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Abstract
While complex metal oxides (CMOs) such as LiCoOy (LCO) are currently used

in multiple electronic devices, their environmental impacts are not well under-
stood. In this work, we apply density functional theory (DFT) and thermody-
namics modeling to study LCO surface transformations. We performed Raman
studies on bulk LCO, and compared experimental and computational results.
Full vibrational analysis of the model LCO surfaces show localized surface modes
that are distinct from bulk, varying in Li and OH surface terminations. Central
to this study are calculations to assess the dependence of the DFT 4+ thermo-
dynamics methodology on computational parameters, such as the choice of the
exchange-correlation functional, and model geometry, specifically varying slab
thickness and supercell dimensions. We discuss how the results can be used to
establish upper- and lower-bounds for favorable surface cation vacancy forma-
tion under varying pH conditions. The model predicts that at a pH of 7, up
to 16% of surface Co will undergo dissolution. We go on to discuss how these
model results relate to experimental dissolution studies. We also extrapolate
how our results can provide useful insights to guide the (re)design of CMOs
with tailored ion release behavior.
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1. Introduction

The production and widespread use of nanoscale complex metal oxides (CMOs)
has been a driving force in the global economy [1], specifically in the energy sec-
tor where Li-ion batteries [2-6] are the bedrock of portable electronics [7, 8].
The prototypical electroactive CMO used in Li-ion batteries is LiCoOs (LCO),
with production and use projected to increase [9]. With no established eco-
nomic incentive to recycle LCO-based batteries, [10], and complications such
as compositional and structural variety of the cathodes further hindering recy-
cling strategies, [11] LCO and related complex metal oxides used as cathodes
can contribute to electronic waste in landfills [12]. When exposed to different
environmental conditions, CMO nanomaterials undergo transformations that
are only beginning to be explored, [13-17] and which could have as-yet un-
known biological impacts [18-20]. Therefore, molecular-level understanding of
how CMOs transform outside of their operational settings and under variable
environmental conditions is critical. Furthermore, such information could be
used to inform environmental release and fate models, [21-23] and to guide the
design of environmentally benign nanomaterials. Such a scheme was recently ap-
plied in the case of binary metal oxide materials [24, 25], where high-throughput
experimental works were used to inform hazard and risk profiles.

Recent experiments have demonstrated that CMOs such as LCO and
Li, (NiyMn,Coy_y—_,) O2 (NMC) [17] will partially dissolve in aqueous media,
releasing transition metals such as Co?T and Ni?* to solution. The metals re-
leased from these CMOs have shown toxicity effects in Shewanella oneidensis
MR-1 bacteria [9, 16], the eukaryotic water flea Daphnia magna [26], and have
also been shown to potentially impact the lipid ordering in model cell mem-
branes [27, 28]. The mechanism and driving forces for cation release have been
modeled using density functional theory (DFT) calculations coupled with ther-
modynamics modeling, [14] which captured incongruent release trends observed
experimentally. However, calibrating the DFT 4 thermodynamics modeling us-
ing the NMC system is complicated in that the relative amounts of transition
metals can vary in different formulations [15, 29]. It is therefore useful to con-
sider experimental information about LCO dissolution, which has been more
broadly studied, to further refine and validate the model.

Niemuth et al. [30] reports, based on inductively coupled plasma mass spec-
troscopy (ICP-MS) experiments, that release of Co?** from LCO scales in a
logarithmic fashion with time, and that release levels off after long (7 day) ex-
posure times. This suggests a threshold amount of Co?* release occurs in the
material, as opposed to continual degradation of LCO in water. In other work,
Melby et al. [31] report that dissolution of LCO is initialized by fast release
of LiT, followed by the release of Co?*. This is in-line with previous theo-
retical studies which suggest that the LCO surface is hydroxylated, and not
Li-terminated, under ambient aqueous conditions [13]. Additional experimen-
tal studies of Co?* release from LCO go on to consider factors such as surface
functionalization [27] and the role of cobalt redox between the solid and aqueous
phases [26].



Building upon previous theoretical work of LCO surface stability [13, 32-34],
here we apply DFT + thermodynamics modeling to study cation release from
the surface in aqueous environments. This comes after our studies of metal
release from NMC and its compositionally tuned variants [14, 29]. By focusing
on the parent LCO material, we are able to assess model accuracy and go on to
outline a general procedure to estimate the amount of surface metal that could
dissolve from CMOs as a function of pH. The model development presented
here establishes computationally-driven methods for predicting transformations
of complex metal oxides in aqueous (environmental) settings. This provides a
basis for rational design of cathode materials with tailored dissolution profiles
as a means for reducing the negative biological impact of these technologically
relevant materials. Theoretical studies using this approach are underway [35].
Many of the surface properties calculated lack a direct experimental comparison.
Therefore, we perform and report on benchmarking studies in which computa-
tional and model parameters are varied [36]. We also report Raman spectroscopy
measurements of bulk LCO, and compare the results to the calculated spectrum.
It is well-recognized that the surface —OH functional groups of oxides exhibit
vibrational models in the region of 2500-3700 cm-1, and this relatively large
range can be attributed to details of the oxygen functional group coordination
and chemical environment. For example, for the a-Aly03(0001) surface, the
hydroxylated termination exhibits a frequency range of 3600-3750 cm ™!, with
—OH motions at the lower and higher limits assigned to in-plane and out-of-plane
surface —OH groups, respectively [37]. In the case of the anatase TiO5(101) sur-
face, a hydrated termination shows a broad peak occurring within 2500-3700

m~! [38]. Given that there is a wide range of vibrational frequencies reported
for oxide surface -OH modes, there is value in calculating detailed vibrational
analysis that can inform experiments. In going from the bulk to the surface,
we identify surface-localized vibrational modes that differ from bulk modes, and
which are also distinct between Li and OH terminated LCO surfaces.

2. Materials and Methods

2.1. Raman Spectroscopy

Raman studies were performed on commercial LiCoOs powder (MTI Cor-
poration) on MgO substrates (MTI Corporation). Spectra were collected using
a Thermo Fisher Scientific DXR Raman microscope using 532 nm excitation
through a 10x objective. A full range grating (900 lines/mm) and a 25 pm slit
width resulted in ~2 cm~! resolution. Spectra were adjusted to an atmospheric
N, line at 2330 cm ™!,

2.2. DFT Calculations

DFT calculations were performed with Quantum Espresso [39] unless other-
wise stated, using ultrasoft GBRV-type pseudopotentials [40, 41]. Unless oth-
erwise stated, calculations were carried out at the GGA-PBE + U level [42-48]
with a Hubbard U value of 5.0 eV for the d-orbitals in Co. A plane-wave cutoff



of 40 Ry was used for the wavefunction, and 320 Ry for the charge density. Dur-
ing structural optimizations, all atoms were allowed to relax until forces were
converged to less than 5 meV/A. Calculations of vibrational modes were car-
ried out by finite displacement methods with the Phonopy package [49], using a
displacement of 0.01 A . Bulk calculations are carried out using a V3 x v/3R30°
unit cell, for which the total energy is converged using a 6x6x2 k-grid, and a
1x1 unit cell, for which the total energies converged using an 8 x8x8 k-grid.

We also performed DFT calculations with Projector Augmented Wave (PAW)
potentials [50] as implemented in Vienna Ab-initio Simulation Package (VASP) [51].
As DFT fails to fully capture long-range effects [52, 53], we tested the meta-
GGA functional, SCAN [54], as well as a van der Waals-corrected one; vdW-
BEEF [55]. A wavefunction cutoff energy of 550 eV was used for calculations
with PAW potentials. We focus on the SCAN and vdW-BEEF methods be-
cause they have been recently suggested as optimal alternatives to GGA + U
for various types of materials [56, 57].

2.3. DFT + Thermodynamics Modeling

To study ion release from the LCO surface, DFT + thermodynamics mod-
eling was used as in our previous work [14, 29]. In this method, the Gibbs free
energy of ion release, AG, is modeled step-wise using both computational and
experimental information. The partitioning of elementary reactions is done such
that the first term, AG1, is based entirely on DFT calculations, including zero-
point energy corrections to the DET energy [13]. The chemical equations for the
AG, are presented in detail in the section 3.3 Co Release from LiCoO5(001).
Following Rong and Kolpak [58], the second term is defined as: AGy = AGyg
- neeUsnug - 2.303ng+kT pH + kT In a(H,AO,)*~, where AG3yy is the free
energy of formation at standard state relative to the standard hydrogen elec-
trode (SHE), eUsng is the applied potential relative to SHE, and a?{;AOy is
the concentration of the dissolved constituent ions (assumed to be 1x1076 M,
from previous experiments [9, 16]). n. and ny+ are the number of electrons and
protons, respectively. At conditions of Usyg=0, AG can be computed under
variable pH values to simulate environmentally relevant dissolution conditions.
Based on Pourbaix diagrams [59], Co?:q) is the dominant aqueous speciation

of cobalt up until pH = 7. At pH > 7, Hcoo;&q) becomes the preferred spe-

ciation, and computed values of AG would be shifted to reflect the change in
speciation, as discussed previously.[14].

3. Results and Discussion

3.1. Characterization of Bulk LiCoOs

Figure 1 depicts a top view of bulk LCO (left-hand side), and a side view of
the layered structure (right-hand side). Co resides in the center of an oxygen
octahedra, and each octahedral unit is edge-sharing, forming a rigid O-Co-O
network of height d1. Li is found in the space between O-Co-O units, which
is of height d2. LCO belongs to the Delafossite structure type, so the overall



Figure 1: (Left) Top view of a transition metal oxide layer of the v/3 x V3R30° bulk LCO
cell. (Right) Side view of the layer ordering in LCO, with layer spacings d1 (O-Co-O) and d2
(O-Li-O). Co is depicted as cyan, Li is gray and O is red.

Table 1: Lattice parameters (A) and band gap energy, Fgap (eV), calculated with various
DFT methods for bulk LCO. Experimental lattice parameters [60] and Egap values [60-63]
are also included.

DFTs a c dl d2 Eqap
GBRV-PBE+U5  2.843 14.120 2.065 2.643  2.59
PAW-PBE 2.847 14.009 2.029 2.640 1.02

PAW-PBE+U3.3 2.834 14.117 2.055 2.651 2.27
PAW-PBE+U5 2.828 14.177 2.073 2653 2.84

PAW-SCAN 2.807 13.976 2.044 2.615 2.25
PAW-vdW-BEEF 2.858 14.017 2.061 2.612 1.16
Experiments 2.815 14.049 2.049 2.634 2.5-2.7

crystal symmetry of the system is R3m (space group 166). In this structure,
the Wyckoff positions are as follows: Li is at 3a, Co is 3b, and O is at 6¢, with
uo = 0.260.

In Table 1 we report the lattice constants of bulk LCO, calculated with
various DFT methods alongside experimental values. The DFT methods yield
lattice constant values within 1.6 % of experimental values. As expected, as
the applied U value is increased from 3.3 to 5.0 €V, there are increases in the
inter-layer spacings and the ¢ lattice constant. Overall, the SCAN functional
results in the best agreement with experiment for the a lattice constant, which
is in line with comparative studies assessing density functional performance
in intercalating transition metal oxides [56]. The high accuracy of the SCAN
functional for ground-state structures comes from the correct description of
medium-range vdW interaction [64]. The most accurate ¢ cell parameter is
predicted by vdW-BEEF functional. This is due to the fact that this functional
accounts for long-range effects, which play a role in interlayer interactions and
distances. This role ultimately manifests in the value of the ¢ lattice constant.



We also included, in Table 1, calculated and measured values of the band gap
energy, Fgap. The calculated values of Eg,, for bulk LCO range from 1.02 to
2.8 €V in going from PBE to PBE + U with U = 5 eV, in line with previous
calculations [56, 65, 66]. Interestingly, vdW-BEEF performs as poorly as PBE
for Egap of LCO, suggesting that such a method is unsuitable to study defected
CMOs. This is likely because the type of the exchange functional used in the
vdW-BEEF method is a revised PBE, which is only one parameter different
than the PBE functionals. As such, it still carries the shortfalls of regular PBE
functional in predicting Fg,,. The experimental values for Eg,, of LCO are
2.1,[61] 2.5[62] and 2.7[60, 63] ¢V. The SCAN method also performs very well
for the band gap of LCO as recently noted. [56] Note that our SCAN result
for the band gap of LCO is 2.25 eV, while in Ref. 50 a value of 1.74 eV was
reported (see Table 2 in Ref. 50). However, inspection of the projected density
of states (PDOS) in Fig. 3 of Ref. 50 reveals that the SCAN band gap for
LCO is close to 2.4 eV. In general, calculations for LCO with PAW-PBE and
GBRV-PBE yield similar structural and band gap properties.
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Figure 2: (a) Electronic band structure and (b) PDOS of bulk LCO calculated with the
GBRV-PBE+U5 method. Spin-up and spin-down PDOS are shown in blue and green colors,
respectively. The Fermi level (Ex) is shown as a dashed line set to Ep=0 eV.

DFT calculations were carried out for the electronic structure of the bulk
LCO. Projected density of states (PDOS) and electronic band structure is shown
in Figure 2. Analysis of the PDOS in Figure 2 shows an equal occupation of
spin up and spin down 3d character, with more filled states than empty states;
this is consistent with the 3d® occupation formally associated with Co®t. As the
calculations with PAW potentials yield a similar electronic structure for bulk
LCO, we only report the result from GBRV-PBE calculations, with an applied
U value of 5.0 eV, referred to as GBRV-PBE+U5.

To further characterize the bulk structure, we performed an experimental
Raman study and a computational vibrational analysis. The Raman spectrum
of bulk LCO in the range 400 - 700 cm~" is shown in Figure 3b. Two major peaks
are observed, at 464.8 and 575.7 cm™'. The DFT+U-calculated frequencies



and normal modes of vibration for LCO are shown in Figure 3a. The doubly
degenerate (zy-type) modes are shown on the left, and the singly degenerate (z
type) modes are shown on the right. Based on normal mode analysis, in general,
the computed modes can be separated into three frequency regimes. The lower
frequency motions are Li-O based motions with some Co displacement mixed in,
the middle frequency modes are Co-O based motions with some Li displacement
mixed in, and the highest frequency modes are octahedral Og cage dilations.
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Figure 3: a) GBRV-PBE+US5 calculated vibrational modes and b) experimental Raman Spec-
tra in the range of 400-700 cm~! for bulk LCO.

The irreducible representations of the normal modes of LCO are
I'=A,4+E;+2A2,+2E,. The modes can be grouped as either IR (245,+2E,,)
or Raman (A14+E,) active. The difference in frequency between the IR active
modes in xy (E,) and z (Asg,) for the Li-O/Co and Co-O/Li regimes are ~ 155
and 42 cm ™!, so the two directions should be distinguishable in IR experiments.
The Raman active modes from the DFT+4U calculations are 470.7 and 582.8
cm™!, close to the experimental values. The difference in frequency between
the Raman active modes in zy (E,) and z (Asg,) for the Og cage dilations is ~
112.1 ecm™'. Our calculated frequencies are in general agreement with a prior
study of Li, CoOs, where the amount of Li was varied between x=0.33 and 0.87,
and significant shifts in the A;, and E; were observed as the lithiation state
was adjusted [67].

3.2. LiCoO5(001) Surfaces

Bulk LCO can be cleaved to expose (001), (104), and (110) surfaces [68, 69],
with the polar (001) surface being predominant as shown by experiments [9, 16]
and DFT calculations [32]. Moreover, first-principles thermodynamics [13] show
that the LCO(001) surface exhibits two distinct terminations as a function of
chemical environment; i) a Li-terminated surface (LCO(001)y_r;), where Li is
above a three-fold hollow surface site (Figure 4a) and ¢i) an OH-terminated
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Figure 4: Top down view of the surface layer of LCO for (a) LCOy_r; and (b) LCOp_g. Li
is on three-fold hollow surface sites and H is on-top surface oxygen-atoms, forming an O-H
bond. The color scheme is the same as Figure 1.

surface (LCO(001)y—u), where H is directly above an O in the surface layer,
forming an OH bond (Figure 4b).

In order to build structural models for the surface, two base unit cells were
used. In one set, the surface slabs are based on the primitive hexagonal LCO
bulk cell, which we use to create 1x1, 2x2, 3x2, 4x2, 5x2, 6x2, and 4x4
supercells. All surface slabs based on the hexagonal bulk cell include 3 O-Co-O
trilayers. The second set of surface models is based on the V3 x v/3R30° bulk
LCO cell, and include 23 x /3 and 3v3 x V3 supercells comprised of 4 O-
Co-0 trilayers. Spanning these different surface models gives us the ability to
study different vacancy densities formed upon removal of surface Co. For all
supercell calculations, the k-grid is adjusted appropriately, such that the 1x1,
2x2, 3x2, 4%x2, 5x2, 6x2, and 4x4 supercells uses k-grids of 8x8x1, 4x4x1,
3x4x1, 2x4x1, 2x4x1, 2x4x1, and 2x2x1, respectively. The 2v/3 x /3 and
3v/3 x /3 supercells use k-grids of 3x6x1 and 2x6x 1, respectively.

We discuss our DFT + U results for the electronic and vibrational proper-
ties of LCO(001)y_r; and LCO(001),—g modeled with (2x2) supercell. The
GBRV-PBE-U5 electronic band structure and PDOS of LCO(001),_1; and
LCO(001),—u are shown in Figure 5. In Table 2, we include the Eg., of
LCO(001)y—1; and LCO(001),—p calculated with various DFT methods. In
general, Eg,;, is similar for LCO(001)y,_r; and bulk LCO, with some variation
between the various DFT methods. The value of Eg,,, is lower for LCO(001)n_g
than for LCO(001),_ri, which results from an increase metallic character due
to electron density delocalization on the surface of LCO(001),_g through the
network of hydrogen bonding. The two LCO(001) surfaces, as well as bulk LCO,
show similar PDOS profiles, pointing towards Co* as the oxidation state of Co
at the surface.

The vibrational modes of the LCO(001) surfaces were calculated for com-
parison with the bulk vibrational modes. The normal modes of vibration for
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Figure 5: (a,c) Electronic band structure and (b,d) PDOS of (a,b) LCO(001),_g and (c,d)
LCO(001)p_1,; calculated at the GBRV-PBE+US5 level. Color scheme is the same as Figure 2.

Table 2: Values of the electronic band gap (eV) calculated with various DFT methods for
LCO(001) and bulk LCO.

DFTs LCO(001),—1; LCO(001),—u bulk LCO
GBRV-DFT+U5 2.37 2.33 2.59
PAW-PBE 1.10 0.87 1.02
PAW-PBE+U3.3 2.28 2.04 2.27
PAW-PBE+U5 2.77 2.57 2.84
PAW-SCAN 2.27 1.97 2.25
PAW-vdW-BEEF 1.06 0.95 1.16

bulk LCO and bulk-like vibrational modes of the two LCO(001) surface termi-
nations are compared in Table 3. The largest shifts in frequencies are in the
Co-O/Li (A1) and Og (Ai14) modes in the vertical direction. Relaxation of the
two surfaces will change the d1 and d2 spacings, allowing for larger out of plane
distortions than observed in-plane, when compared to the bulk structure. While
the bulk-like vibrational modes of the two surfaces are shifted relative to the
bulk, they should still be distinguishable.

There are distinct IR-active modes localized to the LCO surface. As shown
in Figure 6, the Li and OH-terminated surfaces have surface mode frequencies
that are discernible from each other. The surface Li IR active mode is at 386.7
em™!, and surface OH IR active mode is at 3576.2 cm™'. We note that the
Li-terminated surface localized mode is ~ 15 cm ™" higher in frequency than the
corresponding bulk motion and should be differentiable in experiment.

3.3. Co Release from LiCoO2(001)

The initial dissolution of Co from LCO(001) is studied with a top-down
model of metal release, and follows the preferred mechanism determined from
previous work on (isostructural) NMC [14]. To summarize, we assume that the
initial state is LCO(001),—1;, and that surface Li exchange with H to create



Table 3: Vibrational frequencies (cm™!) of the bulk-like vibrational modes in LCO(001)},_1,
(Li-term) and LCO(001);,_g (OH-term). The frequency shift (cm~!) of vibrations in the
surface relative to bulk LCO are also included.

bulk  Li-term shift OH-term  shift

Li-O/Co E, 216.6 213.2 -3.40  207.5 -9.10
Li-O/Co Ay, 3719 374.2 +2.30  372.0 -0.10
Co-O/Li E, 530.6 527.2 -3.40 5284 -2.20
Co-O/Li Ay, 572.6 5554 -17.2  572.6 0
O E, 470.7 459.5 -11.2 462.0 -8.70
Os¢ Ay 5828 594.8 +12.0 603.0 +20.2

(a) 1 'I I I
‘ . 3576.2 cm™!

(b)

l L

386.7 cm!
lR (AZU I

Figure 6: Calculated IR-active surface-localized vibrational modes of the (a) LCO(001)y,_g
and (b) LCO(001)},_1,; surfaces.

LCO(001)y—p. An HO-Co unit is then removed from LCO(001)y_g. The sur-
face exchange reaction is LCO(001)y_r; +  H — LCO(001),_yg + z Li, where
dissolution of Li from LCO is an exothermic process. The chemical equation
for HO-Co release from LCOy_g is: LCO(001),_g — LCO(001)yac + Cos +
%HQ,g + %Oz,g, where LCO(001)y,. represents the slab structure that results
from removal of a HO-Co unit from LCOy_g. In the overall expression for AG
= AG;1 + AG; , both the Li-H exchange and the subsequent OH-Co removal
contribute to the AG; term, and each species (Co, H, O, Li) contributes to
the AG5 term, where the definition of AG5 follows the details provided in the
Materials and Methods, section 2.

AG; depends on multiple factors, including the details of the DFT calcula-
tions, the thickness of LCO(001) slab model, the surface hydroxyl group cover-
age, and the surface Co-vacancy density. We are able to computationally vary

10



Table 4: AG and AG (eV) calculated with various DFT methods for LCO(001).

DFTs supercell % Hgyt % Covac AG:1  AGpu=s AGpu=s AGpu=r
PAW-PBE 5x2 50 10.00  13.22  -3.61 -3.25 -2.19
PAW-PBE+U3.3 5x2 50 10.00  15.21  -1.62 -1.27 -0.20
PAW-PBE+U5 5%2 50 10.00  14.89  -1.93 -1.58 -0.51
PAW-SCAN 5x2 50 10.00  17.20 0.37 0.73 1.79
PAW-vdW-BEEF 5x2 50 10.00  14.40  -2.43 -2.07 -1.01
GBRV-PBE+U5 5x2 50 10.00 1546  -1.37 -0.66 0.05
GBRV-PBE+U5 3x2 50 16.67  12.16 1.77 2.25 2.72
GBRV-PBE+U5  2v3x+v3 50 16.67  11.49 1.10 1.57 2.04
GBRV-PBE+U5  3v3xV3 55 11.11  14.04  -1.09 -0.38 0.33
GBRV-PBE+U5  3v3x/3 44 11.11  14.89  -0.42 0.17 0.76
GBRV-PBE+U5  3v3xV/3 33 11.11  16.71 1.23 1.70 2.17

the Co-vacancy density by using different surface supercells. We performed
multiple calculations to isolate and study each of these effects. To explore
how values of AG; depend on the DFT methods, we performed select cal-
culations with GBRV-PBE+U5, PAW-PBE, PAW-PBE+U, PAW-SCAN and
PAW-vdW-BEEF. The effects of the number of LCO layers was studied within
GBRV-PBE+U5 and using a 2x2 surface model of LCO(001),_g that included
3 0-Co-0 layers and a 2v/3 x /3 surface model, which have an extra interior
layer of O-Co-O. The effect of H-coverage in hydrogen-terminated LCO(001)
was explored with a 3v/3x1/3 surface model with 55%, 44% and 33% of H-
coverage. We performed calculations with 2x2, 3x2, 4x2, 5x2, 6x2 and 4x4
surface models of LCO(001),_p to explore Co-vacancy density effects.

In Table 4 we present values of AG; and AG at various pH values and calcu-
lated with various DFT methods, using different surface models. By comparing
AG; values for the 5x2 supercell, modeled using variable DFT computational
parameters, we can assess how the energies depend on DFT methodology. Com-
parison shows that AG; values change by as much as 3.98 eV based on the details
of the employed methods. This is not surprising given that AG; depends on the
total energies of LCO slabs, Cog, Lig, Oz 4 and Hs 4, and none of the employed
DFT methods consistently capture the properties of metallic, semi-conducting
and molecular systems. Table 4 also shows how AG; and AG change with the
number of LCO layers in the surface model; see GBRV-PBE-U5 calculations
with the 3x2 (3 O-Co-O trilayer) and 2v/3x+/3 (4 O-Co-O trilayer) models.
AG, decreases from 12.16 to 11.49 eV in going from 3 O-Co-O trilayers to 4 tri-
layers. These results reflect that slabs with more atomic layers are more stable,
and thus less sensitive to vacancy formation. The results also show that our sur-
face energetics calculated with 3 O-Co-O trilayer surface models of LCO(001)
are upper-bounded values. For the 3v/3 x v/3 LCO surface, the OH-surface
coverage was changed from 5/9 to 4/9 and 3/9 to study how the extent of sur-
face hydroxylation affects Co dissolution. Table 4 shows that for higher OH
coverages, Co dissolution is more favorable, and that below a threshold value
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Table 5: AGy and AG (eV) calculated with various DFT methods and surface Co-vacancy
density for LCO(001)},_g.

DFT supercell % Hgwt % Covae AG1  AGpu=3 AGpu=s AGpu=1
PAW-PBE 2x2 50 25.00 8.23 1.06 1.24 1.77
PAW-PBE 4x2 50 12.50 11.70 -1.91 -1.61 -0.73
PAW-PBE+U3.3 22 50 25.00 9.92 2.74 2.92 3.45
PAW-PBE+U3.3 4x2 50 12.50 13.69 0.08 0.37 1.26
PAW-PBE+U5 2%x2 50 25.00 9.16 1.98 2.16 2.69
PAW-PBE+U5 4x2 50 12.50 13.12 -0.49 -0.19 0.69
PAW-SCAN 2%2 50 25.00 11.30 4.12 4.30 4.83
PAW-SCAN 4x2 50 12.50 15.44 1.84 2.13 3.02
PAW-vdW-BEEF 2%2 50 25.00 8.72 1.55 1.73 2.26
PAW-vdW-BEEF 4x2 50 12.50 12.65 -0.96 -0.66 0.22
GBRV-PBE+U5 2%x2 50 25.00 10.08 2.90 3.26 3.61
GBRV-PBE+U5 4x2 50 12.50 13.93 0.32 0.91 1.50
GBRV-PBE+U5 6x2 50 8.33 17.26 -2.79 -1.96 -1.13
GBRV-PBE+U5 4x4 50 6.25 20.49 -5.59 -4.53 -3.46

of ~ 40%, the process may not occur. The calculations yield insight into how
the dissolution process will stop after time, which has been experimentally in-
vestigated across a wide range of Li-ion battery cathode material compositions
based on LCO and related CMOs [9, 15, 16].

We now turn to discuss the effect of surface Co-vacancy density on AG;
and AG . Table 5 shows AG; and AG values for Co vacancy densities ranging
from 25% down to 6.25%. We discuss the results in terms of the the extrema.
From Table 5, AG increases linearly with decreasing % Co vacancy. The linear
relationship is driven by the surface exchange reaction LCO(001)y_1; + = H
— LCO(001)p—r + 2 Li. By calculating AG as a function of pH, we can fit
AG as a function of pH, and determine the pH value at which AG=0. We
consider this pH to be the calculated threshold for the onset of surface Co
dissolution for a given Co vacancy density. The results of the threshold pH for
variable Co vacancy density, calculated with various DFT methods, are plotted
in Figure 7. Overall, the calculations suggest that surface Co dissolution beyond
22% may not occur. This is in qualitative agreement with the experimental
results reported by Billy et al. for NMC. Based on their account, the leaching
efficiency of the Co from NMC fluctuates between 17 and 34% as the pH varies
up to 4. Here, the calculated results for LCO at pH 0 predict an upper limit
of 22% Co release (Figure 7), and this qualitative agreement suggests that the
model results are chemically reasonable.

The model results for Co release also relate to recent studies in which low
pH leaching processes were developed to recycle metals from CMOs. Removal of
Co from LCO required chelating and reducing agents, such as ascorbic acid and
malic acid, to maximize leaching efficiency [70-72]. The trends presented here
can also be related to the behavior of small molecule adsorbates such as phos-
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phate [73] and carbonate, which have been shown to influence the dissolution
of CMOs such as LCO and NMC.
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Figure 7: Co surface vacancy density (%) as a function of pH threshold (pH at which AG=0),
calculated with various DFT methods.

We calculated the electronic band structure of LCO(001)yqc, the defect slab
structure that results from Co release. As shown in Figure 8, after removal
of a OH-Co surface group, Eg,, decreases. Furthermore, the PDOS suggests
that the oxidation state of surface Co in defected LCO(001) is Co**. The
change in oxidation state is intuited based on the ideal 3d® configuration of
Co?*, which exhibits unequal fillings of spin up and spin down d-states. The
change in oxidation state is also consistent with standard operation of Li-ion
batteries. The redox active transition metal (Co3*) will respond to changes in
the chemical environment (de-lithiation) by oxidizing.

We compare DFT results for the surface Co release in LCO and NMC, which
are related by compositional tuning. Calculations with the GBRV-PBE+U5
method shows that Co release from NMC is more favorable than from LCO at
similar vacancy densities. For instance, AG at pH = 3 and 11.11 % Co vacancy
is -0.44 eV in NMC, but predicted to be unfavorable in LCO. This may be
explained in part by the differences in structural parameters, such as d1 and
d2, which are 2.07 A and 2.64 A for LCO and 2.12 A and 2.62 A for NMC [14],
respectively. dl is the vertical O-Metal-O distance, and is 0.05 A larger in
NMC than in LCO. This indicates that LCO forms stronger metal oxide bonds
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Figure 8: Electronic band structure (left) and PDOS (right) of LCO(001)vac. Bands crossing
FEr have Co 3d character as shown on the right panel.

in the d1 layer than NMC. A more significant difference is found in the electronic
structure of LCO and NMC; the addition of ferrimagnetic spin-coupling between
Ni%* (d®) and Mn** (d3), that results from the different oxidation states of the
transition metal will destabilize the lattice relative to LCO, where Co3* has a
d electron configuration and no net magnetic moment.

4. Conclusion

In the present work, we used Raman spectroscopy and DFT methods to
study the properties of bulk LiCoOs. Surface calculations assess how choices in
structural models and employed DFT methods affect computed properties. We
studied the dissolution process of LCO employing a DFT + thermodynamics
approach, spanning different surface supercells, OH coverage, slab thickness,
and using different DFT methods. The results show that the DFT + thermo-
dynamics approach can be used to understand the interplay of surface trans-
formations and metal release. The calculated surface Co dissolution energetics
depend strongly upon surface area and environmental pH. We found that sur-
face Co vacancy of LCO in water could be at least 7% at pH values close to
7. The model results provide insight about experimental dissolution studies of
LCO. For example, Niemuth et al. [30] report that dissolution of LCO stops
without going to completion. Here, DFT 4 thermodynamics calculations show
that there is a threshold vacancy density (that varies with pH) below which
the dissolution process becomes energetically unfavorable. As well, experiments
have shown that surface functional groups play a role in the release process.
The modeling results indicate an OH mediated release mechanism, supporting
the role of surface transformations in the environment on cation release. Sig-
nificant reactive oxygen species (ROS) generation has been observed alongside
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Co?T release [31]. As the details of heterogeneous ROS mechanisms depend
on surface functional group identity, this further supports that cation release
is mediated and influenced by the type, and density, of surface groups. Collec-
tively, the model results suggest that cation release processes can be controlled
through fine-tuning the pH and other external chemical conditions. The ability
to model cation release and the early stages of CMO dissolution could provide
chemical guidance on future efforts to control release by design, and to inform
CMO recycling strategies.
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