pH. On average, cation release will occur more readily for 171-NMC compositions

than 252-NMC compositions, and will occur more readily for 252-NMC compositions than 333-

NMC compositions. At the 11% Ni/Co content of 171-NMC, compositional tuning adjusts the

preferred trend in cation release from the Ni > Co > Mn observed in the 252 and 333-NMC

compositions to Ni > Co ≈Mn.

Specific comparisons of cation release can also be made from the data in Table 1. The lowest

∆Gdiss values of the complete set are Mn1Ni−0Co
5Mn > Ni0Co

6Mn > Mn1Ni−2Co
3Mn > Co0Ni

6Mn > Ni2Co
4Mn. An

atomistic insight from this type of comparison is that cations surrounded by three or more Mn are

more likely to be released from the surface than cations in a perfectly alternating NMC-333 like
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pattern. One can obtain further insights by comparing subsets of the full set of cations. Focusing

on Co, ∆Gdiss of Co1Ni
5Mn is similar between different surfaces (252-B and 252-C, 0.05 eV), but

changing the nearest neighbors of Co from Co1Ni
5Mn to Co2Ni

4Mn in the same surface can increase

∆Gdiss by 0.5 to 0.7 eV (252-C and 252-B, respectively).

The perturbation of adding Mn nearest neighbors to create Mn-rich 171 and 252 NMC affects

the range of computed values of ∆Gdiss. The cation with the largest range of ∆Gdiss is Mn (5.31

eV), while Ni has the smallest range (3.62 eV). For Ni and Co, there is clearly a correlation between

the number of Mn nearest neighbors and predicted cation release; the more Mn surrounding either

Ni or Co, the more likely it is to leave the surface. This trend is not as clear-cut for Mn because of

the wider range of predicted ∆Gdiss for atoms in similar chemical environments. Using the ∆Gdiss

at pH 3 (Table 1), one can compare tendencies for surface release by computing averages and

standard deviations from that average. The analysis of average values taken from Table 1 shows

that the free energy of Ni release from the 171, 252, and 333-NMC surfaces is -6.26 ± 0.22 eV,

-5.21 ± 0.27 eV, and -2.81 eV, respectively, while for Mn the ∆Gdiss are -5.81 ± 0.60 eV, -3.89 ±

0.27 eV, and -1.28 eV, respectively. The standard deviation of Mn ∆Gdiss from 171-NMC is more

than twice that of Ni.

A graphical depiction of ∆Gdiss of Ni, Co, and Mn at pH 6, from 1/3 H-terminated NMC

surfaces, is plotted as a function of nearest neighbors in Figure 5. This shows a similar trend for Ni,

Co, and Mn; as the number of Mn nearest neighbors decreases from left to right, ∆Gdiss increases.

The increase in ∆Gdiss can be further decomposed into 171, 252, and 333-NMC compositions. On

average, metal release is predicted to occur for all cations in order of increased Mn content. In

other words, ∆Gdiss for the NMC compositions increases for 171 > 252 > 333. The question to

pose then is "Why is ∆Gdiss more negative for compositions NMC-171 and NMC-252 than NMC

333?"

One way to approach answering this question is to decompose ∆Gdiss into its constituent pieces,

∆G1 and ∆G2. ∆G2 does not change between various NMC compositions, so the cation release

trends must be related to ∆G1. ∆G1 is the DFT-computed energies of surface T M-OH vacancies,

14



so it informs us about relative lattice stabilities of the surface slab after a T M-OH unit has been

removed. This implies that ∆G1 can be used as a metric to determine how stable release products

are relative to one another. For example, comparing Ni-OH release from 1/3H-covered NMC-171-

A, NMC-252-A, and NMC-333 surfaces, ∆G1 are 9.38, 10.41, and 12.58 eV, respectively. It is

easiest to remove surface Ni from NMC-171-A, and hardest to remove from NMC-333. For Mn-

OH release, ∆G1 are 11.72, 13.36, and 15.99 eV for 1/3H-covered NMC-171-A, NMC-252-A, and

NMC-333 surfaces, respectively. It is easiest to remove surface Mn from NMC-171-A, and hardest

to remove from NMC-333. This type of comparison also means that it will be more favorable to

remove a surface Ni-OH from NMC-252-A than a surface Mn-OH from NMC-171-A, which has

been shown experimentally.6
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Figure 5: ∆Gdiss of Ni, Co, and Mn from 1/3 H-terminated surfaces of NMC-171 (black), NMC-
252 (red), and NMC-333 (green) as a function of nearest neighbors.
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Projected density of states of Mn-rich NMC

To understand why ∆G1 of NMC varies as a function of compositional tuning, we turn to analyses

of the electronic band structure. An atom by atom, state by state projected density of states (PDOS)

was done, in which the Kohn-Sham orbitals are projected onto atomic orbitals (centered on the

atoms) in the CMO to interpret bonding interactions and T M oxidation state. The PDOS presented

here correspond to the projection of 3d orbitals of specific T M (Ni, Mn, Co) on the DOS. In

Figures 6 and 7, crystal field split diagrams (associated with the octahedral symmetry of the T M

in NMC) are shown on the left hand side and PDOS are shown on the right hand side. The PDOS

of NMC-171-A are shown in for Ni and Co in Figure 6a and for Mn in Figure 6b, for both 1/3 and

2/3 H surface coverage.

An example of how PDOS can be correlated to oxidation state is depicted in Figure 6 for

NMC-171-A. In this structure, Ni and Co are nearest neighbors, and Ni is initialized in a spin-

down configuration. For both the 2/3 and 1/3 H coverage, Ni is Ni2+. In Figure 6a, the spin down

state (green) of Ni is empty above EF, the red line at Energy = 0 eV, and the spin up state (blue) has

character both above (eg) and below (t2g) EF. This is consistent with a d8 electron configuration

like Ni2+, as shown in the crystal field split diagram to the left of the PDOS of Ni. Co is Co3+

because a low spin d6 Co would have both the symmetric spin up/down t2g character observed

here, as well as eg states above and below EF for both up and down spin. This correlates to the

crystal field split diagram to the left of the PDOS for Co.

The Mn PDOS in Figure 6b shows two distinct types of Mn in the 171-A surface, which are

most likely Mn2+ and Mn4+. Reducing Mn4+ to Mn2+ will populate the (green) spin down eg

states, shifting their location relative to EF. Mn2+ will have a majority of spin down population

below EF, while Mn4+ will have spin down character both below and above EF. Mn4+ has a d3

electron configuration, which will result in empty spin-up states, where both t2g and eg are above

EF, and half-filled spin-down states, where only eg is above EF and t2g is below. A high spin

Mn2+ (initialized spin down) will have a d5 electron configuration where the spin down states are

completely filled (t2g and eg states are below EF) and the spin up states are empty (t2g and eg states
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are both above EF). This is best observed in the PDOS of the 1/3 H terminated 171-A surface,

where the majority of band character of the spin down configuration (green) is below EF, and the

majority of spin up band character are above EF.

The PDOS also show that changing the chemical environment, via surface terminations, will

change the oxidation state of the surface transition metals. What changes most as a function of

surface coverage is the relative amounts of Mn2+ and Mn4+. For example, in NMC 171-A, the

surface with 2/3 H coverage has 5 Mn2+ and 2 Mn4+, while the surface 1/3 H coverage has 3

Mn2+ and 4 Mn4+. The surface with less H coverage requires more surface Mn4+, so decreas-

ing H surface coverage results in oxidation of surface Mn. Previous DFT investigations on 333

NMC showed that as surface terminations change, the first element to reduce/oxidize is Ni. Here,

compositional tuning to create Mn-rich NMC has ensured that Mn will be the first to experience

changes in oxidation state as a function of changes in coordination environment.

Comparison of the PDOS in Figure 6 also shows that adjusting the surface terminations of

NMC 171-A from 1/3 to 2/3 H will not affect the oxidation state of Ni and Co (right hand side of

Figure 5a) as much as it does Mn (right hand side of Figure 5b). The change in 3d character in the

(green) spin-up channel of both Mn4+ and Mn2+ is most affected by surface termination; at lower

H-coverage each has two large bands beneath EF, and at high H-coverage, at least four bands are

present beneath EF.

The behavior of the Ni, Co, and Mn PDOS in Figure 7 are similar to those in Figure 6, except

that the spin down channel of Mn4+ (blue) is metallic for Mn-rich NMC composition 171-A (both

2/3 and 1/3 H surface coverages) and insulating for the 252-A composition (both 2/3 and 1/3

H surface coverage). In addition, the decrease in population above EF is smaller for the 252-A

surface, for both H-surface coverage values. Analysis of the PDOS of Mn-rich NMC compositions

clearly shows that Mn spin state is highly variable, and able to change as a function of composition

and surface termination. This is in agreement with the trends in ∆Gdiss presented in Figures 3 and

4.

Table 2 shows two different possible oxidation states of Mn, labeled MnA and MnB. MnA and
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Table 2: 3d electron count for the occupied states of 171 and 252-NMC, for 1/3 and 2/3H surface
coverage.

171 252
1/3H 2/3H 1/3H 2/3H

T M Down Up Down Up Down Up Down Up
Ni 4.90 3.43 4.92 3.43 4.90 3.43 4.92 3.43
Co 3.67 3.71 3.68 3.71 3.67 3.70 3.66 3.72
MnA 3.83 1.44 3.74 1.58 3.93 1.23 3.82 1.47
MnB 4.57 0.66 4.47 0.73 4.19 0.96 4.37 0.84

MnB have spin down and spin up 3d-electron counts of 3.83 and 1.44, and 4.57 and 0.66 for 1/3H-

covered 171-NMC surfaces. Changing surface coverage, from 1/3 to 2/3 H, and/or composition,

from 171 to 252-NMC, only changes the 3d electron count of each species by ≈ 0.1-0.3. This

implies that MnA and MnB remain distinct from each other for the range of chemical environments

investigated here. On average, MnA has between 3.74-3.93 spin up 3d-electrons and 1.58-1.23

spin down 3d-electrons. Since the d-electron count of Co3+ is ≈ 3.70 and spin down Ni2+ is 3.43,

one can assign MnA to have 3 spin-down d-electrons, consistent with Mn4+ or low-spin Mn3+.

Compared to MnA, MnB has more spin-down d-electrons and less spin-up d-electrons, however,

the total number d of electrons per Mn only varies between 5.15 (MnB, 1/3H coverage of 252-

NMC) and 5.32 (MnA, 2/3H coverage of 171-NMC). Changing surface coverage and composition

results in a redistributes of Mn electron density, such that MnB is consistent with Mn2+ or low-

spin Mn3+. A detailed discussion of Table 2 can be found in Section S2 of the online supplemental

materials.

Changes in Mn spin states

In order to differentiate the spin states for each Mn, we turn to the DFT-computed electronic

structure, where we are able to compute the spin on each atom. Figure 8 illustrates how the

magnetic moment of Mn atoms changes as a function of composition, surface termination, and

cation release, and how this can be used as a guide for determining the populations of Mn2+ and
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Mn4+ in the surface. One can use the basic spin equation formula to relate the observed magnetic

moment of an isolated ion to the number of spins, s, in units of µB. Here the DFT-computed spin,

s, can be broken into the total number of unpaired electrons using the formula s =
√

es(es +1),

where es is 1/2. In this formula, 5 unpaired e- have 2.95 µB, indicative of high-spin Mn2+, 4

unpaired e- have 2.45 µB, indicative of Mn3+, and 3 unpaired e- have 1.94 µB, indicative of

Mn4+. Since Mn-rich NMC is a CMO material, and the Mn are in different bonding environments

that are influenced by their neighboring atoms, it is expected that there will be changes in computed

Mn spins relative to the isolated spin values reported above; however, the Mn spin states that we

have already postulated in the PDOS presented in the previous section (Mn2+ and Mn4+) will be

separated by ≈1 µB.

Here we analyze the general trends in DFT-computed magnetic moments by computing av-

erage values of the grouped points in Figure 8. The magnetic moments of Mn-rich NMC 171

compositions shows two distinct Mn spin populations (black dots, left hand side of Figure 8a) that

change as a function of surface termination. For 2/3 H surface coverage the average values are

3.26 (MnB) and 1.86 µB (MnA), and for 1/3 H surface coverage they change to average values of

3.01 and 2.00 µB (black dots, right hand side of Figure 8a). The values for this surface coverage

of NMC-171 are close to those observed in 2/3 H surface coverage of Mn-rich 252 compositions

(black dots, left hand side of Figure 8b); where the average values of 3.07 and 2.03 µB. Decreas-

ing H-surface coverage of 252 compositions from 2/3 to 1/3 adjusts the average value of magnetic

moment even further, to 2.94 and 2.26 µB. For the 1/3 H surface coverage of 252, the difference

between the high and low values of Mn spin is smallest, but each of the sets of data seems to be

moving towards an overall average of ≈2.5µB, which would be an overall average associated with

Mn3+. Analysis of the spins of MnA and MnB allow for assignment to oxidation states consistent

with Mn4+ and Mn2+, respectively, and that changing the surface coverage and composition will

lead to changes in the surface Mn.

Also shown in Figure 8 are the Mn spin moments after release of a transition metal species (red

dots). For both 171 surface coverages, and the 2/3 H covered 252 surface, two distinct spin popula-
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tions are observed, while for the 1/3 H covered 252 surface, the spins merge into a continuum. This

indicates that for all Mn-rich NMC surfaces, even after initial T M-OH release events take place,

Mn2+ is still present to interrupt the preferred spin-lattice and bonding interactions observed in

NMC-333.

The analysis of computed Mn spin states in compositionally tuned NMC relates directly to

recent experimental work. Here, we determine that the increased amount of Mn2+ relative to Mn4+

destabilizes Mn-rich NMC compositions, facilitating enhanced release of Ni, Co, and Mn when

compared to NMC-333. These findings generally agree with an ICP-OES analysis of Mn-rich

NMC, where it was shown that NMC 6 compositions with higher Mn content released increased

amounts of Mn relative to Ni and Co.

Metal Oxidation State as a Function of Compositional Tuning

Table 3: Oxidation states of Ni, Co, and Mn in NMC compositions as a function of H surface
coverage. Mn oxidation states are given as the ratio of Mn2+:Mn4+. A - in the Mn-ratio columns
indicate that only Mn4+ is observed.

Ni Co Mn-ratio
2/3H 1/3H 2/3H 1/3H 2/3H 1/3H

171-A Ni2+ Ni2+ Co3+ Co3+ 5:2 3:4
171-B Ni2+ Ni2+ Co2+ Co3+ 3:4 3:4
171-C Ni2+ Ni2+ Co2+ Co3+ 3:4 3:4
252-A Ni2+ Ni2+ Co2+/3+ Co3+ 3:2 2:3
252-B Ni2+ Ni2+ Co2+/3+ Co3+ 3:2 2:3
252-C Ni2+ Ni2+ Co2+/3+ Co3+ 3:2 2:3
333-A Ni2+/3+ Ni2+ Co3+ Co3+ - -

In general, the results of the DFT + solvent ion model show an increased amount of Mn2+ at

higher H coverage, and that the surface cation redox sensitivity as a function of surface coverage

is clearly linked to changes in composition. Table 3 lists how the oxidation states of Ni, Co, and

Mn change as a function of surface coverage and composition. Comparing the NMC 252, 171,

and 333 compositions, surface Ni does not exhibit redox sensitivity as a function of H coverage

for either Mn-rich composition, but will for NMC-333. The values in Table 3 indicate that surface
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Ni will reduce/oxidize above levels of x=22% Ni. At similar Co levels (x=22% Co), at least one of

the two Co in the 252 surface will reduce to Co2+. At lower H-coverage, both Co are Co3+.

For a more atomistic description of how composition can influence redox behavior, we can

compare the NMC 171 values in Table 3. In NMC 171-A, when Ni and Co are nearest neighbors,

what changes as a function of surface coverage is the ratio of Mn2+/Mn4+, while Ni2Co
4[Mn and Co2Ni

4Mn

remain Ni2+ and Co3+, respectively. As stated in the previous section, less H coverage results in

more Mn4+ than Mn2+. For NMC 171-B and 171-C, when Ni and Co are not nearest neighbors

(separated by at least one Mn), Ni is Ni2+ for both surface coverages, but Co is Co2+ for 2/3 H

coverage and Co3+ for 1/3 H coverage. The ratio of Mn2+: Mn4+ remains the same for both H

surface coverages in these example surfaces. This is an illustration of how changing the surface

termination is coupled to changing the composition: changes the oxidation state of the surface Co

will occur when it is not next to a Ni. A Co cation that will be easier to release from the surface

is created in this instance, since Co2+ is stable aqueous species. This also implies that the isolated

Co0Ni
6Mn in NMC 171-B and 171-C will have similar environmentally dependent behavior.

Conclusions

We use a DFT + solvent ion method to investigate compositional variations of LixNiyMnzCo1−y−zO2,

a CMO used in LIBs. We find that the surface release of T M from CMOs are highly dependent

upon changes in both composition and surface functional groups, and predict that enriching NMC

with Mn will destabilize the solid solution relative to equistoichiometric NMC compositions. We

demonstrate that one can use DFT to obtain metrics to gauge the effects of compositional tuning of

CMOs, specifically ∆Gdiss and PDOS. The PDOS, which are used to differentiate between Mn2+

and Mn4+, can be correlated to crystal field split models, and are generally in good agreement. A

spin state analysis, coupled to the PDOS, shows that metal release is influenced by composition

and surface coverage, and that redox sensitivity is influenced by both sets of design parameters. In

other words, the T M oxidation state affects the stability of the T M in the lattice and its tendency

to form a hydrated cation; both overall stoichiometry (composition) and local structure (surface
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functional groups) govern the T M oxidation states in the CMO. The transformations investigated

here, for a wide-range of NMC compositional variants, can also be used to redesign CMO nano-

materials because it serves as a platform for how compositional tuning will affect the interplay of

redox properties, oxidation state, and coordination environment. Moreover, the incongruent pH-

dependant cation release trends can be used as input data to refine environmental fate and/ toxicity

models for CMOs.

To comment further on the redesign of CMOs: the Mn-rich NMC surfaces investigated here are

unstable relative to NMC-333 compositions. This is because the introduction of Mn2+ in the Mn-

rich NMC compositions interrupts the spin and lattice interactions of the surrounding T M, relative

to the perfectly alternating NMC-333 surfaces. However, this may not be detrimental if one of

the design criteria is to create a cathode material whose purpose at end of life is to readily release

cations that can be recycled after use. If not, then one route to mitigate T M release from Mn-

rich NMC, or protect against oxide dissolution in general, would be to form protective coatings.

One example of this scheme could be from binding environmentally available small molecules41

such as phosphate to the surface. Phosphate is a major component of industrial coatings such

as LiPON42 and metal-phosphates,43–45 and can be found in non-flammable thiophosphate solid

electrolytes.46
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(a)

(b)

Figure 6: Left: Schematic octahedral crystal field splitting diagram for Ni2+ and Co3+ (a) and
Mn4+ and Mn2+ (b). Right: PDOS of Mn-rich NMC surface 171-A for a) Ni and Co and b) Mn.
For all plots, the spin down density is green and the spin up density is blue.
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(a)

(b)

Figure 7: Same descriptions as Figure 5 for Mn-rich NMC surface 252-A.
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Figure 8: Plots of calculated Mn magnetic moment in µB. Left side are the 171-NMC surfaces and
right side are the 252-NMC surfaces. The magnetic moments of Mn changes for the surfaces both
before (black circles) and after (red circles) metal release and are split into two sets, indicative of
both Mn2+ and Mn4+ present in the surface.
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Figure 9: Synopsis: Enriching complex metal oxides with inexpensive, Earth abundant, and envi-
ronmentally friendly elements via compositional tuning is a promising design strategy to explore
new sustainable nanomaterials for energy storage technologies. We compute the thermodynamics
of dissolution of a compositionally-tuned complex metal oxide and find that the release of transi-
tion metals from the surface is mediated by the interplay of coordination environment, oxidation
state, and surface coverage.
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