
Environmental
Science
Nano

PAPER

Cite this: Environ. Sci.: Nano, 2024,

11, 614

Received 16th May 2023,
Accepted 15th October 2023

DOI: 10.1039/d3en00304c

rsc.li/es-nano

Influence of aluminum incorporation and aqueous
conditions on metal ion release of high-Ni
transition metal oxide nanomaterials†

Blake G. Hudson, a Curtis M. Green, b Arun Kumar Pandiakumar,b

Ali Abbaspour Tamijani,a Natalie V. Hudson-Smith,c Joseph T. Buchman, c

Meagan Koss, d Elizabeth D. Laudadio,b Michael P. Schwartz, b Rebecca Klaper,d

Christy L. Haynes, c Robert J. Hamers b and Sara E. Mason *ae

Developing a materials perspective of how to control the degradation and negative impact of complex

metal oxides requires an integrated understanding of how these nanomaterials transform in the

environment and interact with biological systems. Doping with aluminum is known to stabilize oxide

materials, but has not been assessed cohesively from synthesis to environmental fate and biological impact.

In the present study, the influence of aluminum doping on metal ion release from transition metal oxides

was investigated by comparing aqueous transformations of lithium nickel cobalt aluminum oxide (LiNi0.82-

Co0.15Al0.03O2; NCA) and lithium nickel cobalt oxide (LiNi0.80Co0.20O2; NC) nanoparticles and by calculating

the energetics of metal release using a density functional theory (DFT) and thermodynamics method. Two

model environmental organisms were used to assess biological impact, and metal ion release was

compared for NCA and NC nanoparticles incubated in their respective growth media: moderately hard

reconstituted water (MHRW) for the freshwater invertebrate Daphnia magna (D. magna) and minimal

growth medium for the Gram-negative bacterium Shewanella oneidensis MR-1 (S. oneidensis). The amount

of metal ions released was reduced for NCA compared to NC in MHRW, which correlated to changes in

the modeled energetics of release upon Al substitution in the lattice. In minimal medium, metal ion release

was approximately an order of magnitude higher compared to MHRW and was similar to the stoichiometry

of the bulk nanoparticles for both NCA and NC. Interpretation of the release profiles and modeling

indicated that the increase in total metal ion release and the reduced influence of Al doping arises from

lactate complexation of metal ions in solution. The relative biological impacts of NC and NCA exposure for

both S. oneidensis and D. magna were consistent with the metal release trends observed for minimal

medium and MHRW, respectively. Together, these results demonstrate how a combined experimental and

computational approach provides valuable insight into the aqueous transformations and biological impacts

of complex metal oxide nanoparticles.
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Environmental significance

Understanding how technologically relevant metal oxides transform under environmentally and biologically relevant aqueous conditions is essential for
assessing their potential environmental impacts. Al doping plays an important role in tuning the structural stability and performance of high-Ni cathode
materials produced in high volumes for car batteries. We demonstrate how Al doping alters transformations of high-Ni nanomaterials under
environmentally relevant aqueous conditions by comparing metal ion release for LiNi0.80Co0.20O2 and LiNi0.82Co0.15Al0.03O2 nanomaterials. The
experimental studies and modeling demonstrate how material properties can vary based on chemical constituents in the aqueous setting by comparing two
aqueous media formulations. These results provide important new fundamental insights into the factors that control potential release and environmental
impact of this industrially important class of nanomaterials.
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1. Introduction

Chemical reactivity of oxide surfaces has widespread
environmental impacts, such as by altering the composition
of natural waters, contaminant fate and transport, the
formation of atmospheric aerosols, microbially-mediated
redox processes, geologic CO2 sequestration, and
environmental catalysis.1–6 Recent increases in the
widespread use of anthropogenic nanoparticles, particularly
nanoparticles containing elements with significant toxicity in
the environment, has placed increased emphasis on a need
to understand the fundamental chemical transformations of
nanomaterials with complex compositions (e.g., containing
multiple transition metals) and in media representative of
varied natural environments.7–9 Microparticles and
nanoparticles based on LiCoO2 and related compositions
with the delafossite crystal structure represent a particularly
important family of complex metal oxides (CMOs) due to
their widespread use as the active cathode material in
lithium ion batteries (LIBs).10–15 The high cost and limited
worldwide supply of Co has fostered great interest in
replacing LiCoO2 with alternative compositions that achieve
good performance using more earth-abundant elements, Ni
and Al.16–18 This has led to development of complex metal
oxides with compositions such as LiNixMnyCo1−x−yO2 (NMC)
and LiNixCoyAl1−x−yO2 (NCA), which now form the basis of
the batteries used in the majority of electric vehicles
worldwide.19–24 The absence of globally mandated pathways
for the recycling of battery cathode materials has led to
increasing concerns about the potential environmental
impacts associated with end-of-life disposal.25

The confluence of high demand of LIBs and lack of
recycling options gives growing concern to the exposure of
nanoscale CMOs to environmental settings. Experiments
done under simulated landfill conditions show that disposed
LIBs can leach out toxic metals such as Co and Ni.26 The
biological impacts of CMO exposure to aqueous conditions
can be understood, in part, through studies of how the
nanomaterials transform in those settings. For example, in a
study of Shewanella oneidensis MR-1 exposure to Li(Ni.33-
Mn.33Co.33)O2 (“333-NMC”) in bacterial medium, it was
determined that release of constituent metals (especially
aqueous Ni2+ and Co2+) was the primary source of toxicity.27

It was observed that while the initial NMC composition had
equal amounts of Ni, Mn, and Co, the metals were not
released at similar amounts; instead, the measured release
follow the trend of Ni > Co > Mn (an “incongruent” metal
release trend). Over time, the metal release resulted in a Ni-
and Co-depleted nanomaterial with altered composition and
structure. In a subsequent study, modeling using a combined
density functional theory (DFT) and thermodynamics
methodology was shown to capture the trend of incongruent
metal release.28

The conclusion that toxicity of NMC nanomaterials
towards S. oneidensis arises from aqueous cations of the
constituent transition metals motivated a body of work aimed

at understanding the relationship between the solid-state
stoichiometry and trends in the relative amounts of metals
released. Here, we refer to “metal release” to disambiguate
from “dissolution”, as the dissolution of layered lithium
intercalation materials goes on to include delithiation steps
and structural evolution of the oxide.29–31 Compositional
tuning, or variation of the relative amounts of metals within
a bulk CMO material, provides a route to designing cathode
materials with tailored performance and release properties.
This strategy could be used to intentionally reduce the
release of toxic transition metals or promote release for easier
recycling methods. For example, in Ni-enriched NMC, such
as LiNi0.6Mn0.2Co0.2O2 (622-NMC), Ni is released at higher
concentrations than 333-NMC due to the change in metal
ratios, but at lower concentrations than expected based on
the percent change in the bulk material. DFT modeling was
used to show that Ni-enriched NMC leads to a higher fraction
of Ni present in more stable 3+ and 4+ oxidation states,
providing a chemical explanation for the release trend.32

Other studies varying the NMC composition, with
accompanying biological studies and computational
modeling, confirmed roles for metal release in NMC toxicity
towards S. oneidensis and the relationship between changes
in bulk oxidation states and metal release.33,34

Doping, or the intentional addition of a relatively small
amount of an impurity to a material, is another means of
tuning material properties. The incorporation of small
amounts (∼5%) of aluminum into NC (LiNi0.80Co0.20O2), to
form NCA (LiNixCoyAl1−x−yO2), has been shown to improve
the chemical stability and reduce the release of transition
metals into the non-aqueous solvents used in batteries.35

However, the influence of Al on the corresponding aqueous-
phase chemistry that largely controls the environmental
impacts of improper disposal has not been explored.

In the present study we aim to understand how doping with
aluminum influences metal release for high-Ni layered metal
oxides by comparing nanoscale NC (LiNi0.80Co0.20O2) and
aluminum-doped materials, referred to as NCA, using
experimental measurements and computational methods. In
NCA compositions, the Ni, Co, and Al are all initially present
in the 3+ oxidation state. Therefore, any composition-
dependent changes in metal release must be linked to other
factors, such as the thermodynamic stability of Al inclusion.
Because the composition of the aqueous medium can also play
an important role in the overall chemistry, we investigated
how aqueous conditions affect metal release from NCA and
NC by comparing two common media formulations used to
grow freshwater organisms: moderately hard reconstituted
water (“MHRW”, D. magna growth medium) and minimal
medium (S. oneidensis growth medium). The primary
differentiating factor between the two media is the presence of
lactate in minimal medium, a known chelating agent that
stabilizes released metals in solution.

Our results show that metal ion release is substantially
higher in minimal medium than in MHRW for NC and NCA,
which is consistent with prior results from the NMC family
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in these same media.27,32,36 Our comparison of metal release
for NC vs. NCA shows that incorporation of Al significantly
reduces metal ion release in MHRW, with a preferential
release of Ni (incongruent release), but in minimal medium,
transition metal release is similar to the mole fraction
composition in the bulk nanomaterial (congruent release).
Using a computational approach that links density functional
theory (DFT) with thermodynamically accessible energies, we
provide insight into the mechanisms of aqueous metal ion
release for NC and NCA, including the role of lactate,
changing metal release profiles. Additionally, we demonstrate
that biological impacts for two model organisms exposed to
NC and NCA nanoparticles are consistent with experimental
and computational metal release trends. The ability to link
material properties to dissolution trends and subsequent
biological impact has broader implications for a wide range
of technologically relevant nanotechnologies.

2. Experimental
2.1 Molten salt synthesis of LiNi0.82Co0.15Al0.03O2 (NCA)

We first synthesized LiNi0.82Co0.15Al0.03(OH)2 (NCA hydroxide)
using a co-precipitation reaction of metal salts in the
presence of a chelator following methods that have been
shown to form materials with a homogeneous distribution of
constituent elements.37–41 To form NCA hydroxide, an
aqueous solution containing 0.15 M nickel(II) sulfate
hexahydrate (NiSO4·6H2O), 0.028 M cobalt(II) sulfate
heptahydrate (CoSO4·7H2O), 0.0047 M aluminum(III) sulfate
hexadecahydrate (Al2(SO4)3·16H2O), and 0.5 M 5-sulfosalicylic
acid was prepared. The metal salt solution was then
transferred to a burette and added quickly to a beaker
containing a stirring aqueous solution of 4 M lithium
hydroxide to promote co-precipitation of NCA hydroxide. The
chelating agent 5-sulfosalicylic acid limits the concentration
of free metal ions and thereby reduces overall
supersaturation for formation of metal hydroxides (pH ∼ 12–
13).40 After addition of the chelated metal salts to the LiOH
solution, the resulting reaction mixture was stirred at room
temperature for 30 minutes. The precipitate was then
centrifuged at 4696 × g and washed with water three times to
remove the excess ligand and residual ions. Finally, the NCA
hydroxide precipitate was dried, yielding a green solid.
Powder X-ray diffraction (PXRD) exhibited broad peaks (Fig.
S1†) that are consistent with the formation of nanoscale NCA
hydroxide particles.42 A molten salt mixture was prepared
using a 6 : 4 molar ratio of lithium nitrate and lithium
hydroxide. The NCA hydroxide precursor was added to the
molten salt mixture at 450 °C and allowed to react for 30
minutes. The reaction mixture was quenched with water and
the precipitate was washed with water three times and dried
to obtain LiNi0.82Co0.15Al0.03O2 (NCA) nanoparticles.

2.2 Molten salt synthesis of LiNi0.80Co0.20O2 (NC)

The Ni0.80Co0.20(OH)2 (NC hydroxide) precursor was
synthesized by adding an aqueous solution of 0.15 M nickel

and 0.037 M cobalt sulfate salts to a lithium hydroxide
solution. The NC hydroxide precursor was synthesized
without 5-sulfosalicylic acid as a chelating agent as Ni(OH)2
and Co(OH)2 have similar Ksp and so are likely to co-
precipitate homogeneously. The aqueous solutions of
NiSO4·6H2O and CoSO4·7H2O were prepared and transferred
to a burette and then added quickly to a stirring aqueous
solution of 4 M lithium hydroxide, and then stirred at room
temperature for 30 minutes. The resulting precipitate was
centrifuged and washed with water three times and dried,
yielding NC hydroxide as a green powder. The NC hydroxide
precursor was added to a molten salt mixture (prepared by
adding 6 : 4 molar ratio of lithium nitrate and lithium
hydroxide) at 450 °C for 30 minutes. The reaction mixtures
were quenched with water and then the precipitates were
washed three times with water and dried in a vacuum oven
to yield NC nanoparticles. See results and discussion for
characterization of NC nanoparticles synthesized by the
molten salt method.

2.3 Nanoparticle characterization

Scanning Electron Microscopy (SEM). SEM images were
obtained using a Leo Supra55 VP scanning electron
microscope. To obtain SEM images, dilute methanolic
solutions of nanoscale NCA or NC were drop cast onto a
boron-doped silicon wafer. SEM images were taken using
both in-lens and SE2 detectors using incident beam
acceleration voltages of 1 kV and 3 kV respectively.

Powder X-ray diffraction. Powder XRD patterns were
obtained using a Bruker D8 Advance Powder X-ray
Diffractometer with Cu Kα radiation. NCA or NC powders
were lightly pressed into the well of a zero-background SiO2

plate from MTI Corp (Richmond, CA). XRD patterns were
collected for diffraction angles 2θ in the range of 10–90° at a
resolution of 0.1°.

ICP-OES for nanoparticle composition. The composition
of NCA and NC nanoparticles was determined by digesting
samples in freshly prepared aqua regia (3 : 1 volume mixture
of 37% HCl and 70% HNO3) [CAUTION: Aqua Regia is highly
corrosive and may result in skin burns or explosion if not
treated with extreme care!]. The digested sample was then
diluted with water and analyzed by ICP-OES. Concentration
of metal ions was obtained as four analytical replicates
employing an Agilent 5110 ICP-OES. Analysis of our
calibration curves yielded detection limits of 0.3 μM for Ni,
0.15 μM for Co, 0.4 μM for Al, and 0.5 μM for Li. These
detection limits are all well below the concentrations
observed in the present studies.

ICP-OES for metal ion release. To determine the
concentration of metal species released into the media,
nanoparticle suspensions were stirred in either moderately
hard reconstituted water (MHRW) at 20 °C or in minimal
medium at 30 °C for 72 hours, with aliquots collected at 1, 3,
6, 24, 48, and 72 hours. The aliquots were centrifuged at
4696 × g for 30 minutes. The supernatant was then removed
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and acidified to achieve 2.5% by weight HNO3, thereby
matching the acid concentration of the standards used. The
concentration of metal species was determined using two
sample replicates and four analytical replicates by ICP-OES.

X-ray photoelectron spectroscopy. XPS analysis was used
to measure the fractional composition of metal species
present near the surface for NC and NCA nanoparticles
before and after 72 hours incubation in moderately hard
reconstituted water (MHRW Fig. S2†) and minimal medium
(Fig. S3†). NCA and NC nanoparticles incubated in MHRW
and in minimal medium were washed with water three times.
Samples collected before and after incubation were then
pressed into foil. XPS measurements were carried out on a
PHI 5000 VersaProbe III using an Al Kα X-ray source at 45°
takeoff angle and charge compensation via dual electron
flood gun and ion gun. Survey spectra were recorded with a
pass energy of 50 eV. CasaXPS software was used to
determine the peak area for metal species in NCA and NC.
The fractional composition for metal species at the surface of
NC and NCA nanoparticles was determined using the
following equation:

fx ¼
Ax
SxλxX

i

Ai
Siλi

(1)

where x = Ni, Co or Al, Ai = area obtained from XPS for
element i, Si = atomic sensitivity factor for element i, and λi =
inelastic mean free path for element i. Inelastic mean free
path values of 2.07 nm (Ni), 2.24 nm (Co) and 3.78 nm (Al)
were obtained using the NIST electron inelastic mean free
path database43 via the TPP-2M equation.44

2.4 Computational modeling

Periodic calculations. Spin-polarized DFT calculations
were carried out on models of NC and NCA. Based on our
previous benchmarking of different exchange–correlation
functionals,28 work here is done using the GGA-PBE
exchange–correlation functional,45 as implemented in the
Quantum Espresso (QE) open source suite.46,47 GBRV
ultrasoft pseudopotentials48 were used to model electron-
nucleus interactions. A planewave cutoff of 40 Ry was chosen
for the wavefunction and a charge density threshold of 320
Ry was used, as recommended for the pseudopotential set.

Theoretical lattice constants were determined starting
from the bulk structure of LiNiO2 (LNO) based on an
experimental crystallographic information file as reported in
the Inorganic Crystal Structure Database.49 Variable volume
bulk cell geometry optimizations were run using a converged
8 × 8 × 4 Monkhorst–Pack50 grid of k-points and imposing no
constraints on atomic positions. A residual force criterion of
5 meV Å−1 was used. This material has an R3̄m symmetry
(space group no. 166) and belongs to the delafossite structure
type. The experimental (theoretical) lattice parameters for
this structure are a = 2.883 (2.885) Å and c = 14.199 (14.113)

Å.51 The better agreement between theory and experiment for
the in-plane lattice constant is consistent with other results
in the literature and is to be expected for the layered
structure.11,52

To generate NC and NCA surface models, we use the
optimized bulk LNO as the parent structure to set up a 5 × 2
supercell as shown in Fig. 1. From this surface we can
substitute Co and Al in place of Ni to obtain the
compositions LiNi0.80Co0.20O2 for NC and LiNi0.70Co0.20Al0.10O2

for NCA, additional structures are presented in the ESI†
(Fig. S4). These cells have three O–M–O tri-layers and are
exposed to the vacuum region along the (001) direction. A
comparison of NC vs. NCA layer spacings is tabulated in the
ESI† (Table S1), indicating non significant structural changes
between the compositionally tuned surface models. All of
these structural models have 10 metal ion sites per metal
layer, which allows for various arrangements of neighboring
environments for these compositions. We have assembled
several structures labeled as nearest neighbor (NN,
Fig. 1a and c), where Co atoms occupy edge-sharing sites in
the surface plane, and next nearest neighbor (nNN,
Fig. 1b and d), where the two Co atoms are separated in the
surface plane by a Ni atom.

In going from the bulk to surface supercell geometry, the
k-point mesh was appropriately reduced to 2 × 4 × 1. A 20 Å
thick vacuum was included along the surface normal
direction to avoid spurious interactions between consecutive
periodic images. Vibrational modes were computed using a
frozen-phonon approach as implemented in Phonopy
software53 using a displacement of 0.01 Å.

The change in Gibbs free energy associated with cation
release was modeled by combining DFT calculations with
accessible experimental solvation energy data. This DFT +
solvent ion model54 has been used in related work and the
details of the approach used here are identical.28,32,33,52,55–57

Relevant equations and model values are presented in eqn
(S1)–(S7).† In brief, using the DFT + solvent ion model, metal
release is modeled as the removal of an M–OH group (where

Fig. 1 Skewed top-down view of structural figures for NC and NCA
compositions with Ni (grey), Co (purple), and Al (blue). (a) and (b) Show
nearest neighbor (NN) and next-nearest neighbor (nNN) arrangements
of Co in NC, respectively. (c) and (d) Show the structural models with
Al added to the lattice. Additional configurations were also tested to
provide more varieties of chemical environments (Fig. S4†).

Environmental Science: Nano Paper

Pu
bl

is
he

d 
on

 0
7 

N
ov

em
be

r 
20

23
. D

ow
nl

oa
de

d 
on

 1
0/

2/
20

24
 1

2:
31

:3
5 

PM
. 

View Article Online

https://doi.org/10.1039/D3EN00304C


618 | Environ. Sci.: Nano, 2024, 11, 614–626 This journal is © The Royal Society of Chemistry 2024

M = Co, Al, or Ni). The process is divided into two steps: in
the first step, the vacancy energy, referred to as ΔG1, is
calculated using DFT by comparing the total energy of the slab
missing the M–OH group relative to the starting slab and M–

OH constituents in their respective standard states. DFT total
energies are related to Gibbs free energies by adding zero-point
energy corrections and vibrational contributions for
temperature effects. The redox and hydration of the leaving M–

OH constituents are taken into account through terms referred
to ΔG2 (based on tabulated data for ΔG0

SHE, see Table S2†). In
this way, solvation effects of the standard state species to its
aqueous ions are taken into account. The free energy change
for the overall Ni–OH removal denoted as ΔGT, is given as a sum
of ΔG1 and ΔG2 terms:

ΔGT = ΔG1 + ΔG2 = G[(LiMO2)Ni–OH(s)] + G(H+
(aq))

→ G[(LiMO2)_(s)] + G(Ni2+(aq)) + G(H2O(l)) + e− (2)

Here, (LiMO2)Ni–OH represents a pristine surface with an
intact Ni–OH group and (LiMO2)__ represents the surface
after the Ni–OH is removed.

Each of the 5 × 2 surface supercell models allow consideration
of distinct ways to remove the M–OH groups for a given metal.
When comparing ΔGT between NC and NCA removals, it is useful
to consider removal schemes that have similar chemical
environments in both compositions, as displayed in Fig. 2.

Fig. 2 shows top-views of the NC-NN Ni (a) and NCA-NN
Ni (b) surfaces and defines the notation used for the vacancy
structures formed by M–OH removals. When an Ni–OH group
based on the central Ni atom in Fig. 2(a) is removed, the
resulting metal vacancy that is formed is surrounded by 5 Ni
atoms and 1 Co atom. The resulting vacancy structure is
denoted as NC-NN Ni5Ni–1Co. By analogy, starting from the
NCA-NN Ni surface in Fig. 2(b) and removing an Ni–OH
group based on the central Ni atom results in a vacancy
structure denoted as NCA-NN Ni4Ni–1Co–1Al.

A metric that has shown to be tied to trends in ΔGT is the
total spin of the metals directly coordinated to the vacancy
site, which we denote as μB.

55 This value is taken as the
summation of the magnetic moments in Bohr magneton of
the six edge sharing metals as shown in eqn (3).

μB ¼
X6

i¼1

μB;i (3)

In an effort to further relate the DFT calculations to
known material functionality and observable properties, we
model the thermodynamics of release of Li+,57 examining the
fully (de)lithated structures. In turn, the change in energy
associated with Li+ release can be related to the intercalation
voltage Vint. The calculation of Vint follows after previous
computational studies:57,58

V int ¼ E Li0:00MO2½ � þ E Limetalð Þ × Li1:00 −Li0:00ð Þ −E Li1:00MO2½ �
− Li1:00 −Li0:00ð Þ × F

(4)

Finally, as aluminum doping is expected to stabilize the lattice,
we go on to calculate DFT formation enthalpies, using a Hess's
law approach of summing DFT total energies of the products
minus that of the reactants and formation reactions starting
from constituents in their respective standard states.55

Molecular calculations. As reported previously, additional
terms can be added to the DFT + solvent ion model to go on
to consider subsequent aqueous chemistry between the
hydrated cations formed from release and other species in
solution.32,56 Specifically, here we consider steps in which
aqueous cations of Ni, Co, and Al go on to form bi-lactated
complexes, following after previous work.32 To summarize,
Pourbaix diagrams show Ni and Co both exist in a +2
oxidation state at pH 7.59 The energy change associated with
the bi-lactate ligand exchange reaction is denoted by ΔG3,
and are given in Table 1. The model reactions used for these
energy changes are given in eqn (S3)–(S5).†

The values of ΔG3 given in Table 1 are used to calculate
ΔG′T as ΔG′T = ΔGT + ΔG3 (Tables S3–S5†). That is, values of
ΔG′T represent the change in energy for the release of a Co–
OH (or Ni–OH) group and subsequent formation of the
corresponding bi-lactate complex, depicted in Fig. S5.†

2.5 Evaluation of biological impact

Biological impact was evaluated using two common
organisms for environmental toxicology research: Daphnia
magna (D. magna), which is found in freshwater aquatic

Fig. 2 Top view of the local environment surrounding defect sites. Ni
(grey), Co (purple), and Al (blue). Here, the site of the metal to be
removed is in the center and is surrounded by six other metal sites. (a)
Starts from the NC-NN-1 slab (Fig. 1(a)) and removes an Ni from the
center. 5 of the surrounding metals are Ni and one is Co, so this
structure is labeled NC-NN-1 Ni5Ni–1Co. (b) Starts from NCA-NN-1
(Fig. 1(c)) and removes an Ni from the center. The resulting structure
has an Ni vacancy surrounded by 4Ni, 1Co, and 1Al, and is labeled
NCA-NN-1 Ni4Ni–1Co–1Al.

Table 1 ΔG3 values for bi-lactate ligand exchange (eqn (S6) and (S7)†) for

Nia, Coa and Al

(eV) Co2+ Ni2+ Al3+

ΔG3 −1.37a −0.96a −2.13
a Values taken from previous work.32
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environments, and Shewanella oneidensis MR-1 (S. oneidensis),
which is a ubiquitous soil bacterium.

Daphnia magna (D. magna). Daphnia magna were
harvested from cultures maintained in the Klaper lab at the
UW-Milwaukee School of Freshwater Sciences. Daphnids were
grown in MHRW incubated at 20 °C on a 16 : 8 hour light/
dark cycle according to EPA recommendations.60 Daphnids
were fed using a combination of 25 mL of freshwater algae
(Pseudokirchneriella subcapitata) at an algal density of ∼400 000
algal cells per mL and 10 mL of alfalfa supernatant
(Medicago sativa) three times weekly. Alfalfa supernatant was
prepared by suspending 8100 mg of alfalfa in 1 L of ultrapure
type 1 water, followed by 20 minutes of agitation at 130 RPM
and 24 hours of sedimentation. Breeding populations were
maintained at a population density of 20 adult daphnids per
liter of daphnid media, kept in 1 L glass beakers. Neonates
were harvested from daphnid adults between 14 and 28 days
old, ensuring healthy neonates for use in exposures.

D. magna exposures. Acute toxicity was measured for D.
magna exposed to NCA or NC nanoparticles following a
protocol similar to that used previously in studies of other
complex transition metal oxide nanomaterials.36 Briefly,
acute exposures followed a modified protocol based on OECD
202 guidelines for the D. magna acute immobilization
test.27,34,61,62 Five daphnid neonates (≤24 hours old) were
placed in 30 mL glass beakers containing 10 mL of a given
treatment. Four replicates were conducted for each treatment
and the fraction of surviving animals was quantified visually
after 48 hours without feeding. NC and NCA nanoparticles
were tested at concentrations of 0 (control), 1, 10, 50, and
100 mg L−1. NC and NCA stock suspensions were prepared by
measuring out and mixing materials with ultrapure type 1
water in a 250 mL glass vessel to a concentration of 1 g L−1.
To create the desired exposure concentrations, the 1 g L−1

nanoparticle stock solution in ultrapure water was diluted
with MHRW to bring the total volume to 10 mL at each given
concentration. Stocks were then sonicated for 10 minutes
immediately prior to addition to daphnid replicates.

Statistical analysis of D. magna survival data. In order to
determine the significance of impacts of the NC and NCA
treatments towards D. magna compared to controls, two
statistical analyses, the nonparametric Tukey test and
Kruskal–Wallis one way ANOVA on ranks tests, were chosen
due to the distribution of data and the homogeneity of
variances. The statistical analyses were performed using
SigmaStat (Systat Software, San Jose, CA). Impacts of NC and
NCA to daphnid survival were assessed using the
nonparametric Tukey test since the data did not follow a
normal distribution as determined by Shapiro Wilk normality
tests.

Shewanella oneidensis MR-1 (S. oneidensis) culture and
exposure. S. oneidensis was cultured in minimal growth
medium (“minimal medium” – 11.6 mM NaCl, 4.0 mM
KCl, 1.4 mM MgCl2, 2.8 mM Na2SO4, 2.8 mM NH4Cl, 88.1
μM Na2HPO4, 50.5 μM CaCl2, 10 mM HEPES, and 100
mM sodium lactate) for this study. The impact of NCA

and NC nanoparticles on S. oneidensis viability was tested
using a growth based viability (GBV) assay as previously
described.63 Briefly, a working solution 10× more
concentrated than target doses was prepared by
suspending NCA into deionized water. This suspension
was sonicated by bath sonication for 10 minutes and then
diluted 1 : 1 to build a series of 10× concentrated working
solutions. These suspensions were added to a bacterial
suspension in minimal growth medium (OD600 = 0.1) in a
1 : 10 dilution such that desired doses (100, 50, 25, 12.5,
6.25 ppm) were achieved. A calibration curve of S.
oneidensis MR-1 is also prepared by 1 : 1 dilution to create
a series of S. oneidensis MR-1 suspensions, as described in
the previous publication.63 S. oneidensis MR-1 was exposed
to NCA materials in minimal growth media for three
hours. After three hours, 5 μL aliquots of these cultures
were transferred to 195 μL of nutrient rich LB broth and
allowed to grow up in a plate reader at 30 °C overnight.
OD600 was measured at 20 minute intervals. Growth curves
were analyzed in R as described in Qiu et al.63

3. Results and discussion
3.1 Synthesis of NC and NCA by molten salt method

Nanoscale NCA and NC were synthesized by a molten salt
method that has previously been used to produce high-purity
single-phase materials.64–67 For this method, the molten salt
acts as a solvent that facilitates diffusion of reactants, which

Fig. 3 (a) X-ray diffraction patterns of NC and NCA and a simulated
pattern for LiNi0.80Co0.20O2. (b) Scanning electron micrographs of NCA
(left) and NCA (right). Aggregation observed in SEM is attributed to the
effects of surface tension during drying of the samples.
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enables the synthesis of high purity materials at lower
temperatures and shorter reaction times than those used in
traditional calcination processes. Fig. 3 shows XRD patterns
(Fig. 3a) and SEM images (Fig. 3b) for NCA. The diffraction
patterns in Fig. 3a are similar to those reported previously for
NC and NCA.39 While the positions of the peaks are
dependent primarily on the crystal structure (here, the
delafossite structure), the detailed position and width of the
individual diffraction peaks depends on the precise chemical
composition, with additional broadening dependent on
possible structural disorder and size-dependent broadening.
In the XRD data, the intensity of the (003) peak relative to the
(104) is a measure of structural disorder; the low intensity of
the (003) peak indicates significant disorder in the lattice due
to the differing spatial distribution of the metal cations,
along with additional broadening due to the small
nanoparticle size. We also performed transmission electron
microscopy (TEM) of the nanoparticles, with Fig. S6†
illustrating histograms of the longest dimension for each
nanoparticle. SEM and TEM data each show that NC and
NCA are similar in size, with a median length of
approximately 25 nanometers.

3.2 Aqueous metal ion release for NCA and NC nanoparticles

Metal ion release was compared for NC and NCA
nanoparticles incubated in MHRW and minimal medium for
72 hours to determine the effects of Al doping and media
composition on metal release, with results shown in Fig. 4.
In MHRW, NCA was characterized by reduced Ni and Co
metal ion release compared to NC, and minimal detection of
Al (Fig. 4a and b). Further, metal ion release was non-
stoichiometric (incongruent) relative to bulk compositions
for both NC and NCA nanoparticles in MHRW, which is
consistent with previous results for lithium nickel manganese
cobalt oxide (NMC) nanoparticles in MHRW.36 In minimal
medium (Fig. 4c and d), combined metal ion concentrations
(Ni, Co, Al) were similar for both materials after 72 hours of
incubation, indicating that the presence of Al did not reduce
metal ion release to the same extent as MHRW. Further, the
stoichiometry of Ni, Co, and Al concentrations in minimal
medium more closely reflected the bulk compositions
(congruent release) for both NC and NCA, which contrasts
with incongruent release in MHRW here and for previous
studies investigating NMC nanomaterials.27,28,34,36,62

3.3 Computational modeling comparison of metal ion release
for NC and NCA

Interpretation of the values of ΔGT calculated using eqn (2) is
carried out alongside other values. Specifically, we consider
values of ΔGT alongside values of μB (eqn (3)). We also
tabulate the change in values of ΔGT for a given metal
between NCA and NC, defined as Δ(ΔGT). For Δ(ΔGT) values >
0, removing the M–OH group from NCA is less favorable
relative to the same group removed from NC. Likewise,
changes in μB are reported as ΔμB. Negative values for ΔμB
indicate NCA formulations have less unpaired electron
density surrounding the vacancy site. We expect these
materials to be most stable when anti-ferromagnetic
couplings are maximized.55

Table 2 reports the values of ΔGT (and other calculated
properties for comparison and interpretation) for Ni–OH
removals from supercells following the naming schemes
described in Fig. 1 and 2 and the accompanying text. For
vacancy structures where Al is in the local environment
(oxygen edge-sharing) of the removed metal (see Fig. 2, and
sites in Table 2 with Al in the superscript), Δ(ΔGT) > 0. This
indicates that the Al doping reduces the tendency for Ni–OH

Fig. 4 Aqueous metal ion dissolution for NCA and NC in minimal
medium (MM) and moderately hard reconstituted water (MHRW). (a
and b) Concentration of dissolved metal ion species released by 50 mg
L−1 (a) NC and (b) NCA incubated 0–72 hours in MHRW (D. magna
medium). (c and d) Concentration of dissolved metal ion species
released by 50 mg L−1 (c) NC and (d) NCA incubated 0–72 hours in
minimal medium (S. oneidensis medium). For these studies, a 10 mL
aliquot was removed and subjected to ultra-centrifugation to remove
suspended NCA and NC nanoparticles, after which the supernatant
solution was analyzed by ICP-OES to determine the concentration of
dissolved metal species released into the medium. Values reported as
mean ± S.D. (4 replicates from two independent experiments).

Table 2 ΔGT values (eV) and the total spin environment of neighboring
metals (μB) comparing Ni removal after the substitution of Al. Differences
are given for ΔGT and μB going from NC to NCA

Structure Site ΔGT (eV) Δ(ΔGT) (eV) μB ΔμB

NC-NN-3 Ni6Ni −4.06 0.73 5.53 −2.73
NCA-NN-3 Ni5Ni–1Al −3.33 2.80
NC-NN-1 Ni5Ni–1Co −3.75 0.21 4.56 −2.31
NCA-NN-1 Ni4Ni–1Co–1Al −3.54 2.25
NC-nNN-1 Ni5Ni–1Co −4.21 0.98 4.67 −2.38
NCA-nNN-1 Ni4Ni–1Co–1Al −3.23 2.29
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release. This agrees with experimental observations for metal
release in MHRW, where metal ion release was generally
lower for NCA nanoparticles relative to NC. As discussed in
the Introduction, previous studies have shown the oxidation
states play a key role in controlling ΔGT.

32,33 However, here
we would not expect a change in oxidation states as Ni is
present as a 3+ cation in NC and Al is another 3+ cation. We
test this assumption by comparing the electronic structure of
Ni before and after Al substitution (Fig. S7†). No changes in the
electronic structure were observed for Ni after the substitution
of Al indicating the change in ΔGT is not due to changes in
oxidation states of the surface metals. Instead, we can correlate
the changes in ΔGT to the spin environment of the metals
directly neighboring the site. Al3+ has a p6 configuration where
all electrons are paired, whereas Ni3+, d7, will have an unpaired
electron in the eg orbitals of the octahedral environment. By
substituting Al in place of Ni, there are fewer unpaired
electrons (and thus greater stability) surrounding the formed
vacancy, as indicated by negative ΔμB values. This agrees with
previous work that observed Ni release was dependent on the
spin environment when the oxidation state of Ni was held
constant across different formulations.55

Values of ΔGT between NC and NCA in Table 3 are also
compared for cases where the vacancy site does not have a
nearest surface site Al neighbor. For example, consider NC-NN
Co5Ni–1Co (ΔGT = −2.54 eV) and NCA-NN Co5Ni–1Co (ΔGT = −2.46
eV). In this case, ΔGT is more negative for a Co–OH removal
fromNC than in the analogous NCA, showing that the doped Al
can impact metal release even when it is not occupying a lattice
site local to the leaving group. In this example there is little to
no change in the spin environment since the neighboring
metals remain unchanged. A conclusion is that aluminum
induces long-range stability in the lattice.

To further explore why it is thermodynamically less
favorable to remove Ni or Co from NCA than NC, even when
the leaving group does not have Al in the local coordination
environment, we performed vibrational calculations and

compare the energy values of the harmonic frequencies to
assess bond rigidity in the NC versus NCA materials. When
comparing the vibrational modes between NC and NCA, we
see that all frequency values for NCA increase by 5–12 cm−1

(Table S6†). This indicates that the bonding network must be
stronger in NCA as a result of aluminum doping. The
strengthened bonds, as supported by the vibrational analysis,
are in line with the less favorable metal release reflected in
the values of ΔGT. Besides increasing the stability of the
lattice, we can also measure the effect Al substitution will
have on other properties of NCA as a cathode material by
computing Vint and Ef as defined in eqn (4) and ref. 55
respectively. Ef values are reported per formula unit.

As a result of Al doping, the calculated values of Vint for
modeled NCA increase by at least 0.11 V relative to NC. It has
been observed in previous studies that the presence of Al will
increase the voltage due to its lack of d-state electrons
between oxygen and the Fermi energy.55 This results in
electrons requiring more energy to leave the system, causing
the output voltage to increase. It is shown in Table 4 that the
values of Ef are more favorable for the NCA material. The
comparison of Vint and Ef values between NC and NCA, along
with the vibrational analysis, all support the enhanced lattice
stability resulting from doping Al into the NC material.

The final interpretation based on computational analysis
considers how subsequent aqueous chemistry after the initial
metal release may influence trends as a function of metal
identity. Because the value of ΔG3 for Co is 0.41 eV lower in
energy than that of Ni (Table 1), the relative values (reflected
in Δ(ΔGT) in Tables S3 and S4†) also decreases by that
amount. This suggests that Ni–OH and Co–OH removal in
the presence of lactate will be energetically on par and
corroborates the experimental observation of more congruent
metal release in minimal media. Likewise, the relatively large
magnitude of ΔG3 for Al leads to similar ΔG′T values for Ni
and Al, in line with observations that Ni and Al release
similarly in the lactate-containing minimal media.

3.4 Biological impact of NCA and NC nanoparticles

In biological studies, we aimed to determine if Al substitution
would affect acute toxicity towards two model freshwater
organisms, D. magna (MHRW) and S. oneidensis (minimal
medium). Fig. 5a illustrates the percent survival for D. magna
exposed to 0–100 mg L−1 NCA or NC nanoparticles after 48
hour exposure. D. magna survival was decreased compared to
control after exposure to 50 and 100 mg L−1 NC nanoparticles,
whereas NCA nanoparticles did not have a significant impact
on survival for any of the nanoparticle doses measured. These
results indicate that the chemical composition of NCA was
more favorable to daphnid survival than NC. Previously, a
nanoparticle-specific role for biological impact towards D.
magna was reported for LiNixMnyCo1−x−yO2 (NMC)
nanomaterials, as Ni and Co ion concentrations released by
the highest nanoparticle concentration tested (25 mg L−1) did
not reduce survival.32,36 Ni released by 50 and 100 mg L−1 NC

Table 3 ΔGT values (eV) for Ni–OH or Co–OH removal from NC and
NCA materials and total spin environments (μB). Also reported are values
of Δ(ΔGT) (eV), which compares the energy of release for related NC and
NCA materials in which the chemical environment is held constant. For
Δ(ΔGT) > 0, it is more favorable to release a M–OH group from the NC
material relative to NCA. Values of ΔμB denote the change in net spin
between the NC and related NCA material

Structure Site ΔGT (eV) ΔΔGT (eV) μB ΔμB

NC-NN Ni6Ni −4.06 0.44, 0.65 5.53 +0.09, +0.19
NCA-NN Ni6Ni −3.41 5.62
NCA-NN Ni6Ni −3.62 5.72
NC-nNN Ni4Ni–2Co −3.54 0.21 3.42 +0.20
NCA-nNN Ni4Ni–2Co −3.33 3.62
NC-NN Ni3Ni–3Co −4.21 0.03 2.26 −0.14
NCA-NN Ni3Ni–3Co −4.18 2.12
NC-nNN Co6Ni −2.97 0.30 4.66 +0.09
NCA-nNN Co6Ni −2.67 4.75
NC-NN Co5Ni–1Co −2.54 0.08 3.75 −0.02
NCA-NN Co5Ni–1Co −2.46 3.73
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was higher than concentrations previously reported for NMC
in MHRW,32,36 and approached reported EC50 values for
daphnid survival upon exposure to Ni ions.68–72 The increased
toxicity for NC compared to NCA could be due to the increased
release of Ni ions into the media, although we cannot rule out
other effects associated with direct interactions with daphnids
(e.g., nanoparticle consumption).

Fig. 5b illustrates relative viability for S. oneidensis exposed
to 0–100 mg L−1 NCA or NC nanoparticles, as determined
using a growth-based viability assay after 3 hour exposure.63

NCA and NC nanoparticles each had a dose-dependent impact
on S. oneidensis viability, which is consistent with previous
results reported for NMC materials.27,34,62 However, despite
NC releasing higher concentrations of Ni and Co than NCA at
the 3 hour time point, there were no significant differences in
viability between NCA and NC nanoparticles for any of the
doses measured here. These results suggest that metal ion
release alone may not fully explain the biological impact of
NCA and NC towards S. oneidensis. Taken together, our results
demonstrate that substitution of Al into the NC lattice reduced
acute toxicity towards D. magna, while the biological impact
towards S. oneidensis was similar for both materials. These
combined results highlight challenges of redesign strategies
aimed at reducing the biological impact of nanomaterials in
the environment, where biological diversity and aqueous
conditions can vary significantly.

4. Conclusions

NC and NCA were synthesized by a molten salt technique to
determine how incorporation of Al into layered metal oxide

materials influences metal release and toxicity towards model
organisms under aqueous conditions. Metal ion concentrations
released in minimal medium were nearly proportional to bulk
composition (congruent release) for all nanomaterials after 72
hours of incubation, while the total metal ion release was
substantially lower and did not correlate to bulk stoichiometry
(incongruent release) in MHRW. In the absence of a strong
chelating agent, the integrated experiments and modeling
demonstrate that Al doping reduces metal ion release in going
from NC and NCA. This is attributed to greater stability in the Al-
doped oxide, as supported by enthalpy calculations and
computational vibrational analysis. Modeled metal release
energetics also trend with electron spin, such that removals that
minimize unpaired spin are favored. However, the presence of
lactate in minimal medium enhances metal release from NC and
NCA compared to MHRW. We conclude this is due to energetically
favorable chelation of lactate with the hydrated metal ion species.
The relatively more favorable chelation with Co compared to Ni
results in shifts in the release profiles from incongruent in MHRW
to congruent in minimal medium. Finally, the biological impacts
observed for two model organisms exposed to NC and NCA
correlate with the release trends in their respective growth media.
Together, our combined computational and experimental results
provide chemical insights into how changes in nanoparticle
composition and the presence of aqueous species in water
influence metal release trends and subsequent biological impacts.
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