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oxides of increasing interest in nanoscale form for applications in electrochemical
energy storage and as tunable catalysts. These materials exhibit sheet-like
structures that expose low-energy basal planes and higher-energy edge planes in
relative amounts that vary with the nanoparticle morphology. Yet there is little
understanding of how differences in nanoparticle morphology and exposed crystal
planes affects the biological impact of this class of technologically relevant
nanomaterials. We investigated how changing nanoparticle morphology from two-
dimensional (001)-oriented nanosheets to three-dimensional nanoblocks affects the
release of ions and the resulting biological impact using Shewanella oneidensis MR-1
as a model organism. NMC nanoparticles were synthesized in sheet-like morphology
and then converted to block morphologies by heating, leading to two morphologies
of identical chemical composition that were compared to a commercially available
NMC. Ion dissolution studies reveal that NMC nanomaterials release transition metal
ions incongruently (Ni>Co>Mn) in amounts that vary with nanoparticle
morphology. However, when normalized by the specific surface areas, the rates of
release of each transition metal from flakes, blocks, and commercial material were
equivalent. Similarly, the impact on S. oneidensis MR-1 was different when using
mass-based dosing, but was nearly identical using surface area-normalized
exposure dosing. Our results show that even though nanosheets and nanoblocks
expose different crystal faces with significantly different surface energies, the rate of
ion release is independent of the distribution of crystal faces exposed and depends
only on the total surface area exposed. These data suggest that the key protonation

steps that control release of transition metals do not depend on the degree of
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coordination of the initially exposed surface, providing insights into the molecular-
level factors that influence environmental impact of complex metal oxide
nanomaterials. Our results have significant implications for establishment of

methodologies for assessing toxicity of reactive nanomaterials.

1. Introduction

Many emerging nanomaterials of technological relevance are comprised of
reactive compositions in which chemical transformations of the materials in
aqueous media control their biological interactions and environmental impact.1-6
Lithium intercalation compounds of the general formula LiMO2 (where M=
transition metal) represent a particularly important class of materials due to their
widespread use as energy storage materials in lithium ion batteries?-10 and their
novel catalytic properties.11-13 While lithium cobalt oxide (LixCoO2, 0 < x <1, or LCO)
has been the material most frequently used cathode for mobile electronics, a desire
for increased performance with reduced cost is leading to adoption of various more
complex oxides such as lithium nickel manganese cobalt oxide (LixNiyMn;Co01.y,02, 0
<x,y,z <1, referred to here as “NM(C").14-17 Like LCO, NMC compounds consist of
layers of MOz (where M = Ni, Co, Ni in the appropriate stoichiometry) alternating
with layers of lithium ions.18-19 While present-generation commercial NMC
materials typically consist of primary particles ~200-1000 nm in size that are
sintered into larger aggregates, nanoparticles are formed in situ as a result of
mechanical stresses during battery cycling® 20-21 Furthermore, metal oxides of NMC

and other compositions have been shown to have improved performance.22-24 The
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large-scale use of NMC (up to 100 kg per electric vehicle) increases the potential for
environmental release and exposure due, for example, to improper disposal.25-27 The
incorporation of Ni and Mn to reduce cost also reduces the economic incentives for
recycling at end of life?8 and leads to increased potential for improper disposal and
environmental release. The widespread use and potential environmental impact of
NMC makes this class of materials an ideal model system for understanding the
factors that control environmental impact of reactive engineered nanomaterials.

A particularly acute challenge in assessing the environmental impact of reactive
nanomaterials such as NMC is understanding to what extent their chemical
transformation processes are controlled by crystal structure and/or surface
properties, and the associated implications for assessing and ultimately predicting
the biological impact of nanomaterials.29-32 Since NMC have sheet-like crystal
structures, their chemical reactivity might logically be expected to depend
significantly on the specific crystal faces exposed.12 33-35 Prior studies of LiCoO>
reported that the basal (001) plane has the lowest energy 34 and is least reactive
toward the oxygen evolution reaction,'2 while the (104) (012) and (110) surfaces
have energies that are slightly higher34 and are more catalytically active.l2 The free
energies of the surfaces depend on the oxygen and lithium chemical potentials
during synthesis. As a consequence, the morphology and amount of edge- vs. basal-
plane can be controllably varied. Figure 1 illustrates how the shape of NMC particles
changes with different amounts of the (001), (012), and (104) planes exposed.
These crystal planes expose transition metals (TMs) and O atoms with differing

degrees of under-coordination. TMs exposed at the (001) surface are fully
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coordinated while those at the (104), (012), and (110) are under-coordinated; O
atoms are under-coordinated at all surfaces. In aqueous systems the under-
coordinated O and TM atoms can interact with water to produce exposed TM-OH
groups.12.36-38 [n a previous study, we showed that dissolution of transition metals
from NMC occurred incongruently in the order Ni>Co>Mn  demonstrating that the
dissolution processes are element-specific within a single nanomaterial. 5-¢
Computational studies further support the experimental finding that this dissolution
is preferential, nonstoichiometric, and leaves behind transformed particles that are
Mn-enriched. 3° We also found that the biological impact of NM(, as assessed
through toxicity studies using the Gram-negative bacterium, Shewanella oneidensis
MR-1 arose from dissolution of the NMC and the release of transition metal ions,
with no observable direct interaction between the nanomaterials and the bacterial
cells.>¢ The face-dependent differences in surface energy and degree of transition
metal coordination suggest that the atomic structure of NMC surfaces might play an
important role in controlling dissolution processes and the release of metals into
aqueous matrices. Specifically, dissolution might be expected to be faster at the
(104) and (012) faces compared to the (001) basal plane due to the differences in

coordination of the exposed transition metals.
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Here, we report an investigation of the influence of NMC nanoparticle morphology
and the associated distribution of crystal faces on the dissolution and toxicity, using
the NMC composition with nominally equal amounts of all three transition metals,
LixNi1/3Mn1/3C01/302. While many organisms can be used for toxicity assessment,
here we use the bacterium Shewanella oneidensis MR-1 as a model organism due to
its global distribution and important role in cycling of metals in the environment,
and the fact that it lies at the base of the food chain for many higher organisms.32 40-
45 S. oneidensis is a relatively hearty bacterium, such that toxicity in this species is a
strong indicator of toxicity in other species as well. Consequently, S. oneidensis is
widely accepted as a model bacterium for investigating metal-induced toxicity in the
environment.>-6.32 41-46 We applied synthesis methods that yield two different NMC
nanoparticle morphologies: 2-dimensional nanosheets and 3-dimensional
nanoblocks, starting from the same starting metal hydroxide intermediates to
ensure identical chemical compositions. We then compared the ion release profiles

and the biological impact of each morphology, as well as a commercially available

(001)
¢
£~
(104)
(012)

Figure 1. NMC nanoparticle morphology associated with different
distributions of low-energy crystal planes. Different families of

planes are color-coded for clarity.
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NMC, using respirometry and viability measurements of S. oneidensis MR-1. By
comparing the biological impact as a function of mass-based concentration and as a
function of exposed surface area, we establish that the surface area, and not the
mass concentration, is the critical variable controlling ion release and toxicity. Our
work also implies that while there are significant differences in surface energies of
different exposed crystal faces and differences in crystallinity among the materials
evaluated, these differences appear to be less important. The present work provides
new insights into the relationships between atomic-level structure and subsequent
processes that control environmental impact of this emerging class of materials and
has implications for best practices in assessing and predicting biological impact of
reactive nanomaterials.

2. Experimental Details

2.1 NMC synthesis. Synthesis of nanosheets and nanoblocks of NMC. NMC
nanosheets were synthesized using a two-step procedure described previously.>-6 47
In this procedure, a nickel manganese cobalt hydroxide precursor was first
synthesized via a co-precipitation technique in which an aqueous mixture of 0.1 M
nickel (II) acetate, 0.1 M cobalt (II) acetate, and 0.1 M manganese (II) acetate was
added dropwise to 0.1 M LiOH under magnetic stirring. A dark brown precipitate of
metal hydroxides was collected via repeated cycles of centrifugation (Thermo
Scientific Sorvall Legend X1R Centrifuge with Thermo TX-400 rotor, 4696xg) and
resuspension in water (1X) and methanol (4X) followed by drying under a flow of
nitrogen (g). This metal hydroxide precursor (~250 mg) was then addedtoa 10 g

molten flux under magnetic stirring containing 6:4 molar ratio of LiNO3:LiOH at 205
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°Cin a poly(tetrafluorethylene) container. The reaction was quenched after 1 h
using ultrapure water, producing NMC in a 2-dimensional nanosheet morphology.
These nanosheets were isolated using repetitive cycles of centrifugation and
resuspension in water (2X) and methanol (3X) and dried. These cleaned nanosheets
were then used in the ion release and toxicity measurements described below. To
make NMC nanoblocks, the cleaned nanosheets were introduced into a LiNO3:LiOH
(6:4 molar ratio) flux at 600 °C in a platinum crucible in a box furnace. After 4.5 h,
the molten salt flux was very carefully quenched by quickly pouring directly into
ultrapure water in a poly(tetrafluorethylene) beaker, using aluminum foil shielding
at the opening to prevent splattering during transfer. The precipitate was then
cleaned using centrifugation and resuspension in water (2X) and methanol (3X) and
dried, producing NMC nanoblocks. Ultrapure water (18 MQecm resistivity) was used
in all experiments; all other reagents were purchased from Sigma Aldrich and used
without further purification. We also performed experiments using a commercial
battery-grade LiNio33Mno .33 Coo.33 02 material purchased from Electrodes and More,
Inc.

2.2 Powder X-ray Diffraction (XRD). To analyze the crystal phase of NMC
materials, the Bruker D8 Advance Powder X-ray Diffractometer with a Cu Ka source
was used. The NMC powder was deposited onto SiO2 zero diffraction plate (MTI
Corp) and smoothed out with a spatula before analysis.

2.3 Characterization of NMC stoichiometry and ion release into growth
medium. To analyze the chemical composition of both synthesized NMC nanosheets

and nanoblocks as well as the commercial material, a Perkin Elmer 4300 Dual View
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Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES) was used.
Immediately prior to analysis, materials were separately dissolved in freshly made
aqua regia (3:1 v/v mixture consisting of 37% v/v HCl and 70% v/v HNO3). After 2
h, the dissolved contents were diluted with ultrapure water and analyzed. The
standards and water blank were also acidified in a similar manner to the samples to
reduce matrix effects; additionally, the standards were prepared using certified
reference materials from Sigma Aldrich. The ion concentrations were measured
using three analytical replicates.

To characterize the ion release profile each NMC type, suspensions of NMC
nanoparticles were magnetically stirred in bacterial growth medium containing 11.6
mM NaCl, 4.0 mM KCl, 1.4 M MgClz, 2.8 mM NazS04, 2.8 mM NH4(l, 88.1 uM
Na;HPO4, 50.5 uM CaClz, 10 mM HEPES, and 100 mM sodium lactate. The
dispersions were maintained at 30 °C in a water bath to mimic bacterial exposure
conditions, and aliquots were removed periodically over 72 h and centrifuged at
4696xg for 30 minutes before analysis. The top of the supernatants were then
further ultracentrifuged using a Beckman Coulter Optima Ultracentrifuge with a SW-
41 Ti Rotor at 288,000xg for 2 h to remove any remaining particles. Only the top
half of the supernatant was removed for analysis. To verify effective sedimentation,
dynamic light scattering (Malvern Zetasizer Nano ZS) was used. The supernatants
were then measured via ICP-OES, with all samples having triplicate analytical and
sample measurements.

2.4 Morphology characterization using scanning electron microscopy (SEM).

To characterize the morphology of the NMC nanosheets, nanoblocks, and
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commercial NMC particles, a methanolic solution of each NMC was made and drop-
casted onto boron-doped Si wafers. For imaging, a Leo Supra55 VP scanning
electron microscope (SEM) was used with a standard in-lens detector (1 kV incident
electron energy).

2.5 Transmission electron microscopy (TEM). Samples were prepared for
transmission at a concentration of 0.5 mg/ml and bath sonication for 10 minutes. A
drop of the particle dispersion (~6 uL) was deposited on a 200 mesh copper TEM
grid with Formvar and carbon supports (Ted Pella, Inc. Redding, CA) held with
reverse grip tweezers and allowed to air dry. TEM micrographs were acquired on a
Tecnai T12 transmission electron microscope with an operating voltage of 120 kV.

For time-series TEM to examine the overall nanoparticle change as a function of
time, a 50 mg/L dispersion of nanoblocks was prepared in bacterial growth and
magnetically stirred at 250 rpm. At each time point (t=0, 1, 2, 6,24 h),a 1 mL
aliquot of the dispersion was removed. Of this 1 mL aliquot, 6 pL. was deposited on a
200 mesh copper TEM grid with Formvar and carbon supports held with reverse
grip tweezers and allowed to air dry.

2.6 Surface area measurements. The Brunauer-Emmet-Teller (BET) specific
surface areas of NMC nanosheets and nanoblocks were determined from N>
adsorption/desorption isotherms obtained using a Micromeritics Gemini VII 2390
Surface Area Analyzer. Each sample holder (Micromeritics) was loaded with ~50 mg
of powder and outgassed at 120 °C under vacuum for 1 h using a Micromeritics

VacPrep 061 Sample Degas System. The sample was subsequently introduced into

10
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the Surface Area Analyzer and measured over the relative pressure range (P/Po) of
0.05 to 0.3, where Py is the saturated pressure of Na.

2.7 Bacterial respiration measurements. The impact of NMC nanosheets and
nanoblocks, as well as the commercial NMC, on S. oneidensis MR-1 growth and
respiration was assessed by measuring Oz consumption over time in a 24-vessel
respirometry system (Respirometer Systems and Applications, Inc., Springdale, AR.).
S. oneidensis MR-1 suspensions in bacterial minimal growth medium were prepared
from colonies grown on a Luria-Bertani (LB) agar plate overnight at 30°C and
diluted 1:10 v/v;100 mL of this suspension was transferred to 125 mL respirometry
vessels fitted with rubber septa. For 5 mg/L exposures, NMC materials were
prepared in at 2000mg/L concentration, bath sonicated (Branson 1800 Single
Frequency Bath Sonicator, 40 kHz) for 10 minutes, and added to three replicate
vessels to achieve the desired concentration. This process was repeated for 50 mg/L
doses but initial stocks of NMC material were prepared at 5000 mg/L. lon control
stocks were prepared from NiClz, CoClz, MnSO4, and LiOH salts and added to three
replicate vessels to achieve ion concentrations matching those of the dissolution
studies performed on the NMC nanoparticles. Bacterial suspensions were
magnetically stirred at 500 rpm, and oxygen consumption was monitored up to 72
h. Doses of 50 mg/L and 5 mg/L were used in respiration studies based on prior
studies indicating that these concentrations produced statistically signficiant
changes in respiration.> Complementary measurements using Grow-based Viability
assay (vide infra) were performed over a wider range of concentrations to ensure
that measurements spanned the important range of concentrations.

11
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2.8 Bacterial Growth-based Viability (GBV) Measurements. Colonies of S.
oneidensis MR-1 were grown on LB agar plates overnight at 30 °C, and then
transferred into 10 mL of LB broth. This inoculate was incubated in an orbital
shaker (300 RPM, 30 °C) until bacteria reached the mid-log phase (OD¢oo = 0.3-0.6),
approximately 4 hours. Bacteria were pelleted by centrifugation at 750xg, and the
LB supernatant was removed. Bacteria were resuspended in 0.85% NaCl solution,
washed by centrifugation at 750xg, and then suspended in a growth medium
consisting of 11.6 mM NacCl, 4.0 mM KCl, 1.4 M MgClz, 2.8 mM Na;S04, 2.8 mM NH4Cl,
88.1 uM NazHPO4, 50.5 uM CaClz, 10 mM HEPES, and 100 mM sodium lactate. We
refer to medium having composition as “minimal growth medium”. The optical
density of this solution was adjusted to 0.1.

A growth-based viability assay was then used to establish the viability of
populations after exposure to nanomaterials, as described previously.48 Briefly, the
ODsoo = 0.1 solution of S. oneidensis MR-1 was considered as a negative control with
100% viability. We refer to this as “100% viability stock.” A calibration curve was
built by serially diluting (1:1) the 100% viability stock to 50, 25, 12.5, and 6.25%
viable. Separately, for each nanoparticle exposure, a 180 pL aliquot of the 100%
viability stock was treated with 20 pL of nanoparticle dispersion to achieve the
desired dose or water for the negative control. After a 3 h exposure, 5 pL of each
suspension was transferred to wells containing 195 uL of LB broth in a 96-well
plate. This 96-well plate was transferred to a Biotek Synergy 2 plate reader at 30 °C,
and the ODgoo was measured every 20 minutes after 30 seconds of shaking to obtain

growth curves. Processing of data was achieved using RStudio as described

12
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previously.*® For the nanoscale NMC materials, both sheets and blocks, settling was
not observed in the time required to prepare dilutions of doses. However,
commercial materials settle quickly (within seconds to a minute) and were re-
suspended as needed agitation in order to prepare a proper series of doses. GBV
measurements were performed at concentrations of 100, 50, 25, 12.5, 6 mg/L for
nanosheets and nanoblocks and 1000, 500, 250, 125, and 60 ppm for commercial
NMC, spanning the range of concentrations where toxic effects are observed.

3. Results and Discussion

3.1 Characterization of nanoscale NMC. ICP-OES analysis of the acid-digested
nanosheets show that [Li]/[Ni] = (2.32 £ 0.01), [Ni]/[Mn] = (0.99 + 0.03), and
[Ni]/[Co] = (0.94 + 0.02), indicating that the material contains stoichiometric
amounts of Ni:Mn:Co, with the material being ~75 % lithiated. A similar analysis of
the acid-digested nanoblocks show that [Li] /[Ni] = (2.80 + 0.04), [Ni]/[Mn] = (0.97
0.02), and [Ni]/[Co] = (0.99 £ 0.10), indicating that the Ni:Mn:Co ratios stay the
same after high temperature treatment with the material being ~92 % lithiated. In
summary, the nanosheets and nanoblocks may be thought of as
Lio.75Nio.32Mno.33C00.3502 and Lio.92Nio.33Mno.34C00.3302, respectively.

Figure 2a, b, and c show SEM images of synthesized NMC nanosheets and
nanoblocks and of a commercial battery-grade NMC material. The SEM images were
selected to show a large field-of-view to represent the overall shapes of the
particles. Moreover, clustered regions were selected to show particles situated at
different angles as they dried after drop-casting onto a Si substrate. Figure 2a shows
that the majority of NMC nanosheets lie with their basal (001) plane exposed

13
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upward, revealing nanosheets sheets with rounded hexagonal corners. SEM images
show typical basal plane widths of ~ 70 nm; TEM images of similar NMC nanosheets
show that the individual sheets are <5 nm in thickness.> In Figure 2b, upon post-
synthetic treatment in a molten Li salt flux at 600 °C, the nanosheets have
transformed into 3-dimensional particles that we refer to as nanoblocks. Additional
TEM analysis further shows that these are 3-dimensional and have block-like shapes
that are frequently slightly elongated. We analyzed the dimensions of 155 particles
(as projected onto the TEM imaging plane) and found the longest dimension = 47
+15 nm and shortest dimension=33 + 11 nm, for an aspect ratio (longest dimension
divided by shortest dimension) of 1.5 + 0.3. While high-resolution images do not
reveal obvious facets that would allow us to identify a preponderance of specific
crystal planes, nanoparticles with significant amounts of exposed (104) planes
should be slightly elongated as depicted in Fig. 1, with a maximum aspect ratio of
2.5. The nanosheets in Fig. 2a expose almost entirely the NMC basal plane, while the
nanoblocks (Fig. 2b) and commercial NMC (Fig. 2c) expose additional crystal faces.
Our results are consistent with prior studies of LiCoO; showing that there are

several planes with similar free energies.34

14
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Additional experiments were performed to investigate how the molten salt flux
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44 Figure 2. SEM images of a) lab-synthesized NMC nanosheets, b) lab-
synthesized NMC nanoblocks, and ¢) commercial NMC particles. Panel
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temperature influenced particle morphology. SEM images obtained at temperatures
between 300 and 500 °C (Supporting Information, Figure S1) show that the
individual particles undergo morphological transformations, and that even at

500 °C, there are still some flakes that have not transformed into blocks, while at
600 °C all particles have transformed. Additional measurements at different times
(Figure S2a-c) show that nanoparticle morphology does not change significantly as a
function of processing time in the molten salt flux for times between 1 hour and 4.5
hours.

Figure 2d shows X-ray diffraction patterns for NMC nanoblocks, nanosheets,
and commercial NMC particles. XRD patterns for nanosheets and nanoblocks were
smoothed to 0.25° resolution using a median filter to reduce noise; no other
background subtraction was performed. Also shown is a simulated spectrum based
on the published lattice parameters,*® including broadening appropriate to a 25 nm
nanoparticle.>? All three materials exhibit diffraction peaks corresponding to the
R3m space group reported previously for NMC,14 51 with no evidence for additional
peaks. The peak broadening for nanoblocks and nanosheets arises both from the
small size of the nanoparticles and from residual disorder. Nanoblocks formed at
higher temperature show sharper reflections compared to the nanosheets,
indicating that the higher temperature synthesis may have increased order in the
material. Finally, the nanosheets and nanoblocks show a reduced intensity of the
(003) reflection compared to the (104) reflection.>2-53 This suggests that there is
some cation disorder in the lattice, likely from some Ni2* ions located at Li* sites, as
discussed later.

16
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Table 1. Ratio of total concentration of transition metals released from
nanosheets and nanoblocks at 50 mg/L mass concentration after 72 h, and

comparison with ratio of BET surface areas.

Cnanosheets/ C nanoblocks Ratio via BET

Ni Mn Co Ni+Mn+Co | Surfaceareas
35 =%

39+02 | 80=*0.7 0.3 41 =*0.2 5.2 0.1

3.2 Impact of morphology on release of ions. To characterize how the different
morphologies of NMC impact material transformation in bacterial growth medium,
ion release profiles were measured for each morphology over 72 h. Figures 3a-c
show the concentration of ions released in growth medium as a function of time
after introduction of 50 mg/L of NMC nanosheets, nanoblocks, or commercial NMC,
respectively. For all three NMC samples, the ions are released incongruently
following the trend Ni>Co>Mn. A comparison of the two nanoscale morphologies
shows that for equivalent mass concentrations, NMC nanoblocks release less
transition metals as compared to nanosheets of NMC or to commercial material.
While the release of transition metals is of greatest concern from a biological impact
standpoint, Figure S3 in the SI shows that Li release occurs quickly and is the ion

released at the highest levels in all cases.
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To account for differences in surface area between the lab-synthesized
nanosheets, lab-synthesized nanoblocks, and commercial NMC, BET surface areas
(SA) of each material were measured. These measurements yielded values of 127.2

+ 0.4 m2/g for nanosheets, 24.32 + 0.15 m2/g for nanoblocks, and 0.98 + 0.07 m2/g
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for the commercial NMC material. Thus, for equivalent masses, nanosheets and

nanoblocks have relative surfaces areas of SAnanosheets/SAnanoblocks =5.3 + 0.4 and

SAnanosheets/SAcommercial =130 + 9. Table 1 shows the ratio of ion concentrations

produced from nanosheets and nanoblocks for each transition metal ion. These data

show the ratio of concentration of released transition metal ions (4.1 * 0.2) is close

to the ratio of total surface areas (5.3 £ 0.4).

3.3 Impact of morphology on Shewanella oneidensis MR-1. To analyze how the
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differences in NMC morphology and presented crystal faces impact growth and
survival of S. oneidensis MR-1, we monitored bacterial aerobic respiration over the
course of 72 h exposures. During exposure, stirring was used to encourage
interaction between the nanoparticles and bacteria. However, no attempt was made
to control particle aggregation state because nanoparticle aggregation is expected to
occur under environmentally relevant conditions and can depend on many
variables. Fig. 4 shows the raw respirometry data (Fig. 4a, 4c) and the first
derivative (Fig. 4b, 4d) obtained used NMC concentrations of 5 mg/L (Fig. 4a, 4b)
and 50 mg/L (Fig. 4c, 4d) along with controls in which no NMC was added. In the
absence of any NMC, the oxygen consumption curves show three distinct stages
typical of bacterial growth: initial lag, followed by exponential growth, and
ultimately, a stationary phase. First, S. oneidensis MR-1 cultures were exposed to 5
mg/L of all NMC morphologies. 5 mg/L was previously determined to be an
impactful dose of NMC nanosheets to S. oneidensis MR-1.16¢ However, at a 5 mg/L
dose, the respirometry data in Fig. 4a and 4b do not show a difference in toxicity
between nanoblocks and commercial NMC. At a higher dose of 50 mg/L (Fig. 4c, 4d)
a significant difference is observed, with the nanosheets resulting in complete
cessation of detectable respiration. While these data show that the three different
NMC materials elicit different biological responses, they do not establish whether
the differences arise from intrinsic differences in the materials (for example, due to
differences in the exposed crystal planes and degrees of structural disorder) or if

they arise from other factors.
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To explore these differences, we used the growth-based viability (GBV) assay.
Compared to respirometry (Fig.4), the GBV assay provides higher throughput and
thereby allows comparison of a larger number of samples over a wider range of

dosing concentrations. Figure 5a shows that when using the GBV assay, the

nanosheets, nanoblocks, and commercial NMC have significantly different toxicities

(paired t-test, p<0.001) when doses are reported on a mass-based concentration

basis. Since we measured the specific surface area of each material (exposed
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surface area per unit mass) via the BET method, the mass-based concentration data
in Fig. 5a can be renormalized to a graph of viability vs. the exposed surface area of
NMC per unit volume of solution, yielding the graph in Fig. 5b. Importantly, when
the data are replotted in this manner, all three NMC materials investigated collapse
on a single dose-response curve. This collapse onto a single curve shows that the
exposed surface area is the key factor in toxicity of these materials to S. oneidensis
MR-1.

4. Discussion

The above experiments lead to several important observations. Our most
important conclusion is that the ion release and subsequent toxicity of NMC
materials toward S. oneidensis MR-1 do not depend strongly on the distribution of
exposed crystal planes or degree of crystallinity, but can be accounted for almost
entirely on the basis of differences in surface area. Secondly, we find that both
nanosheet and nanoblock morphologies, as well as the commercially available
material, release metals in an incongruent manner, with release in the order:
Li>Ni>Co>Mn, regardless of any difference in presented crystal faces.

We also observed this ordering of release rates in a previous study of NMC
materials with different stoichiometries.>¢ Our results show that while different
processing methods produce nanomaterials with significantly different
morphologies and associated distribution of crystal planes, these differences do not
impact the detailed mechanism and/or rates of ion release (and associated toxicity)

when normalized to constant surface area. This implies that the rates of ion release
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from edge and basal planes are similar, despite likely differences in detailed
chemical bonding.

4.1 Role of morphology and structural disorder. NMC materials can form
several crystal structures. Prior studies have shown that NMC in the
LiNio.33Mno.33C00.33 O2 stoichiometry studied here crystallizes in the delafossite (-
CuFe0y) structure.>* In NMC materials, the structure consists of layers of
composition MO2 (where M=a metal) separated by layers of Li* ions. While detailed
studies of the thermodynamics of NMC oxides have not been performed, prior
studies of LiCoO2 have shown that under oxidizing conditions, the (001) crystal face
of LiCoOy; is the most energetically favored, leading to formation of thin plates
bounded by (104) and (012) planes at the edges.3* 55 As the lithium chemical
potential is increased, the morphology favors the (104) and (012) planes, leading to
changes in shape from the sheet-like structures to crystals that are prismatic in
shape, elongated along the (001) direction.!® In prior studies, we have shown that
under low-temperature growth, LiCoO2 and NMC materials adopt very similar
morphologies, consisting of flat plates with slightly hexagonal edges. Here, we
extend that to show that annealing these materials in excess lithium transforms the
nanoparticles into block-like structures. These transformations closely resemble
those reported previously.1? 55-56 Qur block-like structures are consistent with
particles dominated by exposed (104) and (012) planes, as depicted in Fig. 1.

With NMC materials, a second consideration is the presence of disorder, and
particularly cation exchange, wherein Ni2* ions occupy sites normally occupied by
Li*. 57-58 Modest amounts of cation mixing lead to a decrease in the intensity of the
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(003) reflection compared to the (104) reflection.>2-53 Larger amounts of
intermixing can lead to a new phase, referred to as the O1 phase, with reduced
symmetry of P3m1. This 01 phase has a distinctive diffraction pattern in which the
most pronounced peaks are a (001) reflection at diffraction angle of 20=20 degrees
and a (011) reflection at 20 =42 degrees (using CuKa radiation, as we do here).
Examination of our XRD patterns in Figure 2 do not show any evidence for the O1 or
any other phases. However, in addition to overall broadening of the pattern, we do
observe that the (003) reflection is weaker than the (104) reflection; this indicates
that there is indeed some cation mixing in the low-temperature nanosheets, and
that the nanoblocks have a higher degree of structural order compared to the
nanosheets. A Scherrer analysis comparing the width of the experimental and
calculated diffraction patterns 4° shows that the broadening observed for the
nanoblocks is consistent with the sizes observed in TEM with an average diameter
of approximately 25 nm; however, the nanosheets appears to have higher disorder
than can be accounted for based on estimated thicknesses of ~10 nm.

4.2 Dissolution processes in aqueous media. While the (001) plane exposed for
nanosheets is lower in energy than the (104) and (012) planes exhibited by
nanoblocks, the chemical stability in aqueous media is expected to also be strongly
modified by adsorption of H*, Li*, and/or OH- to the surface. Prior studies have
shown that the dissolution behavior of metal oxides in aqueous media is typically
controlled by successive adsorption of multiple H* ions to the surface-exposed
oxygens, forming a sequence of M(OH)x surface intermediates that ultimately are

released the surface. Stumm and co-workers36 found that dissolution rates of
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different metal oxide minerals scaled with the surface area (in agreement with our
observations) and that they exhibited a strong correlation with the energy needed
to break the M-O bonds.3¢ Thermodynamic measurements of NMC-type metal
oxides have shown that the enthalpies of formation of LiMnO3, LiCoO2, and LiNiO>
from the elements are approximately -840, -678, and -593 k] /mole.53.5° Mixed
compositions were shown to behave like ideal solutions, having overall enthalpies
close to those expected from the mole fraction of the individual metals.>2 The
thermodynamic ordering of the enthalpies of formation suggests that in mixed-
composition NMC materials, breaking of Ni-O bonds is expected to be more
favorable than those of Co or Mn, in agreement with our observations of
incongruent dissolution. More recent density functional calculations show that
dissolution kinetics from the basal plane of LiCoO; is coupled with delithiation
processes,®0 demonstrating that the simple protonation models used for simple
binary metal oxides must be modified to properly account for dissolution kinetics of
more complex oxides such as the NMC materials.

Based on the above analyses, we expected that the release rate, normalized to unit
area, of the block-like structures would be higher than that of the nanosheets, since
the nanosheets expose predominantly the (001) face, which has all transition metals
coordinatively saturated. In contrast, we find that the area-normalized dissolution
rate and associated metal toxicity of NMC nanomaterials does not vary strongly with
crystal morphology or exposed crystal face. Similar response is measured when
using a commercial NMC material as well. This uniformity of reaction rate may
suggest that initial protonation events to form, -M(OH) or -M(OH)2 species may be
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much faster than formation of subsequent -M(OH)3 and/or other labile species. In
this case, the initial coordination of the metal exposed at the surface would have
only minimal impact on the net dissolution rate, and hence, the coordination of the
initial surface species would not be a factor in the rate-limiting step.

Delineating a detailed kinetic model for dissolution of NMC nanomaterials is
complicated by the fact that dissolution of these high-valence oxides couples acid-
base chemistry with oxidation-reduction chemistry. The oxidation states of
transition metal ions in LiNii;3Mn1,3Co 1,302 are Li*, Ni2*, Mn#*, and Co3*. Because
Co3* is not thermodynamically stable in water,®1 “dissolution” of NMC also likely
involves oxidation of water, which is a kinetically hindered reaction. 12 Release of
Li* is fast because H* ions can rapidly exchange for Li*, while Ni2* release is the most
thermodynamically favorable.® 39 Subsequent steps to release Mn** and Co?2* or Co3*
require protonation of surface sites and removal of transition metal hydroxides. 3°
The detailed pathways and Kinetic rates of these processes remain under
investigation, and further studies will be needed to develop predictive kinetic
models for dissolution of NMC and related complex oxides.

Prior studies of environmental toxicity have highlighted the need to understand
what specific nanomaterial properties control their chemical and biological
interactions.1+29-30,32 [n the context of NMC materials, our results suggest that,
even though cycling of battery materials leads to the formation of new phases and
both chemical and structural disorder, 57 the overall chemical processes that impact
the release and subsequent toxicity are not strongly dependent on the structural
details. This implies, for example, that cathode materials that have been cycled
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many times (and therefore have a higher degree of structural disorder) are expected
to have environmental and toxicological impact similar to pristine materials. Our
work also indicates that as nanomaterials are increasingly incorporated into
emerging battery technologies, it may be possible to predict the impact through
simple size-dependent scaling of the specific surface area. In the case of the NMC
class of nanomaterials, we find that the important properties are controlled by the
nanomaterial surface area and that other factors such as distribution of specific
crystal planes and/or presence of disorder does not significantly impact the overall
chemical and biological impact of the materials.

We note that due to the wide variety or organisms in the environment,
generalizing results to an overall assessment of environmental impact will
ultimately require experiments using additional organisms.#! Yet, because batteries
and other forms of electronic waste are likely to end up in landfills,25-27 soil bacteria
such as Shewanella oneidensis MR-1 are one of the organisms most likely to
experience direct exposure to high concentrations of NMC nanomaterials after
disposal. We conjecture that mechanisms of toxicity might be expected to exhibit
some similarities within broad classes of organisms (e.g., Gram-negative bacteria),
such that understanding the chemical factors that influence these mechanisms
provides important molecular-level insights that may be useful in understanding
broader environmental implications and also guiding future development of more
benign nanomaterials. For example, since transition metal ion release is the
dominant factor controlling toxicity toward Shewanella, the application of organic or
inorganic coatings that slow down the kinetics of ion release may reduce toxicity. 32
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Indeed, within the battery industry very thin (nanometer-thickness) coatings of
highly stable materials, typically insulating oxides such as such as Al,03 or AlF3 are
sometimes applied to NMC cathode materials to reduce dissolution of transition
metal ions into the non-aqueous solvents used in lithium-ion batteries. 62-6¢4 To be
effective without adversely affecting battery performance those coatings must be
very thin (nanometers) in order to facilitate electrical conduction and Li* diffusion
and are frequently incomplete. Such thin coatings are frequently amorphous and
often incomplete. As a result, it is likely that thin coatings will eventually dissolve in
aqueous media. However, we conjecture that they might be able to mitigate adverse
environmental impact in aqueous media by reducing the rate of dissolution and the
resulting metal ion concentrations to levels that can be accommodated by natural

defense mechanisms.

5. Conclusions

Our work provides new fundamental insights into the molecular-level factors that
impact the environmental and biological impact of NMC nanomaterials. Morphology
control represents one approach to altering the performance characteristics of
lithium intercalation materials when used in applications in energy storage 34 and
catalysis. 12 In energy storage, the total energy that can be stored in lithium
intercalation materials is controlled by the particle mass, while the rate at which
energy can be stored and released is controlled by the morphology because lithium
intercalation can only occur through edge-plane sites. However, the edge planes
have higher energy, suggesting greater reactivity. Our results show that altering the
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morphology to increase the fractional surface area consisting of these edge planes
does not by itself increase the overall rate of metal release or biological impact of
NMC nanomaterials. Rather, our studies show that the rate of metal release and the
subsequent biological impact are controlled primarily by the total surface area that
is exposed. This conclusion holds both for synthesized nanomaterials and
commercially available NMC. Since release of TMs into aqueous media involves
breaking multiple surface bonds, our work implies that the critical steps controlling
the rate of metal release and resulting biological impact are not dominated by the
different coordination of the initial basal and/or edge plane sites, but are controlled
by later steps. This suggests that it should be feasible to predict the environmental
impact of NMC and related nanomaterials of different sizes and morphology using

the total exposed surface areas as the primary dosing metric.29-30
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