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ABSTRACT  

 

The transformations of complex metal oxides in aqueous settings must be studied to form a 
chemical understanding of how technologically relevant nanomaterials impact the environment 
upon disposal. Owing to the inherent heterogeneity and structural complexity of the ternary 
intercalation material Li(NixMnyCo1-x-y)O2 (NMC), the mechanisms of chemical processes at the 
solid-water interface are challenging to model. Here, a density functional theory (DFT) + solvent 

mailto:*Corresponding%20Author:%20Sara%20E.%20Mason,%20Email:%20smason@bnl.gov


 2 

ion methodology is used to study the energetics of subsequent release of two surface metals 
following unique pathways. The study spans different combinations of metal removal and also 
considers unique patterns of defects formed by modeling the NMC surface in supercells. The 
approach here also considers the equilibration of the surface with the surroundings between the 
successive metal removals. Machine learning is applied to rank the importance of different 
aspects of geometry and electronic structure in governing the energetic trends.  A key finding is 
that a second metal removal prefers to proceed at the same site as the initial defect, and this is 
attributed in part to how the resulting slab with two metal vacancies maintains the most 
antiferromagnetic couplings between the remaining Ni/Mn. 
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Introduction  

Lithium-ion batteries (LIBs) have substantially altered the landscape of technology and 

sustainable energy through their widespread applications in portable electronics, transportation, 

and energy storage1, 2. Despite its ubiquity, there are practical, if not also functional limitations of 

the prototypical cathode material, LiCoO2 (LCO)3. The cost of LCO is driven upward due to low 

abundance of Co and its attributed mining costs4-8. Efforts to improve the efficiency at reduced 

cost use synthetic capabilities to replace Co sites in LCO with more  abundant transition metals 

such as Ni and Mn9. The resulting materials have the general formula Li(NixMnyCo1-x-y)O2 

(NMC) and considerable research efforts have gone into tuning the metal ratios to optimize the 

cathode function10-15. NMC and other complex metal oxide cathode materials are in high demand 

with increases in production of portable electronics and electric vehicles. It is expected that 498 

kilo tons on LIBs will be required in the year 2025, an increase of 243 kilo tons from 10 years 

prior16. Elemental abundance is a driver for materials design of cathode materials to reduce cost. 

To reclaim non-abundant metals such as Co and Li, recycling is not an easy solution as the 

required harsh chemical conditions add cost and a host of complications17-22. 

  The confluence of increasing demand of complex metal oxides in electronics and limited 

recycling options leads to large amounts of these materials being disposed of23-25. It has been 

shown that landfill conditions enable the leaching of toxic metals from spent LIBs26. 

Furthermore, metal release from NMC materials has been identified as the route of toxicity to 

model organisms27-32. Metal release is a cross-cutting mechanism that can be advantageous and 

relevant beyond LIBs. This includes agricultural applications where the release of micro-

nutrients (Cu, Zn, Ag, Ti, etc.) can help protect plants from disease, salinity, and improve 

germination33-35. Metal release is also important in regards to synthesis. Humidity conditions 
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during the synthesis of NMC can cause metal dissolution leading to decreased functionality36, 37. 

Ultimately, a better understanding of how material properties and aqueous chemistry influence 

metal release is desirable as a means for guiding controlled release by design.  

Using a DFT + solvent ion model methodology38 adapted and corroborated in 

collaboration with experimental synthesis, characterization, analytical measurements, and 

biological studies, we have previously studied the NMC family of materials39-41. A prior 

experimental study of equistoichiometric NMC showed incongruent release of metals in water 

with the following trend, Ni > Co > Mn, as determined by ICP-MS measurements27. In the DFT 

+ solvent ion model, electronic structure calculations for vacancy formation energies are used in 

combination with tabulated energetics for the formation of the preferred aqueous metal 

speciation. The model partitions the overall reaction into a vacancy formation step removing one 

metal and an -OH group as determined to be the most favorable pathway in previous work 

denoted as ΔG1, and separate steps for the redox and/or hydration of the M, O, and H leaving 

group substituents with associated energies denoted as ΔG2
42. Furthermore, changes in reaction 

conditions away from standard state are taken into account through analytical correction terms. 

Finally, the terms are summed and reported as ΔGtot, where negative values indicate favorable 

release of the M-OH group under the specified conditions. Further details of the model as applied 

to metal release are reported39, 43. When applied to equistoichiometric NMC, the DFT + solvent 

ion model captures the incongruent release trend computing negative values of ΔGtot, Ni < Co < 

Mn.  

 Through DFT modeling and incorporation of experimental solvation energies, modeling 

takes into account the solid-state properties (at the quantum-mechanical level) and the aqueous 

chemistry. This allows trends to be interpreted through physiochemical properties. In 



 5 

Li1.00(NMC), charge neutrality dictates that the metals exist in the oxide as Ni2+, Mn4+, and Co3+, 

while all of the metals prefer a hydrated 2+ speciation under a range of environmental pH 

values44. While there are many descriptors (aspects of geometry and electronic structure) that 

could dictate the trends in metal release, here the oxidation state of the transition metals can be 

interpreted as a key governing factor: The metal with the highest oxidation state in NMC is Mn 

and forms the strongest bonds with lattice oxygen hence releases from NMC the least. Upon 

release, Mn must undergo reduction from 4+ in the lattice 2+ in an aqueous environment. This 

motivated the idea to pursue NMC materials with enriched Mn content in hopes that the resulting 

stoichiometry would be more resistant to metal release. It was found, unexpectedly, that Mn 

release increases in Mn-rich NMC beyond what is attributed to changes in mole fraction. While 

Mn-rich NMC shows reduced amounts of Ni and Co release, which are the two toxic ions in 

solution, it is not sufficient to prevent the toxic impact towards model organisms.27-29 Through 

the DFT + solvent ion model, the ΔGtot values for Mn become more negative as the Mn mole 

fraction increases agreeing with experimental trends40. The electronic structure provides an 

interpretation: When increasing the relative amount of Mn in the lattice, Mn replaces some Ni2+ 

and Co3+ sites. Electronic structure analysis confirms that this gives rise to a composition that has 

a mixture of Mn4+/Mn2+ in the lattice. Here the trend can be interpreted beyond the oxidation 

state argument by more closely considering the chemical environment: The d3 Mn4+ is relatively 

more stable in the octahedral environment when compared to the high spin d5 Mn2+.  

The interplay of oxidation state, electron configuration, and chemical environment can 

also be used to rationalize experimental release profiles for Ni-enriched compositions. A 

decrease in Ni release was observed for Ni-rich NMC41, 45. Electronic structure calculations 

showed the Ni-rich NMC had Ni existing in a range of 2+ to 4+ oxidation states. The d8 Ni2+ is 
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relatively unstable in the octahedral environment compared to d6 Ni4+and Ni4+ forms stronger 

bonds with oxygen than Ni2+41. Controlling oxidation states by tuning metal composition is also 

key in controlling thermodynamic stability of oxygen13. In a study focused on LCO, DFT + 

solvent ion methodology was benchmarked using numerous DFT exchange-correlation 

functionals and in-plane surface supercell sizes46. The methodology has been extended to newly 

proposed formulations of the cathode, lithiation states, and nanomaterials used in agriculture 47-

50.  

The release of metal cations from the NMC family of materials in aqueous settings relates 

to the transition metal dissolution of electrode-active materials at solid-electrolyte interfaces see, 

for example51-53. We do not provide a comprehensive review of this complementary topic here 

but note common governing chemical principles such as the TM oxidation state and solubility. 

The dissolution of transition metal-bearing electrodes at the electrolyte interface can be 

correlated to cell performance degradation54. The current insufficient fundamental understanding 

of dissolution impedes material sciences approaches to improving the energy and power density 

of LIBs55. In particular, the dissolution of manganese has been studied at low potentials, where 

the discharged state of the cathode is coupled to manganese disproportionation and high 

potentials, where the manganese dissolution is thought to be linked to chemical delithiation by 

HF56. The interplay of metal dissolution and cycling performance has motivated efforts to use 

different electrolytes that are less sensitive to hydrolysis, to control HF production57. DFT has 

been used to track metal oxidation states associated with the state of charge to assist in 

understanding dissolution at the cathode electrode interface51. The flexible DFT + 

Thermodynamics framework used here for dissolution in aqueous settings could be explored to 
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assist in developing molecular-level understanding of solid-electrolyte interfaces, particularly 

early stages of transition metal dissolution prior to the formation of the interphase. 

 All of the aforementioned DFT + solvent ion studies have only investigated a single 

metal release from the model slab. While important molecular-level understanding was derived 

from these studies, physical insights into the mechanism of metal release are limited in this 

approach, as is the ability to explain certain experimental observations. For example, it is 

reported that for NMC, dissolution leads to the formation of an Mn-rich phase, and an 

equilibrium where no further metal release is achieved27, 29. In this study we use the DFT + 

solvent ion model to investigate the stepwise removal of two M-OH groups (M = Ni, Mn, or Co) 

from the hydroxylated NMC surface, considering different pathways. In the present study, we 

focus on metal release as the early stage of dissolution58. The full dissolution process can go on 

to incur structural changes, which are known to occur at slower timescale not considered here. 

Using the structural data obtained through multiple dissolution pathways, we assess three 

machine learning (ML) models to determine the best ML approach for ΔGtot predictions and rank 

importance of features used to train the models. Results for the ML analysis are reported in the 

SI (S1) as we are unable to obtain substantial conclusions as the dataset is limited in size. We do 

report however that the importance of the features we relate to ΔGtot agrees with our 

interpretations which suggests more meaningful insights could be obtained through a ML model 

in a study spanning a larger range of metal release values.   

 

Theoretical Methods 

Calculation Details  
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All DFT calculations in this study were performed using the Quantum ESPRESSO 

software package 59. All calculations are spin polarized, with NMC modeled as ferrimagnetic, 

achieved by antiferromagnetic coupling between Ni and Mn as in previous work where this was 

found to be the most favorable configuration 39, 47. Experimental studies on the magnetism of 

NMC have shown that between 100 and 300 K the magnetic ordering is paramagnetic60. This 

among other studies 61-63, also suggest there is random structural ordering of metals in the M-O 

layers. While it is challenging to experimentally characterize the details of cation ordering64, the 

alternating pattern is consistent with Monte Carlo and Simulated-Annealing-based modeling for 

333NMC65. Our calculations focus on the perfectly alternating configuration where each metal 

species is surrounded by two of each other metal, as shown in Figure 1. In this structural 

configuration, our DFT calculations show that antiferromagnetic ordering is favored with the 

spins of Ni aligned anti to those of Mn  66, and this ordering is used throughout. The PBE-GGA67 

exchange correlation functional was used, including Hubbard U correction values68, 69, and the 

Kohn-Sham orbitals are expanded in a planewave basis set with a 40 Ry cutoff. All slab models 

are subject to geometry optimization, enforcing the inversion symmetry of the slab and under a 

convergence criteria of 5 meV/Å. Previous comparisons of optimized structures for hydroxylated 

oxide surfaces in the presence/absence of aqueous solvation effects show minimal impact on the 

O-H bond distances and the oxide inter-layer spacings, and all calculations here are done without 

use of continuum solvent models70, 71. The atoms in our calculations were represented using the 

GBRV ultrasoft pseudopotentials72. U-values of 6.40, 4.91, and 0.10 eV were used to obtain 

ideal oxidation states for Ni, Co, and Mn respectively. Based on previous testing of the effect of 

applying U corrections to Ni, Mn, and Co39, we note that the calculated values of the Mn-OH 

removals showed discontinuous changes, even at moderate values of U. This, along with tracking 
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the variation of the metal oxidation states as a function of U values (as detailed in S2. Table 1) 

guided the choice of U values in the study. 

Surface calculations include at least 20 Å of vacuum between periodic repeats to prevent 

self-interaction between slabs. The surface models in this investigation were based on a √3 x √3 

R30˚ rotated hexagonal unit cell of the delafossite structure type, with three metal sites. As 

shown later, this supercell supports nearest neighbor and next-nearest neighbor co-metal 

vacancies. To further separate the vacancies would require expansion to a computationally 

prohibitive supercell. From previous results (cite Ali paper) the metal release energies in the 

supercell used here will not to be independent of the supercell size but can be expected to vary 

linearly and thus be useful for examining trends. A 2 x 6 x 1 Monkhorst-Pack73 k-point grid is 

used for all surface models. The 3√3 x √3 supercell model has 9 total metal sites. Previous work 

measured metal dissolution for various morphologies of NMC including nanosheets, nano 

blocks, and commercial nanoparticles28. XRD measurements of the nanosheet identify the 

dominant facet as (001) and also measure the lowest surface free energy for this facet. The (001) 

facet is most found in cathodes and, additionally, findings show that when normalized by surface 

area, all morphologies have the same amount of metal release. 
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a)  

b)  

 

 

 

Figure 1: a) Side view of the 𝑁𝑀𝐶𝐿𝑖−𝑡𝑒𝑟𝑚𝑀′−𝑂𝐻
𝑀−𝑂𝐻  slab, further detailed below in the methods. Ni 

is shown as dark blue, Co light blue, Mn magenta, O red, and Li grey. b) Defect free top-down 

view of the (001) ( 𝑁𝑀𝐶𝑀′−𝑂𝐻
𝑀−𝑂𝐻 ) with surface layer metals labeled by elemental symbol and atom 
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number used to mark removal sites. The metals have the same color scheme and H is white. The 

3√3x3 supercell is denoted by the dashed white line. The top right shows a pictorial 

representation of the local environment for a Ni site. 

 
The metals in the lattice are octahedrally coordinated to O in an edge-sharing 

configuration, and the Li is in channels between the oxygens of the O-M-O layers. Experimental 

characterization of these nanosheets have an average thickness of 2-15 Å27. Our model consists 

of four O-M-O layers, two inner layers to represent the bulk and two outer layers for the surface, 

related by inversion symmetry and resulting in a total slab thickness of ~18 Å. To model the 

NMC-water interface, the outermost Li atoms in the 3√3 x √3 surface cell are replaced by H, 

which migrate from hollow sites to form hydroxyl groups with surface oxygen, as reported 

previously for LCO71 and extrapolated to NMC39. Values of ΔE1 are determined using DFT total 

energies are converted to Gibbs free energies by correcting for the zero-point energy and 

vibrational contributions, which for the slabs are approximated as coming from the surface -OH 

groups in the style of Rong and Kolpak38 and confirmed sufficient for this structure type by 

Huang et al.71. 

Thermodynamic Method: DFT + Solvent Ion Model 

Here, we incorporate aqueous effects into our model using the DFT + Solvent Ion method 

that has been used in previous works to model the energetics of  metal release from metal oxide 

surfaces 38-41, 46, 50, 74. The methodology is detailed here sufficiently to describe the elementary 

reaction steps. In doing so, we also define a nomenclature for the geometric models of surface 

slabs used to model the consecutive release of M-OH (M = Ni, Mn, or Co) groups from the NMC 

surface. 
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As in previous studies, our cycle begins with a Li/H exchange at the outermost layer of 

the slab, equation 1. Figure 1 (a) shows the Li terminated surface which has Li atoms directly 

over the metal sites. Upon substitution, H migrates directly over the O sites to generate -OH 

groups, Figure 1 (b). This step takes into account the (previously determined71) favorable 

transformation of the surface in going from UHV to ambient conditions. NMCLi−term𝑀′−OH
𝑀−OH  

denotes the pristine starting slab terminated with Li. The prefixing sub/superscript M-OH labels 

are used to label the first and second M-OH groups removed in a stepwise fashion, where the 

superscript and subscript are the first and second metal removed, respectively. NMCH−term𝑀′−OH
𝑀−OH  

denotes the defect-free starting slab that now has all outermost Li atoms replaced with H atoms. 

As described above, the H migrate to O atoms in the lattice to form -OH groups. Equation 1 

represents the only step where the surface termination changes. The remaining steps describe the 

removal of M-OH groups, and we refer to the slab as NMC𝑀′−OH
𝑀−OH  for simplicity in later equations 

and discussion.  

Equation 2 represents the removal of the first M-OH group from the NMC𝑀′−OH
𝑀−OH  surface 

to form a defect surface denoted NMC∗
𝑀′−OH

_____ , done on both sides of the symmetry-related 

surfaces in the supercell while maintaining inversion symmetry. Creating inversion symmetric 

vacancies cancels out dipoles removing the need for additional correction terms. Figure 1 depicts 

a top view of the NMC𝑀′−OH
𝑀−OH  slab, where each of the 9 metal sites is given a label based on the 

chemical symbol of the metal and a numerical value. The metal sites selected for the initial metal 

vacancy are Ni6, Mn8, and Co2 shown in Figure 1.  

Electronically, the general reaction depicted in equation 2 is accompanied by the slab 

losing 2, 3, and 4 electrons for Ni, Co, and Mn M-OH leaving groups, respectively. Electronic 
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structure analysis shows this is compensated for in the slab by oxidation of remaining transition 

metals74. However, one can also consider the defect surface NMC∗
𝑀′−OH

_____  re-equilibrating with 

the surroundings and adsorbing H to cap the dangling oxygen bonds. To model this process, we 

form slabs starting from the NMC∗
𝑀′−OH

_____  structures by adding H atoms to the oxygen atoms 

whose bonding environments are perturbed by the M-OH removal, as depicted generically in 

equation 3. We add enough H to the surface to electronically compensate for the M-OH 

species removed, specifically x = 1, 2, 3 for Ni, Co, and Mn, respectively, to form a new 

surface denoted as NMC
𝑀′−OH

_____ . We also calculated the secondary release cycle without this 

equilibration step and found that it is always the less energetically favorable pathway. This 

energetic comparison is shown in S3. Tables 2-3.  

Eq 1.                         NMCLi−term𝑀′−OH
𝑀−OH + 4H2(g) → NMCH−term𝑀′−OH

𝑀−OH  + 8Li(s) 

Eq 2.                                  NMC𝑀′−OH
𝑀−OH  →  NMC∗

𝑀′−OH
_____ + 2𝑀(s) + O2(g) + H2(g) 

Eq 3.                                       NMC∗
𝑀′−OH

_____ + 𝑥 H2(g) → NMC
𝑀′−OH

_____   

The most undercoordinated surface oxygens in NMC∗
𝑀′−OH

_____  are determined through bond 

valance (BV) sums, equation 4. Ideally, the bond valance sum, Vi, should equal the absolute 

value of the oxidation state of the ith atom using the specified fitting parameters Ra and B for a 

given oxidation state. Values of Vi are reported in valance units (v.u.). 𝑅𝑖𝑗 is the bond distance 

between atoms i, the atom of focus, and j, every other atom in the system. The 𝑅𝑎 fitting 

parameter is obtained from Gagné et al.75. To obtain B for the metals, we set Vi equal to the ideal 

oxidation states for our transition metals, 2+, 3+, and 4+ for Ni, Co, and Mn, respectively and 



 14 

use the Rij values from NMC𝑀′−OH
𝑀−OH . In the case of equilibrating the surface, H is added to the O 

with the lowest BV sum.  

Eq 4.                                                     𝑉𝑖 =  𝛴𝑆𝑖𝑗 =  ∑ exp (
𝑅𝑎−𝑅𝑖𝑗

𝐵
)𝑗  

In the next step, the second group noted as M’-OH is removed from the slab to form the 

double vacancy surface, N_____
_____ MC, as shown in equation 5. Representations of the secondary 

vacancy pathways are shown in Schemes 1 and 2 below. Through combining chemical equations 

1-3 & 5, we obtain equation 6 which represents the overall secondary removal process.  

We can formulate an energy change associated with equation 6 by taking the sum of total 

energies for the products minus that of the reactants, weighted stoichiometrically and as shown 

in equation 7. Values of ΔE1 determined using DFT total energies are converted to Gibbs free 

energies by correcting for the zero-point energy and vibrational contributions.  Rong and 

Kolpak38 and Huang et al.71 approximate surface corrections of -OH groups are sufficient for this 

structure type. 

 Aqueous effects are added with additional elementary steps with associated energy 

changes denoted as ∆G2, which is based on the Nernst equation and uses experimental 𝛥𝐺𝑆𝐻𝐸
˚  

reference values42. This term is defined as: ∆𝐺2 =  ∆𝐺𝑆𝐻𝐸
° −  𝑛𝑒−𝑒𝑈𝑆𝐻𝐸 − 2.3 ∗ 𝑛𝐻+ ∗

𝑘𝐵𝑇𝑙𝑛 (𝑎𝐻𝑥𝐴𝑂𝑦

−𝑍 ). ∆G˚SHE is the change in free energy to the aqueous species relative to the 

standard hydrogen electrode (SHE), USHE is the chemical potential relative to the SHE, ne
- and 

nH
+ are the number of electrons and protons, respectively. The number of protons or electrons is 

metal-dependent. The concentration, a, is held constant at 1x10-6, and kBT = (8.617x10-5 eV/K) 

(298 K) = 0.0257 eV, and 2.3 is the conversion between ln and log. The SHE values that are used 
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for each M depends on their oxidation states in aqueous media at a given pH and is determined 

using Pourbaix diagrams generated from Materials Project 44. A table of ΔG2 equations is 

provided in S4.Table 4 and steps are shown going from equation 6 to equation 8 as this 

correction term is repeated for all standard state species. These corrective terms are added to our 

ΔG1 equation to cancel out the standard state terms to arrive at ΔGtot, equation 8. In this work, 

we present ∆Gtot = ∆𝐺1 + ∆𝐺2

2
 to give the energy of release from one side of the slab. The number 

of electrons (n)e- on the right-hand side is dependent on both metals removed. 

Eq 5.                           NMC
𝑀′−OH

_____  →  N_____
_____ MC + 2𝑀′(s) + O2(g) + H2(g) 

Eq 6.      N𝑀′−OH
𝑀−OH MCLi−term + (2 + 𝑥) H2(g) →  NMC_____

_____ + 2𝑀(s) + 2𝑀′(s) + 2O2(g) + 8Li (s) 

Eq 7.       ∆𝐸1 = (𝐸 NMC_____
_____ + 2𝐸𝑀 + 2𝐸𝑀′ + 2𝐸02

+ 8𝐸Li) − (𝐸 N
𝑀′−OH

𝑀−OH MCLi−term
+ (2 + x) 𝐸H2

) 

Eq 8.      N𝑀′−OH
𝑀−OH MCLi−term + (2 + 𝑥) H(aq)

+  →  NMC_____
_____ + 𝑀(aq)

2+ + 𝑀(aq)
′ 2+ + 2 H2O(l) + 4Li(aq)

+ + (𝑛)𝑒−  

Structural Models for Secondary Metal Release 

To model secondary release, we consider chemically unique sites for the removal of a 

second metal from NMC
𝑀′−OH

_____ . Our choice of the 3√3 x √3 NMC surface allows for 7 unique 

sites after initial vacancy formation, allowing us to examine release trends regarding the 

proximity to the initial vacancy. Larger supercells would be computationally taxing and 

reproduce the same release pathways. In a previous study investigating ΔG and supercell size46, 

it was found that vacancy percentage has a linear trend with ΔG where it is easier to remove a 

metal from a larger surface. Ultimately, we chose the smallest cell to observe initial vacancy 

proximity dependence of ΔG as trends should scale with supercell size. 
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In Scheme 1 we show the release of NMCCo′−OH (x)
Ni−OH  to show the three unique Co sites 

after Ni removal. x denotes the 3 unique removal patterns which are displayed in the final step of 

Scheme 1. The first unique cobalt site is denoted as NN-I (nearest neighbor I) which is directly 

edge-sharing to 

 

Scheme 1: Top-down polyhedral view of the initial Ni-OH and secondary removal of Co’-OH 

scheme. Ni is dark blue, Mn is magenta, Co is cyan, O is red, and the unit cell is outlined in a 

dashed white line. The unique site names, NN-I, NN-II and NNN, are listed below the picture 

where the periodic repeat vacancies are shaded in light grey. 

the initial vacancy site. The second unique site is denoted as NN-II (nearest neighbor II) which is 

the other Co site that is edge sharing to the initial vacancy. This site differs from NN-I by 

creating a chain of vacancies with the repeat cells whereas NN-I has groupings of two vacancies 

that are separated by at least one metal. Lastly, we have our NNN (next nearest neighbor) 

removal which is the Co site that is not coordinated to the initial vacancy. Following Scheme 1 

         ( )
    

          (    )
     

          (   )
     

          (     )
              ( )
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as an example, the NN structures remove a Co that is edge sharing with the vacancy left by the 

initial Ni-OH removal. As shown through the periodic repeats in Scheme 1, NN-1 results in a 

double metal vacancy surrounded by occupied metal site. In comparison, the formation of NN-II 

creates a continuous row of defects in a zig-zag pattern across the surface. Finally, in the NNN 

structure, the vacancies do not share any oxygen atoms. When Mn is removed after the initial Ni 

vacancy, there are also these three unique sites which can be viewed in S5.Figure 1 A distinct 

case is when two consecutive Ni-OH groups are removed. As shown in Scheme 2, there are two 

possible NNN structures labeled A and B.  

 

Scheme 2: The removal scheme for two Ni sites, A and B. Periodic repeats of vacancy sites are 

shaded in grey. 

Results and Discussion  

Equilibrating NMC∗
𝑀′−OH

_____  

 Attempting to remove a second metal from the NMC∗
𝑀′−𝑂𝐻

_____ surface results in a very 

unfavorable ΔGtot, values listed in S3.Table 2. After the initial vacancy, we observe oxidation of 
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metals neighboring the vacancy site which can also be observed in the BV sums shown in Figure 

2. The unfilled circles in Figure 2 represent the BV sums of the 8 remaining surface sites with Ni 

in blue, Mn in magenta, and Co in cyan. Many of the BV values of these metals are greater than 

the ideal oxidation state for NMC𝑀′−OH
𝑀−OH  resulting from the oxidized metals higher effective 

nuclear charge having a stronger bond towards oxygen. These stronger M-O bonds lead to 

unfavorable release values. We consider an additional step between metal release events where 

the surface is allowed to equilibrate with its surroundings as stated in equation 3 and find that 

this pathway is always more favorable for secondary release, as shown in S3.Table 3. As noted 

in the Methods section, values of Vi guide the choice of O sites for H addition to the least 

coordinated oxygens.  

Comparing Vi values of the surface sites between NMC∗
𝑀′−OH

_____  and NMC
𝑀′−OH

_____  indicates 

the 𝑉𝑖 values of the metals post equilibration are closer to ideal 𝑉𝑖 values. There are two Co 𝑉𝑖 

values worth noting, NMCCo′−OH (NN II)
Ni−OH  and NMCCo′−OH (NN II)

Mn−OH , as their Vi values are lower than 

the other Co values in the given initial vacancy surface. These secondary removals are NN-II 

sites that are undercoordinated by one O from the initial vacancy, causing there to be fewer Co-O 

bonds in the summation of equation 4. Additionally, we observe Ni having Vi values less than 2 

and Mn having Vi values greater than 4 due to the oxidation states of these metals. Post vacancy 

there are changes in bond lengths where the higher oxidation state metals shorten their bond 

distances with O causing the neighboring sites with lower oxidation states to have lengthened M-

O distances. M-O distances surface atoms are provided in S6.Tables 5-14. This is observed in 

Figure 2 with Mn Vi values always overpredicted and Ni under.    
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Figure 2: Bond valence sums of each metal site at the surface after initial vacancy formation 

with Ni shown in blue, Co, cyan, and Mn, pink. Empty circles represent BV sums before 

equilibration, and the filled circles post equilibration. Horizontal lines indicate nominal oxidation 

states of the transition metals in equistoichiometric NMC.   

ΔGtot Values  

Computed values of ΔGtot are provided in Table 1. When looking at the possible ways of 

removing Ni as the second metal, we observe 5 of 7 pathways yield favorable ΔGtot values. 

When the identity of the second metal removed is Co, there are three pathways with negative 

ΔGtot values, while in the case of Mn as the second metal removed there are no pathways 

predicted as favorable. Besides Ni having a greater number of favorable pathways to form 
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doubly vacant NMC_____
_____  slabs, the magnitude of ΔGtot for Ni is noticeably larger than the other 

metals. Specifically, the average ΔGtot values are -0.75, 0.29, and 1.97 eV for Ni, Co, and Mn, 

respectively. This initial observation is in-line our original findings that the release favorability 

follows the trend Ni > Co > Mn39. That is, the trend persists through the removal of a second M’-

OH group. The fact that Mn-OH as a second removal is always unfavorable, and relatively less 

favorable compared to Ni-OH and Co-OH,  provide corroboration and insight into the 

experimentally observed of Mn in the lattice after NMC is exposed to water after a long time 

(~72 hours27). A third dominant trend is that it is predominantly the case for pathways forming 

the NMC____(NN)
_____  slabs are more favorable than those that form the NMC____(NNN)

____  surface. This 

means that it is more favorable to remove the second metal from an edge-sharing octahedral 

metal site as opposed to perturbing an in-tact octahedral surface unit.  

Table 1: Δ𝐺tot values for secondary removal from each surface site at pH 7. The first column 

labels each row. When the secondary metal is the same identity of the initial metal removed, the 

average value is shown. All values are in eV. 

 

  

ΔGtot Analysis 

Structure NMCMn−OH
Ni−OH  NMCCo−OH

Ni−OH  NMCNi−OH
Ni−OH  NMCCo−OH

Mn−OH  NMCNi−OH
Mn−OH  NMCMn−OH

Mn−OH  NMCNi−OH
Co−OH  NMCMn−OH

Co−OH  NMCCo−OH
Co−OH  

NN-I 1.72 -1.11 

-1.90 

1.03 0.32 

1.65 

-2.26 1.63 

-1.04 NN-II 1.29 -1.14 1.92 -0.22 -1.36 3.44 

NNN 3.19 1.10 1.24 0.35 -0.20 0.90 
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Values of descriptors and ΔGtot are reported in Tables 2-4 below where the descriptor 

values presented are right before the removal of the M’-OH unit that results in NMC
𝑀′−OH (x)

____ . 

Starting with Table 2, we analyze trends in ΔGtot values after initially removing a Ni-OH. 

Table 2: Values shown here are for secondary removals after an initial Ni-OH removal. The first 

column defines the surface structure, column 2 are the 𝑉𝑖 values in v.u., column 3 is the M’ site 

spin, column 3 is the sum of the neighboring spins, column 4 is the perturbation of the spin 

environment defined as Δ𝜌s = |∑𝜌s − 𝜌s|, and in the final column is the Δ𝐺tot in eV. 

Structure Vi 𝜌𝑠 Σ𝜌𝑠 ∆𝜌𝑠 ∆Gtot 

NMCCo′−OH (NNN)
Ni−OH  2.78 0.06 3.05 2.99 1.10 

NMCCo′−OH (NN−I)
Ni−OH  2.86 0.03 3.7 3.67 -1.11 

NMCCo′−OH (NN−II)
Ni−OH  2.39 0.75 5.75 5.00 -1.14 

NMCNi′−OH (B)
Ni−OH  2.03 -1.70 8.89 10.59 -1.75 

NMCNi′−OH (A)
Ni−OH  2.08 -1.70 7.79 9.49 -2.04 

NMCMn′−OH (NNN)
Ni−OH  3.87 2.75 -4.95 7.70 3.19 

NMCMn′−OH (NN−II)
Ni−OH  3.99 2.17 -0.89 3.06 1.29 
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NMCMn′−OH (NN−I)
Ni−OH  3.92 2.64 -1.84 4.48 1.72 

 

For sites with an additional Ni removed, NMCNi′−OH(x)
Ni−OH  (rows 4 & 5), we compare the 

trends in the spin. The A-site is more favorable by 0.29 eV with the largest associated descriptor 

change observed for s (which also causes the same change in Δ𝜌s). Due to the change in s, 

the spin environment after the Ni’-OH (A) site release generates a NMCNi−OH (A)
Ni−OH  structure with 

fewer unpaired electrons than NMCNi′−OH (B)
Ni−OH , thus forming the NMCNi′−OH (A)

Ni−OH  is more favorable. 

In another instance, the formation of the NMCMn′−OH (NN−II)
Ni−OH  surface (row 7) also shows a lower 

Δρs value and is associated with a more favorable ΔGtot but goes on to show interesting 

dependence on the value of ρs. We observe that the ρs value decreases which suggests that this 

Mn’ site is no longer Mn4+ with a d3 configuration. This is shown in the projected density of 

states in Figure 3 with this Mn’ site plotted in the middle. For analysis, the Fermi energy (EF) is 

fixed at zero to show occupied orbitals below the Fermi line and unoccupied above. We observe 

some of the up-spin density moves above the fermi energy indicating this Mn’ site has lost 

electron density in the t2g orbitals showing this site has undergone oxidation. We would expect 

an oxidized metal to have a stronger bonding network to the surrounding oxygen atoms making 

it more difficult to remove this site. This interplay between metal-oxygen bond distances and 

metal oxidation state is explored quantitatively using a bond-valence analysis and as presented in 

S6.Table 15. However, the removal of two neighboring Ni sites causes Σρs to decrease showing 

that Δρs can outweigh the oxidation state trends we have seen for our studies only looking at a 

single M-OH removal.39-41, 47.  
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Figure 3: Projected density of states of Mn’ after initial Ni removal. The spin up density is 

shown as blue, and the spin down density of shown in green. The Fermi energy (EF) is denoted 

with the dashed purple line. The projected densities presented in this work fix EF at zero by 

subtracting EF over all energy levels (E-EF). 

The (001) surface prefers to maintain an AFM spin alignment, and this controls metal 

release trends, as the remaining metals undergo redox to maintain this spin alignment. This leads 

to the main takeaway that: When there is a Δρs value close to zero in a given NMC
𝑀′−OH

_____  surface, 

the release of M’-OH will proceed more favorably to form a specific NMC_____
_____   surface with a 

lower number of unpaired spins. The trend that most favorable M’-OH removals result in 

NMC_____
_____  surfaces with a lower number of unpaired spins is violated by a few pathways that form 

a NMC____(NN−I)
____  surface. These exceptions can be explained by looking at Vi and ρs values. Table 

2 shows that the formation of NMCCo′−OH (NN−II)
Ni−OH  is the most favorable Co’-OH leaving group 
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even though it has the largest Δρs value. This site has a Vi value that is about 0.4 v.u. less than the 

other Co sites and a ρs value of 0.75 indicating that this site has undergone a redox event and has 

an up-spin electron that is aligned in the same direction as the edge-sharing metals. By having an 

electron in the same direction as the surrounding metals we expect there to be a repulsive effect 

that destabilizes this site causing NMCCo′−OH (NN−II)
Ni−OH  (row 3) to be more favorable to form. 

NMCCo′−OH (NN−II)
Mn−OH  (Table 3, row 2) shows a decrease in the Vi value while there is not a large 

change in the associated ρs value. The Vi value has decreased due to having two vacancies in the 

neighboring environment and do not observe any changes in the electronic structure of Co2 

(Figure 4). 

Table 3: Values shown here are for secondary removals after an initial Mn-OH removal. The first 

column defines the surface structure, column 2 are the 𝑉𝑖 values in v.u., column 3 is the M’ site 

spin, column 3 is the sum of the neighboring spins, column 4 is the perturbation of the spin 

environment defined as Δ𝜌s = |∑𝜌s − 𝜌s|, and in the final column is the Δ𝐺tot in eV. 
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Structure Vi 𝜌𝑠 Σ𝜌𝑠 ∆𝜌𝑠 ∆Gtot 

𝑁𝑀𝐶𝐶𝑜′−𝑂𝐻 (𝑁𝑁𝑁)
𝑀𝑛−𝑂𝐻  2.81 0.06 3.21 3.15 1.24 

𝑁𝑀𝐶𝐶𝑜′−𝑂𝐻 (𝑁𝑁−𝐼𝐼)
𝑀𝑛−𝑂𝐻  2.68 0.13 -2.23 2.36 1.92 

𝑁𝑀𝐶𝐶𝑜′−𝑂𝐻 (𝑁𝑁−𝐼)
𝑀𝑛−𝑂𝐻  2.82 0.03 0.39 0.35 1.03 

𝑁𝑀𝐶𝑁𝑖′−𝑂𝐻 (𝑁𝑁𝑁)
𝑀𝑛−𝑂𝐻  2.16 -1.68 8.32 10 0.35 

𝑁𝑀𝐶𝑁𝑖′−𝑂𝐻 (𝑁𝑁−𝐼)
𝑀𝑛−𝑂𝐻  1.97 -1.67 5.87 7.54 0.32 

𝑁𝑀𝐶𝑁𝑖′−𝑂𝐻 (𝑁𝑁−𝐼𝐼)
𝑀𝑛−𝑂𝐻  2.08 -1.66 2.89 4.55 -0.22 

𝑁𝑀𝐶𝑀𝑛′−𝑂𝐻 (𝐴)
𝑀𝑛−𝑂𝐻  3.94 2.77 -4.78 7.55 2.37 

𝑁𝑀𝐶𝑀𝑛′−𝑂𝐻 (𝐵)
𝑀𝑛−𝑂𝐻  3.97 2.7 -4.9 7.6 0.92 
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Figure 4: Projected density of states for Co’ after initial Mn removal. The color scheme is the 

same as Figure 3. 

 
If we compare the Co-O bond distances of these three sites (S6.Table 11), we observe that the 

bonding strength of Co2 has increased to compensate for the two nearby vacancies, indicated by 

the shortening of the Co-O bonds.  

NMCMn′−OH (NN−II)
Co−OH  (Table 4, row 7) is very unfavorable to remove as well. Here we 

observe an increase in the Vi value and a decrease in ρs. The electronic structure for the Mn’-OH 

sites are shown in Figure 5 showing a change in the fillings for Mn8 that indicates the oxidation 

of Mn with some of the up-spin density moving above the fermi energy.  
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Table 4: Values shown here are for secondary removals after an initial Co-OH removal. The first 

column defines the surface structure, column 2 are the 𝑉𝑖 values in v.u., column 3 is the M’ site 

spin, column 3 is the sum of the neighboring spins, column 4 is the perturbation of the spin 

environment defined as Δ𝜌s = |∑𝜌s − 𝜌s|, and in the final column is the Δ𝐺tot in eV. 

 

Structure Vi 𝜌𝑠 Σ𝜌𝑠 ∆𝜌𝑠 ∆Gtot 

𝑁𝑀𝐶𝐶𝑜′−𝑂𝐻 (𝐴)
𝐶𝑜−𝑂𝐻  2.83 0.05 3.06 3.01 -0.93 

𝑁𝑀𝐶𝐶𝑜′−𝑂𝐻 (𝐵)
𝐶𝑜−𝑂𝐻  2.86 0.04 2.6 2.56 -1.14 

𝑁𝑀𝐶𝑁𝑖′−𝑂𝐻 (𝑁𝑁𝑁)
𝐶𝑜−𝑂𝐻  2.12 -1.71 8.32 10.03 -0.2 

𝑁𝑀𝐶𝑁𝑖′−𝑂𝐻 (𝑁𝑁−𝐼𝐼)
𝐶𝑜−𝑂𝐻  1.92 -1.71 7.62 9.33 -1.36 

𝑁𝑀𝐶𝑁𝑖′−𝑂𝐻 (𝑁𝑁−𝐼)
𝐶𝑜−𝑂𝐻  1.99 -1.68 7.13 8.81 -2.26 

𝑁𝑀𝐶𝑀𝑛′−𝑂𝐻 (𝑁𝑁−𝐼)
𝐶𝑜−𝑂𝐻  3.93 2.71 -5.03 7.75 1.63 

𝑁𝑀𝐶𝑀𝑛′−𝑂𝐻 (𝑁𝑁−𝐼𝐼)
𝐶𝑜−𝑂𝐻  4.16 2.14 -5.03 7.17 3.08 

𝑁𝑀𝐶𝑀𝑛′−𝑂𝐻 (𝑁𝑁𝑁)
𝐶𝑜−𝑂𝐻  3.92 2.76 -4.96 7.72 0.9 
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Figure 5: Projected density of states for Mn’ after initial Co removal. The color scheme is the 

same as Figure 3. 

The oxidation of this site causes Mn8 to have a stronger bonding network with its surroundings 

which results in an increase in Vi above the ideal value of 4, even though there are two vacancies 

surrounding this site which we would have expected to lower Vi. The oxidation of this site gives 

us the least favorable Mn’-OH removal in Table 4. 

As noted above, formation of NMC_____
_____  surfaces in NN patterns are generally more 

favorable than NNN patterns, but there are preferences for NN-I vs NN-II depending on the 

initial removal. After an initial removal of Ni-OH, forming the NMCCo′−OH (NN−II)
Ni−OH  (Table 2, row 

3) surface is most favored while after an initial Co-OH removal it is most favored to form the 

NMCNi′−OH (NN−I)
Co−OH  surface (Table 4, row 1). We predict that the removal of Co does not 

dramatically affect Σρs since Co is in a d6 configuration with no spin. Removing two of these 

sites around a Ni atom does not induce any changes in Σρs but does cause Ni to form stronger 



 29 

bonds to O neighbors. Thus, Ni removal will follow pathways to form NMCNi′−OH (NN−I)
Co−OH  over 

NMCNi′−OH (NN−II)
Co−OH  (Table 4, row 4). When Ni is removed, there is a disturbance in Σρs which 

causes NMCNi′−OH (NN−II)
Co−OH  to become more favorable to form since Ni was providing anti-

ferromagnetic coupling with neighboring Mn.  

 

Conclusions 

Different stepwise pathways to form NMC slabs with a total of two missing metal sites 

were modeled using a DFT + solvent ion methodology that enables electronic structure analysis 

of the solid state with the inclusion of aqueous effects provided by experimental data. The 

overall trend of incongruent release, with relative favorability of metal removal ranked as Ni > 

Co > Mn is maintained in going from surfaces with one to two metal vacancies. New 

mechanistic insights point to the preference for NMC to further dissolve through metal sites that 

are edge-sharing with an initial metal vacancy, as opposed to forming multiple isolated defect 

sites. The DFT + solvent ion model predicts the more favorable pathways to double vacancy 

formation have structures that help maintain a low net spin and favorable spin couplings. The 

stepwise modeling shows that when Mn is the identity of the second metal removed, the 

associated energetics are never favorable. This is in-line with experimental observations that 

over long periods of time, NMC in water forms a Mn-rich phase. While obvious descriptors such 

as oxidation sate play a governing role in the model energetics, RFT testing R2 values are too 

low to be conclusive. Descriptor importance tracks with our interpretation that oxidative factors 

outweigh those related to spin coupling as spin is used more so to distinguish metal release 

trends after separating bins based on metal identity. Future directions regarding machine learned 
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ΔGtot predictions could be targeted towards a more expansive range of structures with varying 

metal ratios and identities to create a model that can tailor release properties based on the 

composition. Furthermore, the methods outlined in this paper could be utilized as the basis for an 

expanded model to more complex metal release mechanisms that include ions and organic 

molecules that are commonly found aqueous media or metal release within the functioning 

environment of LIBs that incorporate electrolyte and anode. 
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