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Abstract

The rapid increase in use of Li-ion batteries in portable electronics has created a pressing
need to understand the environmental impact and long-term fate of electonic waste (e-waste)
products such as heavy and/or reactive metals. The type of e-waste that we focus on here
are the complex metal oxide nanomaterials that compose Li-ion battery cathodes. While in
operation the complex metal oxides are in a hermetically sealed container. However, at the
end of life, improper disposal can cause structural transformations such as dissolution and
metal leaching, resulting in a significant exposure risk to the surrounding environment. The
transformations that occur between operational to environmental settings gives rise to a stark
knowledge gap between macroscopic design and molecular-level behavior. In this study we
use theory and modeling to describe and explain previously published experimental data for
cation release from Li(Ni; 3Mn; ;3Co;,3)O2 (NMC) nanoparticles in an aqueous environment
(Chem. Mater. 2016 (28) 1092-1100). To better understand the transformations that may
occur when this material is exposed to the environment, we compute the free energy of surface
dissolution, AG, from the complex metal oxide NMC for a range of surface terminations and

pH.

Introduction

Complex metal oxides (CMOs) have transformed the way in which technology is used worldwide,
with an extensive, ever-increasing number of applications being discovered on an almost daily ba-
sis (/). Nanoscale CMOs have been incorporated into energy production technologies, form the
basis of contaminant remediants (2, 3), and can be found in widespread commercially available
items such as sunscreen, or in electric vehicles, where they constitute a majority of the electroac-
tive components of a Li-ion battery (4—6). Recent studies have postulated that the large scale
industrial production and subsequent use of CMOs may lead to inadvertent releases of CMOs into
the environment, and that these exposures may be problematic in the immediate future (7). A key

example here is that there is no forseeable economic benefit or globally regulated system in place
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to recycle electronic waste ("e-waste") such as spent Li-ion batteries (8). Even though research has
shown that the toxicants associated with CMOs from discarded electronic devices can leach into
the environment and pose a serious risk to human health (9), there is no (inter)national infrastruc-
ture for recycling lithium-ion batteries. This is especially problematic for the developing countries
(with less stringent environmental regulations) to which a majority of our e-waste is shipped.

The environmental and biological impact of nanoscale CMOs are largely unknown (/0-12),
and this has resulted in one of the grand challenges of modern chemistry. In response, investiga-
tions at the nano-bio interface have emerged, where "safe-by-design" research has focused on how
to optimize or maintain nanomaterial-based device performance while minimizing adverse biolog-
ical impact (/3—-15). To address the negative biological impacts that result from exposure, and to
align closely with the principles of green chemistry (/6), the nano-bio community has called for
safer, sustainable design rules across all stages of the life cycle of the CMOs.

One looming problem remains: there is still a large fundamental knowledge gap in design-
ing and developing sustainable nanotechnology, and that is the ability to predict the properties of
CMOs as a function of environmental changes. Nanoscale CMOs have a high surface to volume
ratio and exhibit reactivities that depend strongly upon their local chemical surroundings. It has
been demonstrated that properties such as (hetero)agglomeration can be controlled in aqueous me-
dia as a function of pH, ion species, and ionic strength (/7, 18). This also implies that CMOs are
able to react to and transform rapidly with changes in their surroundings (19, 20), and that the fate,
transport and toxicology of transformed CMOs are most times unidentified. The lack of molecular
understanding of nanoscale CMOs transformations is noted as a weakness in nano Environmen-
tal Health and Safety (nanoEHS) (217), and there is a need to isolate the set(s) of parameters that
govern nanoscale CMO transformations.

First-principles DFT has already led to a revolutionary development of the CMO materials
that compose a Li-ion battery (22-33), specifically the cathode materials (34-38). The inter-
play of computable information (39-42) and experimental endeavors has resulted in a booming

industry (43, 44). While DFT-based research has broadly impacted materials design (45—49), the
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complexity and heterogeneity of CMOs in the environment complicates the direct application of
electronic structure methods. However, by using DFT in conjunction with thermodynamic mod-
eling, the effects of finite pressure and temperature conditions and macroscopic properties can be
taken into account to understand the nanoscale transformations of CMOs that accompany changes
in the chemical environment.

Analyses that combine DFT and thermodynamics can be used to elucidate how changes in
environmental conditions will result in changes in CMO surface structure, and hence reactivity. A
recent example of how this was applied to the CMO LiCoO, (LCO) demonstrated that comparing
the results of an atomistic thermodynamic surface free energy analysis to a general DFT + solvent
ion model based on Hess’s Law (50) showed that two different surface terminations dominate the
experimentally/environmentally relevant portions of the LCO phase-diagram (57), either a Li or
H-terminated surface. Under ambient hydrated conditions, Li will exchange for H (from water)
to create surface OH bonds. The interpretation is that there is a thermodynamic driving force for
surface Li to dissolve, and ultimately be replaced by water products (H or OH abstracted from
an aqueous solution) on the surface. In showing that it was favorable for Li to dissolve from
LCO, the modeling agrees with the experimentally observed dissolution trend (Li > Co) of LCO
nanomaterials (52, 53) as determined by non-linear optical studies.

Li(Nij 3Mn; 3C01/3)02 (NMC) (54-58), a compositionally tuned variant of LCO, is a CMO
that is a likely candidate for large-scale commercialization and deployment in electric vehicles.
This makes it a candidate material for increased environmental exposure during its fabrication,
operation, and disposal. Recent work on biological-CMO interactions using NMC flakes (of 7
transition metal-oxide (TM-O) layer thickness) has shown that NMC has a negative impact; expo-
sure to 5 mg/L concentrations impaired Shewanella oneidensis MR-1 bacterial growth (59), and 1
mg/L concentrations interrupted the reproduction and survival of Daphnia Magna (60). Exposure
studies demonstrated that the toxicity can be related to the dissolution of Ni and Co cations from
NMC, and that the dissolution is time-dependent. Measurements of dissolved ion concentration

showed that much more Li and Ni dissolved out of NMC than Co and Mn for the entire range of
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times investigated. Therefore, the trend in dissolution rates is Li > Ni > Co~Mn (59, 61).

In this study we aim to elucidate the thermodynamic driving force behind the incongruent
dissolution of NMC, with an overarching goal of providing molecular-level insight and chemical
guidance to the redesign of CMOs with reduced biological impact. We adapt a combined DFT
+ thermodynamics approach to compute the free energy (AG) of dissolution of 7M from NMC.
We establish a correlation between our computed AG to the observed dissolution rate trends. Be-
yond establishing strong connections to, and interpretations of, experimental dissolution results,
we go on to provide information from our theoretical calculations to guide future experiments.
Specifically, we systematically vary surface lithiation and hydrogen coverage, and transition metal
vacancy densities to provide insight into how these variables affect or control dissolution. Our
NMC dissolution study provides computationally derived rules for CMO redesign to mitigate neg-

ative impact at the nano-bio interface.

Materials and Methods

Periodic DFT calculations (62, 63) of bulk and surface structures are performed using the open
source Quantum Espresso software package (64). Each atom is represented using ultrasoft GBRV-
type pseudopotentials (65, 66). All calculations use a plane-wave cutoff of 40 Ry for the wave-
function and 320 Ry for the charge density. All atoms are allowed to relax during structural opti-
mizations, and the convergence criteria for the self-consistent relaxation was a maximum residual
force of 5 meV/ per atom. Calculations are performed at the GGA level (67), unless otherwise
noted.

The bulk NMC cell is a (\/§ X \/§)R3OO x 2 modification of a hexagonal LCO primitive cell.
LCO belongs to the NaFeO,-Delafossite structure type, and is described in previous studies (28,
51). The bulk NMC cell contains 6 transition metal oxide layers (O-TM-O). To create NMC
from LCO, a substitution of 1/3 of the Co>* for Ni*t and 1/3 of the Co>* for Mn** is made in

a perfectly alternating manner that adheres to the trigonal symmetries of the delafossite structure
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type and maintains charge neutrality. The transition metal (TM) ordering in each layer is shown
on the left hand-side of Figure 1, and a condensed version of the vertical direction is shown on the
right-hand side of Figure 1. A 6x6x1 k-point grid (68) is used for calculations of the bulk NMC
structure.

The bulk NMC cell is used to generate surface slabs. Prior experimental work (59) described
the NMC as nanosheets with at least 7 (O-TM-O) layers, which would be computationally expen-
sive using DFT methods. Therefore, the surface slabs generated here have 4 total transition metal
oxide layers, of which the 2 exterior and 2 interior are related by inversion symmetry, respectively.
Each layer contains 3 7'M sites. To create supercells of these slabs one can multiply cell dimension
a by integers n=2,3, etc. Here, the surface slabs are multiplied by 2 to obtain reference slabs; 21/3
x /3 supercell slabs are able to support 1/2 coverage of either Li or H, denoted as NMCy,_p;, and
NMC;, _y, respectively. Each contains 6 total TM sites per layer so removal of 1 TM from these
slabs results in a 7M vacancy density of 16.67%. These half-coverages, shown in Figure 2, are
charge neutral, and for the NMCy_1; and NMC;,_y slabs, a 3x6x 1 k-point grid is employed for
all calculations.

To obtain dissolution data for lower TM vacancy densities (of ~ 11%), the cell dimension a
is multiplied by 3 to obtain 9 total 7M sites within each of the 4 (O-TM-O) layers in the slab.
For this 3v/3 x /3 slab, a 2x6x 1 k-point grid (68) is used for all calculations. Each TM vacancy
calculation employs a top-down dissolution model, where the atoms in the layers above the TM are
dissolved (removed) in addition to the 7M. For example, to compute the free energy of dissolution
of Ni from a hydrated surface, a surface HO above the Ni is removed in addition to the Ni.

A DFT + Solvent Ion method based on Hess’s Law (50, 69) employed in previous work on
LCO (51), is used to compute the change in free energy of dissolution, AG. In this method, the
computed energies of the reactants and products (AG1) are combined with experimental data (AG;)
to obtain the overall AG. AG; = Epoducts-Ereactants, and zero-point energy (ZPE) correction terms
are added to the DFT total energies of NMC slabs as detailed previously (57). Based on the Nernst
equation, AG, = AGgHE - neeUsyg - 2.303ny+KT pH + KT In a(H,AO,)*", where AGgHE is the
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free energy of formation at standard state, relative to the standard hydrogen electrode, eUsyg is the
applied potential, relative to the standard hydrogen electrode, and afq: A0, A€ the concentrations of
the dissolved constituent ions (assumed to be 1% 10-°M). n, and ny+ are the number of electrons
and protons involved in the chemical reactions required for surface dissolution, and are located in
Table S1 of the Supplemental Material. Values of AG(S)HE are taken from Ref. (70). At conditions of
eUspg = 0 and a = 1 x 10~°M, DFT-calculable Pourbaix diagrams (71) show that Ni%;l) will be the
preferred state of Ni in solution until ~ pH = 9.5 when NiO,) will form, Mn%;;) will be dominant
until ~ pH = 10, when MnyO3(5) or Mn3Oyy) will form, and Co?;]) will be dominant until pH =7,
where HCoOz_(Lq)

is to investigate the dissolution of NMC battery material for a range of environmentally relevant

becomes the preferred aqueous species. One of the main objectives of this work

conditions, and choosing a pH range from 1 to 9 will allow for dissolution comparisons of the
divalent TM cation species NiZt, MnZt, Co?*. Example calculations of AG for dissolution from
NMCy,_1; and NMCy,_y slabs are presented in Section S1 of the Supplemental Materials.

The electronic band structure and projected density of states (PDOS) of the bulk material and
each surface slab are computed to obtain metrics on how varying surface stoichiometry will affect
the behavior of the 7M. NMC is a redox active material and changes to the surface states will affect
the oxidation state and bond lengths of each species. Also investigated are the effects of applying
a range of Hubbard U (72-75) to the TM to determine how the addition of this on-site corrective
term affects the dissolution properties of a CMO material such as NMC. These comparisons can

be found in Section S2 of the Supplemental Materials.

Results and Discussion

Bulk and Surface Models

Figure 1 shows a top view of a (O-TM-O layer) in bulk NMC v/3 x /3 R30° x 2 cell (left hand
side), and a side view of the layer ordering in the primitive cell (right hand side). Each TM is

octahedrally bound in a perfectly alternating manner, and each octahedral unit is edge-sharing;
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this connectivity forms a rigid O-7M-O layer, and Li is found in the space between these rigid
layers. The DFT relaxed bulk NMC has lattice constants a=2.883 A, c=14.232 A, close to the
reported bulk lattice constants of a=2.86 A (+0.80%), c=14.227 A (+0.04%) from neutron and x-
ray refinement data (76, 77), and in line with previous DFT-GGA studies (4/). Also shown in the
right hand side of Figure 1 are d1 and d2, which describe vertical O-T M-O and O-Li-O distances.
In DFT-relaxed bulk NMC, these are 2.12 and 2.62 A respectively, and these bulk values will be
compared to surface bond distances later on in the manuscript.

The bulk NMC cell includes magnetic interactions that can be described as ferrimagnetic spin
coupling. Low spin Co>* (d®) has no net spin, but Ni>* (4%) and Mn** (43) have 2 and 3 unpaired
electrons, respectively, that are antiferromagnetically coupled. In this work, Ni>t is spin down
and Mn*" is spin up, which leaves an unpaired spin up electron per formula unit of NMC. The
left hand side of Figure 3 shows the spin character within the PDOS for each of the TM in bulk
NMC. The PDOS shows that the highest occupied molecular orbital (HOMO) is composed of
bonding states that contain significant contributions from spin-down 3d states of Ni (and Co) and
the LUMO is composed of anti-bonding states that contain significant contributions from spin-
down Mn, the empty 3d-states of Mn**. The identity and location of 3d orbitals in the PDOS
supports the proposed order of oxidation of redox active transition metals in NMC under standard
battery operating conditions. As reported in Ref (47), the lithiation state (x;;) of NMC dictates
the oxidation state of the 7M: as Li de-intercalates from between the rigid O-7M-O layers, the
successive oxidation steps are approximately as follows a) Ni2t — Nt (0.67 < x; < 1) before
b) Ni*™ — Ni** (0.33 < xp; < 0.67) before ¢) Co*™ — Co** (0.33 < x1; < 0). Mn*" remains
mostly redox inactive for the range of 0 < xp; < 1.

The PDOS of the transition metals on the left hand side of Figure 3 is compared to the full
electronic band structure of bulk NMC (right hand side of Figure 3). The computed (indirect) band
gap (Egyp) of NMC is 1.2 eV, close to the value of 1.4 eV reported for LCO (57). Inspection of the
electronic band structure also shows that both the HOMO and LUMO have minimal dispersion,

indicative of the delocalized charge density of redox active transition metals in an edge-sharing
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Figure 1: (Left) Top view of a transition metal oxide layer of the v/3 x v/3 R30" bulk NMC cell.
(Right) Side view of the layer ordering in NMC, with layer spacings d1 (O-TM-O) and d2 (O-Li-
O). The TM are depicted as follows: Ni is dark blue, Co is cyan, and Mn is magenta. Li is depicted
as gray and O is red.

s scheme.

186 Given that experimental syntheses of nanoscale NMC materials shows the formation of nanosheets (59)
17 that expose primarily (001) faces, and that one of the most thermodynamically stable surfaces for
s related materials (LCO) is the polar (001) surface (42, 51), the focus of the following work will be
s on the (001) surface of NMC.

190 Shown in Figure 2 are side and top views of the NMC,,_;; and NMC,,_y surfaces. Li resides
1e1 above a three-fold hollow site on the (001) surface, which is a continuation site where it would
192 appear in the bulk structure. H, however, is directly above an O atom. This is different from the
193 location of surface Li and creates an OH surface bond. To fully understand how surface termina-
194 tions dictate dissolution trends, the effects of Li and H surface coverages ranging from 0 (oxide
195 terminated) to 2/3 are investigated. This range of non-stoichiometric surface terminations may
196 be present under a variety of variable environmental conditions, and away from ultrahigh vacuum
17 conditions surfaces terminated with water products are expected to be dominant.

198 Table 1 presents bond distances for the relaxed supercell slabs surface structures in this study.
199 The bond distance for O-TM — O (d1), for the range of Li and H-terminated (001) surfaces from
200 0 to 2/3, increases from 1.98 to 2.12 A with an increase in surface coverage of either H or Li. The
20 value of d1 at higher coverage, 2.12 A is the same as the bulk value. This indicates that for lower

22 surface coverages it is more likely that that the TMs are oxidized relative to full Li occupancy

9
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Figure 2: Comparison of the side (and top) views of the surface layer of NMC for a) (c) NMC;,_;;
and b) (d) NMC,,_g. Li is above a three-fold hollow surface site and H is directly above an O in
the surface layer, forming an OH bond.

of the ground state. Given the TM redox step behavior of NMC presented earlier in the Results
section, the most likely species to oxidize will be Ni>*; Co’T and Mn** are likely to remain redox
inactive for the range of surface terminations investigated here.

For surfaces with 1/3 to 2/3 Li-coverage, there is an increase in Li-O bond distance from 0.83
to 1.00 A, as Li coverage increases. Compared to one-half of the bulk distance d2, 1.31 A, these
values are significantly shorter, indicating that surface Li are held more tightly to the surface than
in the bulk. This decrease in Li-O bonds for different Li-coverages is opposed to H-terminated
surfaces between 1/3 and 2/3 coverage, where OH bonds are uniformly 1.00 A. These results in-
dicate that the tunability of chemical environment via surface terminations has a direct impact on
the bond lengths and oxidation state of the surface transition metals, and for the range of termina-
tions investigated here, yield demonstrable changes in bond length that should be experimentally
verifiable.

The change in O-TM-O bond lengths as a function of surface termination can be correlated to
changes in the electronic structure. In Figure 4, the PDOS of the 3d-orbitals of Ni in the surface
layer of NMC shift with changes in surface termination. The bare oxide surface has a large peak

at the Fermi level (Ef), that decreases at 1/3 H-coverage, and then is eventually absent at 2/3 H-
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Energy (eV)

| Spin Down

PDOS (arb. units) _F T L Z

Figure 3: Projected density of states (PDOS, left-hand side) of the TM 3d-states in bulk NMC
and the full electronic band structure (right hand side) of bulk NMC. The HOMO is localized on
bonding states that contain significant contributions from Ni and Co and the LUMO is localized on
anti-bonding states that contain significant contributions from Mn. Ef is set to zero for both plots.

coverage. The peaks shifts are indicative of the transition between a metallic Ni**, with partial
electron occupancy both above and below Ep, to an insulating Ni>* with full occupancy only below
Er. A change in chemical environment, via surface coverage, causes the reduction of Ni3t to Nizt

in the surface layer of NMC.

Table 1: Surface oxide bond distances for the structures studied here. Shown here are the bond dis-
tances for the O-TM-O in both the Li and H-terminated surfaces, the Li-O bonds in Li-terminated
surfaces, and the H-O bonds in H-terminated surfaces.

surface  O-TM-O O-Li O-H
coverage H-term Li-term
0 1.98 1.98 - -
1/3 2.02 208 083 1.00
172 2.05 2.10 093 1.00
2/3 2.12 2.12 1.00 1.00

Dissolution From NMC;,_;

To model dissolution of TM from the (001) surface of NMCy,_y;, a top-down removal model is
considered. Depicted in Figure 5 is a simplified illustration of a possible pathway to removing
transition metals from the NMC surface. While the figure shows the step-wise removal of a) Li, b)
O, and c) TM, this may not be the dissolution pathway taken by these materials. This is why the

11
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Energy (eV)
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Spin Down | 1 Spin Up
[ [ L1 1 L1 |
PDOS (arb. units)

-8

Figure 4: PDOS of the 3d states of Ni in the surface layer of NMC, for different H-coverages. The
majority spin (down) is green, the minority spin (up) is blue, and the Ef is a dashed red line. The
shift in the PDOS indicates a change in oxidation state of Ni as surface coverage changes; Ni**
reduces to Ni>* from 0 to 2/3 H-coverage.

Hess’s Law approach described in the Methodology section is crucial; the model only requires the

DFT total energies of the initial and final state since AG of dissolution is path independent.

9920090090 Q000 Q900 Q92009

s3303%0  3sesse ., nadas . l.anne

0029029200 — 320292020200 — 20020202900 — 20020000

it S A B LR

Q92090000 Q000 @000 Q00

Figure 5: Shown here is an example of the top down mechanism of atom removal employed in the
present study. In this depiction, dissolution is from a Li-terminated surface; it requires successive
removal of Li, O, and TM from the NMC surface.

Dissolution of TM from NMC},_1; requires removal of a surface Li, one of the three O that it
is connected to in the hollow site, and then a surface TM (Figure 5). For the NMCy,_p; supercell
slab, removal of 1 out of 6 surface TMs creates a surface TM vacancy density of 16.6%, and the
resulting structure is denoted as NMCy;_vyac. This dissolution pathway is expressed through the
chemical reaction: NMCj_1; — NMCp;_yac + 2TM?T + 2LiT +20%~, which yields an overall
expression for AG:

= [ELi—vac + 2Eppp2s + 2B+ +2Eqp-1- Ep_1i + 2AGIM™" £ 2AGY™ +2AGH" . Here, reported
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values are divided by 2 to be per surface, and are reported in Table 2.

Li removal is pH independent since it does not require removal of either an O or H, but con-
certed removal of Li-O-TM is pH dependent. This is shown in Figure 6, where AGy; is -1.82 eV
for the entire range of pH, and AG of Ni, Co, and Mn increases as pH increases from 1 to 9. The
exception here is the discontinuity of Co at pH=7, where the stable aqueous Co species switches
from Co’* to HCoO, . AG values show that dissolution of Li and Ni from a Li-terminated surface
will occur for the full range of pH, while Mn?* will not, since AG of Mn?" dissolution is positive
for the full range of pH. Co>" dissolution is predicted to occur only at low pH values (below pH =
3.78) while HCoO, dissolution may occur at pH > 7.

The predicted dissolution trend here is Li > Ni > Co > Mn, but for the range of 3.8 < pH < 7,
only Li and Ni are predicted to dissolve. This correlates to prior experiments, where the majority
of initial dissolution products from NMC were Li and Ni, and dissolution of Co and Mn increased

at a later point in the expe1

4+ |—Li HCo0O,”' g
— Ni-O-Li . -
— Mn-O-Li
— Co-O-Li
! ! ! ! ! !
6 0 2 4 6 8 10
pH

Figure 6: AG of dissolution from a the NMC;,_1; surface for pH 1 to 9. AG of Li is depicted as a
solid black line, Ni is dark blue, Co is maroon, and Mn is magenta. A dashed red line is at AG=0
for the pH range. Above pH =7, Co is stable as HCoO, !(aq.) and not Co** (aq.).

Dissolution From NMC,_g

After immersion in aqueous media, it is likely that surface lithium will exchange with water prod-

ucts to yield a hydroxylated (001) surface since the dissolution of Li is thermodynamically fa-
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vorable from the (001) surface of NMC. It is of note that exchange of cations on the (001) NMC
surface is not necessarily guaranteed a 1:1 exchange, which is why DFT modeling efforts presented
here focus on a range of H-terminations from 1/3 to 2/3 H-coverage.

TM removal from a hydroxylated (001) surface may be energetically favorable when compared
to the lithiated surface because Li dissolution and OH bond formation are exothermic processes.
The dissolution process then becomes a two-step reaction: Li and H exchange occurs before HO-
TM removal. The example below is for exchange between NMC surfaces, NMCy,_1; and NMCy,
before TM removal.

Step 1: NMC),_;; + 6HT — NMC),_y + 6Li ©

Step 2: NMC),_ g — NMCp_yqc + 2TM?T + 2HT +20%, where

AG = [Ep_vac - En_Li] + 2Egpps - 4Ey+ +2Eq 2 +6E i+ +2AGTM _4AGH" +2AG9™ +6AL"
and AG is divided by 2 to yield the dissolution per side, as described in the previous example.

The thermodynamic driving force for 7M-OH removal is the dissolution of Li that results from
the proton and lithium exchange. When compared to dissolution from the NMC,,_y; surface, AG
dissolution from NMCj,_g has decreased. As shown in Table 2, dissolution of Co from NMC},_y is
predicted to be favorable at low pH, whereas it was not predicted to occur from NMCy,_p;. Figure
7a depicts the AG of dissolution of TM from the NMCy,_y surface. The dissolution trend is Ni >
Co > Mn, which was also observed in the Li-terminated surface. Different from the Li-terminated
surface is that dissolution of both Ni and Co are predicted to be favorable for the pH range of 1 to
5.9, and that Mn may dissolve as well, even if only at pH < 1.95.

The dissolution of cations from NMC leads to chemical transformations in which reactive
oxygen species (ROS) were measured in situ in prior experiments (59). While the ROS probe used
for the initial NMC dissolution experiments was selective towards hydroxyl (OH) radicals, the
identity of other potential ROS are still under investigation (67), as are the exact roles that ROS may
have in the negative biological impact of NMC. To investigate the energetics of different oxygen-
containing species mediating 7M dissolution from the NMC},_y surface, the AG of dissolution for

removing neutral HO molecule is computed. The trends of H,O mediated TM dissolution are
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shown in Figure 7b. Depicted as dashed lines, when compared to TM-OH dissolution, shown as
solid lines, it is obvious that removing H,O from the surface as a route for TM dissolution is not
as energetically favorable as OH removal. The difference in dissolution energy between OH and
H,O assisted dissolution supports the claim that removal of TM from the NMC surface produces
ROS (59).

A comparison of AG of dissolution for Ni, Co, and Mn at pH = 3 and pH = 6 for all surface TM
vacancy densities of 16.67% (1/6 cation removal) is presented in Table 2. In all cases Ni dissolution
from the (001) surface of NMC is predicted to be preferred relative to dissolution of Co and Mn.
One reason could be that Ni>* prefers to be in a square-planar configuration and not the octahedral
configuration of the O-7'M-O units found in the Delafossite structure type. This could also be why
Ni dissolution is less sensitive to changes in the chemical environment than either Mn or Co, as

it will dissolve under all conditions investigated here because of its preference for forming fewer

bon
>
L
o}
2
47| = Mhon HC00, " 4 4[N, | e h
— Co-OH — Mn-OH,
| Co-OH,
| | | | | | | 1 | | , | | |
6 0 2 4 6 8 10 6 0 2 4 : L i
pH pH
(a) (b)

Figure 7: Same color scheme and axes as Figure 6 for AG of a) TM-OH (solid lines) and b) 7T M-
H,O (dashed lines) removal. Removal of OH is preferred over H,O for Ni, Co, and Mn for the pH
range of 1 to 9.
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Table 2: Comparison of AG of TM dissolution for each of the 3 removal schemes. All AG are in
units of eV. A positive AG is denoted with a -, indicating that the dissolution is not predicted to be
favorable.

Li-O HO H,0
pH=3 pH=6 pH=3 pH=6 pH=3 pH=6
Ni -058 -023 -194 -124 -1.08 -0.54
Co - - -0.66 - - -
Mn - - - - - -

Decreasing Transition Metal Vacancy Density

One possible reason why Co and Mn dissolution from NMC;,_g is not favorable relative to Ni
is that the surface TM vacancy density was too high for either to dissolve. As discussed in the
Methodology section, to investigate a lower surface TM vacancy density, one needs to increase the
size of the supercell slab. Here the size of the slab is increased from 23 x /310313 x /3. The
total number of surface transition metals increases from 6 to 9, so removal of one TM will result
in a vacancy density of 11.1% (1/9).

For the larger supercell slabs, AG of dissolution of transition metals for a range of H-coverage
from 1/3 to 2/3 is computed. In this series, coverage of 4/9 and 5/9 are also included to investigate
the effects of hydration close to 1/2 surface coverage and because Li and H surface exchanges may
not necessarily be stoichiometric in a dynamic system. Depicted in Figures 8a-8c, the overall trend
in dissolution is Ni > Co > Mn, and the magnitude of AG is dependent upon surface H-coverage.
Dissolution of all 3 TM, for all H-coverages between 1/3 and 2/3, is predicted to occur, but is
more energetically favorable for higher H-coverages. This is variable and dependent upon pH; the
slopes of AG are different from each other and the higher vacancy density of 16.7%. The change
in free energy of dissolution of TM between surface coverages is larger at lower pH and smaller
at higher pH. At lower pH it is more likely that 7M will dissolve from the (001) surface, and at
higher pH it is less likely that TM will dissolve. As pH increases beyond 9, removal of TM-OH is
unlikely since the aqueous media may deprotonate the surface before OH can assist in dissolution.

This suggests that aqueous syntheses need to take place at pH greater than those included here to
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sidestep TM dissolution.

Decreasing the surface TM vacancy density from 16.7% to 11.1% has a larger impact on Co
and Mn removal than it does on Ni. For example, at pH = 6 the difference between TM-OH
removal for 16.6% (1/2 H coverage) and 11.1% (1/3 H coverage) vacancy densities is 0.86 eV
for Ni and 1.43 and 1.54 eV for Co and Mn, respectively. The dissolution of Ni is less sensitive
to surface terminations and 7'M vacancy density than either Co and Mn. Further support for this
claim is that Ni dissolution from the NMC (001) surface is predicted to occur for all pH values,
unlike Co and Mn. AG dissolution for all H-coverages investigated here, for both pH = 3 and pH
= 6, are compared in Table 3. We interpret the driving force for dissolution of Ni as a consequence
of its tendency to prefer square planar coordination as opposed to the octahedral environment of
the delafossite structure type. A comparison of the PDOS for the vacancy structures is presented

in Section 3 of the Supplemental Materials.

Li-Deficient Surface Terminations

In the previous sections of the Results, it was demonstrated that changes in the (001) surface
termination will affect both the structure and electronic states of the 7M, and this will have an
impact of the likelihood of dissolution. Thus far the starting point for all dissolution cycles has
been NMCy_1;, a (001) NMC surface with 1/2 Li coverage. As mentioned in the Introduction,
recent syntheses of NMC nanosheets show that for a range of NMC compositions, the overall
lithiation state (xrj) can vary ~ between 1/3 and 2/3 (59, 61), and that x; ; is synthesis dependent.
Here we investigate the effects of a non-stoichiometric Li deficient surface as the starting point for
AG of TM dissolution.

If the initial Li-deficient supercell slab has 1/3 Li coverage (NMCy;_1 ), computing 7M-OH
dissolution shows that AG increases by ~ 3 eV for all TM, up to pH = 7. This means that Ni, Co,
and Mn dissolution are only favorable until pH = 5.4, 3.8, and 1.4, respectively. Figure 8 compares
AG dissolution for the three cations of a 2/3 H covered surface for whose reaction cycles start
with either NMCy_y; (solid lines) or NMCy;_1; (dotted lines). The large change in AG for this
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Figure 8: Shown here are comparison of TM-OH dissolution between 2v/3 x v/3 (16.7% vacancy
density, dotted lines) and 3v/3 x /3 (11.1% vacancy density, solid and dashed lines) supercell
surface slabs. The 11.1% vacancy density surface slabs have between % and % H-coverage, for a)
Ni b) Co ¢) Mn. Same color scheme as Figure 6.

process demonstrates that initial surface termination dictates the dissolution of cations in aqueous
media. This comparison also implies that if the starting material is overall Li-deficient, the surface
Li coverage may be closer to 1/2 than 1/3, otherwise not even Ni would be removed until pH 5.4

or below. Dissolution data for these tests are presented at the end of Table 3.

Environmental Implications

The present study helps fill the current knowledge gaps between molecular-level transformations

of CMOs that take place at the nanoscale and their potential biological impact for a range of envi-
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pH

Figure 9: Shown here is a comparison of AG dissolution of 2/3 H-coverage supercell slabs for 2
different initial Li surface coverages of 1/2 and 1/3. Same color scheme as Figure 6.

Table 3: A comparison of AG of TM dissolution at 11.1% TM vacancy density for each of the
H-coverages studied here. The last columns are for 7M dissolution from the 2/3 H covered surface
if the starting point were a Li-deficient surface. All AG are in units of eV. A positive AG is denoted
with a -, indicating that the dissolution is not predicted to be favorable.

173 H 49 H 5/9H 2/3H 2/3 H

pH=3 pH=6 pH=3 pH=6 pH=3 pH=6 pH=3 pH=6 pH=3 pH=6

Ni  -2.81 -2.10 -324 235 356 250 384 -2.60 -0.98 -
Co -209 -139 -264 -176 -297 -192 -320 -196 -0.34 -
Mn -128 -052 -1.18 -035 -1.68 -0.61 222 -0.98 - -

ronmentally relevant species and concentrations. Combining first-principles DFT calculations and
solvent-ion thermodynamics is an effective method that can be used to elucidate the mechanistic
pathways that lead to chemical transformations of CMOs for a wide range of conditions. For ex-
ample, one can create DFT calculable speciation diagrams (77) for (meta)stable CMOs that take
into account dynamic factors such as pH and concentration that yield insights into the molecular
mechanistics of nanoparticle transformation. This information can be used to elucidate the possible
transformations that take place for a range of conditions and in some cases, exclude possibilities
that are not likely to occur for a given set of environmental or experimental conditions. As demon-
strated here, this approach can yield atomistic insights into the reactive species and intermediates
involved in complex chemical reactions and could serve as the input data to guide the redesign of

current CMOs.
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The molecular level understanding obtained from the study enables a chemical understanding
of previously reported dissolution trends. This, combined with the evidence that cation leaching is
a pathway to the negative biological impact of CMOs in the environment, points to possible design
rules to explore in the development of sustainable nanotechnology. We predict that Ni dissolution
from NMC will proceed for almost all environmental conditions investigated, while the dissolution
of Co and Mn is highly dependent upon vacancy density and surface coverage. One route to miti-
gate the negative biological impact of NMC could be to (partially) substitute Ni for another redox
active TM that is not toxic to a wide range of organisms. In comparing TM dissolution mediated
by different surface species, we find that dissolution of TM-OH is preferred to dissolution of TM-
H;O for the range of pH investigated here. Since 7'M dissolution is indirectly mediated by surface
exchange of Li and H, and we show that OH are required for dissolution, then our results suggests
that a protective surface coating (78—80) that does not hydrolyze, and prevents Li exchange (to
form surface OH), may be an attractive alternative to complete or partial Ni replacement. Some
examples could be derived from small molecule adsorbates that exist in natural waters, such as
sulfate or phosphate, ordered metal phosphate derivatives (8/), or amorphous coatings such as
LiPON (82).

The results of our first-principles investigations can be used as input datasets for curated
databases such as the recently created Nanomaterial Data Curation Initiative (NDCI) (83). The
field of nanoscience involves many scientific disciplines that generate a complex, diverse amount
of information (84), so the NDCI takes an informatics approach to understanding nanomaterial be-
havior, where nanocuration is seen as a path forward to make informed decisions on nanomaterials
through collaborative assessments and evaluations of the vast amounts of available data. These
efforts are hindered by the lack of completeness and quality of nanomaterial data (85), the lack of
material diversity (i.e, only properties of binary metal oxides and alloys), and that the development
of hazard and risk profiles cannot keep up with the technological advancements made in the field
of nanotechnology. Minimum nanomaterial characterization standards have been proposed, but

not yet widely adopted. The methods presented here have the ability to predict the potential health
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and environmental impact (/6) in a systematic manner, and go beyond simple materials (86), since
CMO are often multicomponent, complex mixtures.

Another area where the predictions presented here could have a sizable impact is in the im-
provement of environmental fate models (/9, 87). These models forecast the effects of releasing
materials into naturally occurring systems (88), and until recently, the input parameters for these
models have largely belonged to either bulk materials or "as-synthesized" nanoparticles, which do
not take into account the possible transformations that an CMO may undergo. It has also been
put forth that stream dynamics studies (89) under-predict nanoparticle mobility and reactivity and
posit that CMO will not be found in their as-synthesized state, thereby undercutting the benefit of

these models.

Associated Content

Supporting Information. Thermodynamics of the DFT + solvent ion method. Dissolution compar-

ison using DFT + U methodology.
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