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Abstract

We use GGA + U methodology to model the bulk and surface structure of varying
stoichiometries of the (001) surface of LiCoOy. The DFT energies obtained for these
surface-slab models are used for two thermodynamic analyses to assess the relative
stabilities of different surface configurations, including hydroxylation. In the first ap-
proach, surface free energies are calculated within a thermodynamic framework, and
the second approach is a surface-solvent ion exchange model. We find that for both
models, the -CoO-H; j; surface is the most stable structure near the O-rich limit, which
corresponds to ambient conditions. We find that surfaces terminated with Li are higher

in energy, and we go on to show that H and Li behave differently on the (001) LiCoOq
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surface. The optimized geometries show that terminal Li and H occupy nonequivalent
surface sites. In terms of electronic structure, Li and H terminations exhibit distinct
bandgap character, and there is also a distinctive distribution of charge at the surface.
We go on to probe how the variable Li and H terminations affect reactivity, as probed

through phosphate adsorption studies.

Introduction

One of the grand challenges of modern science and engineering is to develop sustainable
technologies to address fundamental societal needs such as improved human health, ! cleaner
means of producing and storing energy,? and reducing the negative environmental impact
posed by large-scale manufacturing across a variety of industries. ** The most prominent
effort in technological development over the last fifteen years has been the manufacturing
and deployment of nanomaterials for everyday use. We encounter nanomaterials everyday;
they serve as resistant surface coatings, additives to textiles and cosmetics, and compose
most modern construction materials.® Progress here has advanced rapidly due to major
scientific breakthroughs related to the fundamental understanding of functional properties
related to, synthesis of, and subsequent use of a variety of nanomaterials.

Two fields in which nanomaterials are finding widespread use are medicine and energy
storage. Gold nanoparticles are actively being investigated as reactive probes, components of
improved imaging agents, and as the vehicle for targeted drug delivery. ®7 Silicon nanowires, ®
silicon nanotubes,® and Si-embedded graphite '° are finding use in battery applications, most
likely due to the versatile nature of synthetically controllable nanostructure shapes and mo-
tifs. These different structural motifs demonstrate tunable physical properties unique to the

I or tailorable core-

nanomaterial, such as nano-networks to enhance electronic conduction !

hell structures t te th lectric effects, > making it advant t -
shell structures to promote thermoelectric effects, ' making it advantageous to use nanoma
terials in an increasing variety of new ways.

This increase in use of nanomaterials has also led to the release of a substantial amount
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2

Z of nanoparticles into the environment, where the effects of these materials are most times
g unknown, especially at the nano-bio interface.'® !> Recent studies would indicate that the
; properties of nanoparticles are sometimes detrimental: transition metal oxides can partici-
10 pate in oxidation reduction reactions that create reactive oxygen species that damage cellular
1; components, and unfavorable chemical transformations such as dissolution and aggregation
12 can occur that are dependent upon chemical environment. %' This is especially noticeable
12 for nanomaterial surfaces that are just beginning to be probed; recent examples include
1; studies on silica,'® titania,'® gold?®?'and Li-intercalated transition metal oxides. 22?3

;8 LiCoOy (LCO) is a transition metal oxide that functions as one of the primary cathode
g; components of mass-produced Li-ion batteries. ?*25 The use of this oxide as a nanomate-
gi rial has witnessed rapid growth in commercial and industrial applications 263! as LCO (and
gg related) nanoparticles yield enhanced lithium transport, better electrical conduction, and re-
gg duced fragmentation from mechanical stresses exhibited during lithium (de)intercalation. 3273236
g? Some of the rapid growth in these applications can be attributed to computational efforts
gg designed to understand and optimize the complex nature of LCO, its properties, and related
2‘5" battery materials,? > which has led to almost revolutionary advancement in the interplay
gg of theoretical modeling and experimental techniques. 56

gg To strengthen this interplay, we can use computational methods to develop models that
2(1) go beyond the thermodynamic ground state to elucidate processes linked to experimentally
25, quantifiable metrics, such as surface mediated reactivity. In this manner, we can correlate
3‘51' the changes in surface structure over a wide range of chemical environments to the surface
3? mediated processes that result because of those changes. Differences in environmental con-
jg ditions will transform the surface structure, and that change in the surface structure will
g? affect the reactivity of the surface, as well as any surface mediated pathways related to the
gg adsorption or release of ions, and ultimately toxicity. A recent example of the need for
gg the development of this type of model is the observation of a negative biological impact on
g? Shewanella oneidensis MR~1 caused by the release of transition metal cations from Li-ion
58
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battery materials?? in aqueous solution. Since Li-ion batteries encounter only aprotic organic
solvents, their preferred surface structures and reactivity in polar solvents such as water is
as of yet mostly unexplored. If these materials are being mass-produced and (if not properly
recycled) find their way into a hydrous environment, then we need to understand how they
will behave at the nano-bio interface.

What has also received little attention in the field of surface mediated processes is the
adsorption of small, biologically relevant ions under ambient conditions, and how these en-
vironmentally acquired coatings might act as protective layers. We choose phosphate as
our probe adsorbate, as it is a key nutrient to a variety of organisms, and phosphorous is
a key component of industrial battery material coating. At environmentally relevant pHs
and concentrations, if phosphate binds irreversibly to metal oxide cathode materials, this
could have ecobiological implications if the material is released into the environment. Be-
yond biological concerns, phosphate adsorption on metal oxides is critical to investigate since
industrial LCO surface coatings incorporate phosphorous as the amorphous LiPON, * or as
an ordered metal phosphate such as AIPO4.58 It has been demonstrated that the functional
properties and chemical behavior of LCO nanoparticles improves with these surface adsorbed
coating layers, as the coating can enhance directed ionic transfer, act as a scavenger for HF
released from solid state electrolytes, and act as a chemically stable barrier to protect the
LCO surface from attack in aqueous environments. **%5

What has not yet been demonstrated is the mechanism of interaction and bonding at
the interface of these coatings with the LCO surface, specifically in an atomistic frame-
work. Moreover, there is a dearth of understanding how LCO itself will respond in an aque-
ous environment, as most surface studies of this material are performed under vacuum or
other carefully tuned laboratory conditions. %667 Experimental XRD measurements on LCO
nanoparticles have confirmed the existence of various LiCoO 5, nanoparticle surface directions,

such as (001), (104) and (110), %% and it has also been demonstrated that the H,O molecule

has a low adsorption energy on those facets. " These two facts warrant investigation into the

4
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hydrated surface structure and reactivity of LiCoO5 in an ambient environment, beyond the
purely biological impact of the nanomaterial.

In this manuscript, we report the results of a GGA+U study that uses two thermody-
namic modeling approaches to predict the surface structure of the LCO (001) surface exposed
to water. The surface studies suggest that Li and/or OH coverage persists over a wide range
of modeled conditions. However, terminal Li and H are found to occupy distinct surface
sites, and also give rise to disparate charge density distributions at the surface. The impli-
cations of Li or OH terminations on reactivity are probed through model adsorption with
phosphate ions, which also provides fundamental insight into the mechanisms that govern

both the environmental and industrial coating of battery materials.

Methodology

Periodic DFT calculations """ of bulk and surface LiCoO, are performed using the PBE-
GGA exchange-correlation functional ™ in the open source Quantum-ESPRESSO software
package.™ All atoms are represented with ultrasoft pseudopotentials, "> and all calculations
have a plane-wave cutoff of 40 Ry for the wavefunction and 320 Ry for the charge density.
All atoms were allowed to fully relax during structural optimizations, and the convergence
criteria for the self-consistent relaxation was a maximum residual force of 1072 eV A1
per atom. An 8x8x8 Monkhorst—Pack k-point mesh™ was used in hexagonal bulk LiCoO,
calculations. For the LiCoO, (001) surface simulations, the slabs are constructed such that
two equivalent, symmetry-related surfaces are exposed, and the energy is sampled using
k-point meshes of 8x8x1 and 4x4x1 in (1x1) and (2x2) surface supercells, respectively.
Each surface relaxation has at least 16 A of vacuum to prevent the surface from interacting
with its own periodic repeats.

As Co is a 3d-transition metal, we apply a Hubbard U correction to account for the

over-delocalization observed in DFT-methods. "8 We employ a U? = 4.91 eV, previously
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derived from first-principles linear response theory 8! for layered Co?* oxides. 3

All of the Quantum-Espresso calculations are carried out with the surface slab exposed
to vacuum. In order to model phosphate adsorption under aqueous conditions, additional
calculations were carried out using the DMol® code developed by Delley,8% applying a
continuum solvation model.®! Further details of the DMol? calculations are provided in the

Supporting Information (SI).

Surface Free Energy Thermodynamics

The stabilities of varying surface stoichiometries in vacuum are compared in terms of the
surface free energy, v, using the first-principles thermodynamics framework developed by

85-87 and as previously applied to the LiCoO, system3! Here, we

Reuter and co-workers,
review key aspects of the method as it pertains to the LCO systems under study here, as
the details of the full method have been presented in the works by Reuter and co-workers.
At specific conditions of 7" and p we choose one atomic species (Co in this work) to have an
equivalent chemical potential, y;, in all the phases present in the entire system. This means
that the surface free energy, v(T, p), can be written as the difference between the Gibbs free
energy of the surface slab (Ggap) and the sum of all the chemical potentials multiplied by

their corresponding atom count (1V;), and divided by twice the surface area (A):

YT, p,N;) = {GSI‘"*" T.p,N ZNM (T,p)} (1)

= QA{GsLl%ooQ(T,p, N;) — Nuipii — Neopt co — Nopto — Nupiw } (2)

where the factor of 2A~" normalizes (T, p, N;) the surface free energy per unit area for a
slab of two surfaces with inversion symmetry. The range of uo at 0 K is defined by the
oxygen-rich and -poor extremes at the phase transition limits on the surface. Using the

fact that the DFT total energy can be directly related to the Gibbs free energy at 0 K,
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Page 6 of 36



Page 7 of 36

O©oOoO~NOOOPRWN -

The Journal of Physical Chemistry

and considering the oxygen-rich limit as occurring when gas-phase oxygen condenses at the

surface, it can be written that:

HO,max = _E02 (3)

where Eo, is the total energy of one O, gas molecule calculated by DFT. At the oxygen-poor
limit, the LiCoO surface decomposes into bulk metal cobalt and lithium, and gas-phase O,.

We define the oxygen-poor limit based on the equilibrium of LiCoO5 = Li + Co + Os:

HO,min = §[ELiCOOg,bulk — Ecopuik — ELi,puk] (4)

where Erico0, is the total energy of a single LiCoO, unit. In previous theoretical studies
using this thermodynamic approach, the oxides studied contain only one metal species, 8%
and the other chemical potentials can all be related to . In the case of LiCoO4, where there
are two metal species, one of them becomes an additional variable in the phase diagram.

Here we chose Li as the second dimension of the phase diagram in the same method in

Kramer’s work.3* In this approach, the Li-rich and -poor limits can be written as:

HLimax = Fri buik (5)
HLimin = ELicoos bulk — Foopuk — Eo, (6)
The chemical potential of hydrogen (un) at 0 K can be determined using an equilibrium

with po and either a Hy molecule or HyO.% Here we apply the second equilibrium as:
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1
HH = i(EHQO,gas - MO) (7)
Therefore Equation 2 can be re-written as:
1 slab bulk 1 1
(T, p,N;) = ﬂ[Gcho2 — Noolificoo, T (Neo — Nui)pni + (2Ngo — No + §NH)MO —3 1En,0,gas] (8)

where 110 max and pirimax are re-scaled to zero along the o and pi; axes in the phase diagram,
respectively, while the calculated v can be solved for explicitly for each surface in vacuum.

The surface free energy calculations are extended to finite (7, p) conditions that take into
account the distinct molecular, bulk, and slab contributions to the free energy. This methods
are described in detail in the works of Reuter and co-workers. Experimentally relevant
O, partial pressure ranges are 102-107!? Torr. This corresponds to the range observed
from ambient conditions down to ultra-high vacuum chambers. This range is represented
theoretically as a shift in the 0 K value of puop of ~0.7 eV. The influence of these finite
pressure conditions are presented and discussed in the context of the calculated surface
phase diagrams presented in this study.

In terms of the surface slabs, high-frequency phonon modes may contribute an additional
term to the surface free energy in a non-uniform way as a function of surface stoichiometry.
We use the definition of vibrational temperature, 6,,=hv;/kg, to obtain the zero point energy
of high-frequency OH modes on the surface of our hydrated oxides. We obtain a total
contribution of 0.217 eV per OH which is then multiplied by the total number of OH groups
on the surface, following the procedure of Sun et al.®® These calculations are detailed in the

Supporting Information.

ACS Paragon Plus Environment



Page 9 of 36

O©oOoO~NOOOPRWN -

The Journal of Physical Chemistry

Surface-Solvent Ion Exchange Thermodynamics

While DFT energies are sufficient to reliably predict aqueous reaction energies, the treat-
ment of solvation in some cases is problematic and can lead to errors. Instead of employing
DFT solvation models, here we adopt the Hess’ law approach of Rong and Kolpak. ?* We
perform DFT calculations to compute the adsorption energies of Li and water products on
oxide terminated surfaces, labeled AG;. We supplement DFT calculable surface-slab ener-
gies with tabulated experimental values of electrochemical potentials relative to the Standard
Hydrogen Electrode (SHE). These experimental AGY - values can predict whether an oxide
surface of variable coverage with adsorbed species A is stable, or if dissolution is thermo-
dynamically preferred at a given set of conditions. We can incorporate the experimental
electrochemical potentials relative to the SHE with the given set of reaction conditions.

This equation is labeled AG5, where:

AGy = AGsgg — ne(eUspr) — 2.303ng+ kTpH + kTInay, yo:- (9)

We follow the procedure of Rong and Kolpak ! to obtain calculable Pourbaix diagrams that
include the solvation free energies of each species A for the relevant electrochemical equilibria
of species A in aqueous solution. We focus on varying compositions of Li and H-terminated

surfaces whose main species at experimental reaction conditions are:

Li(s) «» Lit(aq) + e~ (10)

%Hz(g) o H(ag) + e (11)

We compute an overall change in free energy, AG, that is a combination of DFT calculated

adsorbate surface slab free energies (AG1) and experimental dissolution free energies (AGly).
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AG = AG; + AG, (12)

Results and Discussion

Bulk and Surface Structures

b L® 0@ Co@

Figure 1: a) Side and b) top views of bulk hexagonal LiCoO,. Each Co*" (blue atom) is
octahedrally coordinated to six O?~ (green atoms), and each octahedron is corner-sharing
with its neighbors. Intercalated between each CoO, ! layer is a Li!* cation (yellow atom). In
a) dl is the vertical intraplanar distance of the octahedra (-O-Co-O-), and d2 is the vertical
interplanar distance between the octahedra (-O-Li-O-).

Figure 1 shows the a) side and b) top views of bulk hexagonal LiCoO, of crystal structure
R3m (space group #166) symmetry . Each Co3" (blue atoms) is octahedrally coordinated to
six O (green atoms), and each octahedron is corner-sharing with its neighbors. Intercalated
between each CoO, layer is a Li'" cation (yellow atoms). Packed along the [001] surface
normal, we highlight two distances in Figure 1a; d1 is the vertical intraplanar distance of the
octahedra, and d2 is the vertical interplanar distance between the octahedra. Octahedrally
92

bound Co3T has a low spin 3d® electronic state, and therefore no unpaired electrons.

As DFT underestimates the band gap of transition metal oxides, we apply a Hubbard

10
ACS Paragon Plus Environment

Page 10 of 36



Page 11 of 36

O©oOoO~NOOOPRWN -

The Journal of Physical Chemistry

(a) 4.0 T T T (b) 4.0
30k + 1 30
- | ] 0o T <
Lok MA> ] ol
0.0 1 1 00
— F— R
_ 10 qﬁ\/— 1 _ 10
< a0t : 1 L a0t
5 30¢ 5 5-30r
A 4.0k ﬂ- & 4.0
sof A 0 WQ(
70 \/ 1 Ly TOf
80+ + { — Co(3d) -80}
L — 00p) L
'9'01: T I: 7  PDOS (Arb. unit) '9'01: T T 7 PDOS (Arb. unit)

Figure 2: Electronic band structure and corresponding projected density of state (PDOS) of
bulk LiCoO, a) without Hubbard U on Co and b) with Hubbard U=4.91 eV on Co. Addition
of U increases the band gap of bulk LiCoO, from 1.4 to 2.5 eV, close to the experimentally
determined ** and hybrid-functional computed value® of 2.7 eV

U correction to the Co. Displayed in Figure 2 is the band structure of hexagonal LiCoO s
a) before U, and b) with U=4.91 eV. This has the effect of opening up the band gap from
1.4 eV to 2.5 eV, closer to the value of 2.7 eV as determined in Refs*%°° These values are
also reported in Table 1. We find similar trends to the change in electronic band structure

with the addition of U as those presented in Ref.°

The bands in the energy interval of -5.0
to -2.0 eV in Figure 2a) are adjusted closer to the Fermi level in b), interacting more with
the highest occupied molecular orbitals (HOMO), as the the lowest unoccupied molecular

orbitals (LUMO) are shifted from 1.0 (a) to 2.0 eV (b).

Table 1: The comparison of experimental and calculated cell parameters and band gap using
different methods for bulk LiCoO,. Percentage errors are shown in parentheses. The d1 and
d2 indicate the interlayer distance shown in Figure 1.

Expt. DFET DFT + U

Wyckoff positions v 0.260 0.261 0.260
a=0/A 2.814  2.850 (+1.27 %) 2.840 (+0.90 %)
c/A 14.05 13.90 (-1.09 %)  13.97 (-0.55 %)
dl (0-Co-0) / A 2.049 2.005 (-2.13 %)  2.032 (-0.81 %)
d2 (O-Li-0) / A 2.634  2.627 (-0.28 %)  2.625 (-0.34 %)

Co-O bond length / A 1.922 1.927 1.929

Band gap / eV 2.7 14 2.5
11
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Calculated bulk parameters of LiCoO, are presented in Table 1. DF'T calculations at the
GGA level yield a=2.850 A and ¢=13.90 A, where the lattice constant a is overestimated
by 1.27%, and ¢ is underestimated by 1.09%. GGA + U calculations yield a=2.840 A
and ¢=13.97 A, where the lattice constant a is only overestimated by 0.90%, and the ¢
increases to 0.07 A, more in line with experimental data. The adjustment in lattice constant
also affects the intra- and interlayer spacings d1 (-O-Co-O-) and d2 (-O-Li-O-) shown in
Figure 1. Addition of U to Co moderately increases d1 from 2.005 to 2.032 A much closer
to the experimentally determined value of 2.049 A and slightly decreases d2 from 2.627 to
2.625 A, which was already very close to the experimentally determined value of 2.634 A.
The net effect is a better description of d1 with minimal perturbation to d2.

Kramer et al.?* computationally determined that LiCoO4 nanoparticles had at least three
thermodynamically stable surfaces, and of this these we choose the polar (001) surface for
study for two reasons. Experimental synthesis of nanoscale LCO shows formation of nano-
flakes with large (001) planes? and the (001) surface was determined to be present for all
reasonable values of chemical potential for Li and O,3* referred to as pz; and po, respec-
tively. Two common (001) LCO surface terminations, a) oxide-terminated, and b) lithium-
terminated are shown in Figure 3. All of the simulated surface slabs have inversion symmetry
with at least 11 atomic layers. The slabs are separated by > 16 A of vacuum space.

Away from vacuum conditions, many oxide surfaces persist with non-stoichiometric con-
figurations, and are terminated with water dissociation products. To explore the thermo-
dynamically preferred hydrated surface structures under ambient conditions, we model Li,
Li/OH, and OH terminated surfaces 100%, 75%, 50%, and 25% coverage. To systemati-
cally investigate these surface structures, we adopt the following methodology: in ~CoO-Li,
surfaces, the outermost Li atoms occupy the crystallographic hollow sites that are the con-
tinuation of the bulk arrangement, while in the -CoO-H, case the adsorbed H atoms are
found to be directly above the surface O sites. Thus the terminal H and Li atoms are crystal-

lographically distinct. There is only one atomic site in each layer in the 1 x1 supercell, which

12
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L® 0® Co@

Figure 3: (001) Surface terminations of LiCoO,. Shown in a) is the oxide terminated surface,
and shown in b) is the Li-terminated surface. Atomic layers are labeled such that the center
of inversion is the (blue) cobalt layer labeled 0 and all odd-numbered layers will be oxygen
(green atom) and all even-numbered layers will be either lithium (gold atom) or cobalt.

when occupied corresponds to 100 % coverage. Layers of lower coverages were simulated
using (2x2) supercells to obtain coverages down to 25%. Figure 4 shows example surfaces

that are a) Li-terminated, b) mixed Li and H terminated, and ¢) H-terminated.

Surface Thermodynamics

Figure 5 shows the GGA + U-computed 1-Dimensional thermodynamic phase diagrams of
four fixed values of fiye i As the fie1; value decreases from left to right in Figures 5(a) to (d),
the range of available ji1,0 decreases. This is because of the chemical potential equilibrium
condition frico0, = Mri + Moo + 2p0. This also means that for the sets of structures

with Ng, > Ny, the coefficient of up; in Equation 8 is negative; the calculated value of ~

13
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@ | ’lﬁnu ®) . : © .

Figure 4: Comparison of select surfaces investigated in the present work showing the side
and top views of the (001) surface terminations. Labeling of atomic layers is the same as in
Figure 3. From left to right are a) 50% Li-surface coverage b) mixed Li (25%) and H (25%)
surface coverage, and ¢) 50% H-surface coverage. While Li resides in a hollow site that is
a continuation of the bulk continuum, H resides directly over alternating surface oxygen to
create an -OH surface termination.

increases when up; decreases. For the different possible surface terminations, both ~CoO and
~LiO are O-terminated surfaces, however the latter has much higher surface free energy in
Figure 5, as breaking the Co-O bonds in octahedral CoQOyg is energetically unfavorable when
compared to breaking the Li-O bonds in the same environment. Due to the same reason,
the stoichiometric —CoO-Li;/, and —LiO-Co,, surfaces have v values that are independent
of up; values, and therefore the latter is higher in surface free energy, purely from considering
bond strengths alone. Therefore our hydroxylated and Li-terminated surfaces in different
coverages are all based on the ~CoO-X-Y terminated surface. The only exception is the

O-defect surface of ~CoO3/4. It is not stoichiometric but still maintains charge balance, is

14
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20 — —-CoO-Liy s —-C00-Lipsy  — --CoO-Liya5-Hy s —Co0 --LiO

21 — —-Co0-Li; o4 — --Co0-H, 59 — --C00-Liy 59-Hp 55 — --Co0-Li; 5-OH, 55 --Li0-Coy 5

22

23 Figure 5: 1-Dimensional thermodynamic phase diagram for four fixed values of fie1i. As
24 tre i decrease from a) -0.30 eV to d) -4.0 eV, the order of the surfaces lowest in surface free
gg energy 7 changes, as does the range of available jie1 0. At small, negative values of i1 1 We
o7 are in the Li-rich regime, where the most favored surfaces are -CoO-Li, terminated (a, gray
28 lines). As fue i decreases, taking us into the Li-poor region, the preferred surface coverage
29 changes until at d) the most favorable surface termination is -CoO-H,, the hydroxylated
g? surface shown in Figure 4(c).

32

gi less polar, and lower in free energy than the ideal -CoO surface. Table 2 details the changes
gg in relaxed structure layer spacing for the -CoO, -CoO-Li,, -CoO-Li; /4-H; 4 and -CoO-H,
gg surfaces when compared to experiment.

ig In Figure 5(a) when ji1;=-0.30 eV, near the Li-rich limit, the Li-term ~CoO-Li34 surface
3; (dark gray line) is most stable: this surface has the lowest + for the entire range of po.
43 . . . . .

44 However when py; decreases to -1.0 eV in Figure 5(b), a Li-H-mixed surface domain —CoO-
45 . . . . e .

46 Liy/4-H 2 begins to appear (magenta line) in the O-poor limit on the left hand-side as the
47

48 surface lowest in free energy. This occurs for a narrow range of 1o, and is quickly following by
49

50 a H-terminated surface of -CoO-Hjs/4 (light gray line) which is much lower in free energy for
51

52 the remainder of po through the O-poor limit. When py; is decreases further in Figure 5(c)
53

54 and (d), the -CoO-Hj, surface (light blue line) becomes the only stable surface throughout
55

56 the entire range of ie10. This is the surface that one is most likely to encounter at ambient
57

58 conditions.

59

60
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Figure 6: 2-Dimensional surface phase diagram at a) 0 K and b) 298.15 K. Li-terminated
surfaces are light, medium, and dark gray, while the pure H-terminated surface in light blue,
and the mixed Li/H-terminated surfaces are purple or magenta. In a) we overlay the bulk
stability regions of Co, CoO, Co304, Cos03, LisOs, LisO, LiC0204, and LiCoO5 to highlight
where the computed surface phase diagram overlaps with bulk LCO (dotted black line). We
compute minimal changes in the phase diagram in extrapolating from 0 to 298.15 K. Shown
on the right-hand side of the figure are the pressure and Li cation equilibrium conditions
salient to experiment. The experimentally attainable oxygen rich regime can be found for
Hrel,o greater than ~ -0.7 eV, as determined by the pressure conversion bar in the bottom
right hand corner. Below g 1i=-3.39 eV, Li will most likely be observed as an aqueous Lilt
cation.

Figure 6 shows the 2-dimensional thermodynamic phase diagram at a) O and b) 298.15 K,
where the most stable surfaces for different ranges of pi.e1,0 and g i are color coded. Li-
terminated surfaces are light, medium, and dark gray, while the pure H-terminated surface
in light blue, and the mixed Li/H-terminated surfaces are purple or magenta. This diagram
is shaped like a triangle where the empty boundary represents the thermodynamic limit to
maintain bulk Er;ice0,, based on the equilibrium condition pirico0, = pri + fco + 210. We
observe minor changes in Figure 6 extrapolating from T=0 K (a) to T=298.15 K (b); the
largest change is observed in the (magenta colored) Li/H co-terminated surface, however this

surface is most likely not observable in experiment. On the bottom right hand-side of the
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figure, we label the pressure conditions on the po axis, and see that the range of ambient to
UHYV Og pressures only change the uo by ~ 0.7 eV.

Starting in the top right hand corner of Figure 6(b), in the O-rich/Li-rich regime we
observe the ~CoO-Li surface first, and then as we adjust pup; to lower values at fixed po,
we observe the —CoO-Lis/, surface and then the —-CoO-Li; /5 surface. As we decrease i,
we enter Li-poor regimes that are still rich in O. Upon subsequent decreases, we observe
the mixed —~CoO-Li;/4-Hy /4 surface, and then the —CoO-H,/, surface. This is supported by
electrochemical data as well: AG% . of Li is -3.039 eV, so decreasing ur; beyond this point
will most likely result in the release of Li™ ions. This regime coincides with a Li-poor/O-rich

phase which corresponds to ambient conditions.

Table 2: Comparison of the change in percentage of the layer spacings of optimized LiCoO 4
(001) surface structures: —CoQO, —~CoO-Lig 59, “CoO-Lig 25-Hg 25 and -CoO-Hg 59. The num-
bers of different atomic layers are labeled in Figure 3 and 4.

—CoO *COO—Lio_50 *COO—L10_25—H0_25 *COO—H0_50

O-H bond length / A 0.974 0.975
Layer 56 / % -32.6 -26.2
Layer 4-5 / % -15.0 -0.68 -3.29 -5.04
Layer 3-4 / % +2.56 -0.60 -0.32 -0.23
Layer 2-3 / % +1.04 +0.14 +0.11 +2.36
Layer 1-2 / % -1.15 -0.53 -0.49 -1.85
Layer 0-1 / % -0.28 -0.46 -0.47 +0.06

The Projected density of states (PDOS) of the surfaces in Figure 6 that occur in the
Li-poor/O-rich regime are shown in Figure 7. We find that as H substitutes for Li as py;
decreases, the band gap also decreases. This decrease occurs as the bonding to surface O
changes from Li bound to the hollow O-site, where it interacts with three O, to H bound on
top of O. The lowest unoccupied molecular orbital (LUMO) of O decreases in energy relative
to the LUMO of Co as the surface changes with a decrease in pr;.

Figure 8 shows the charge density difference (taken as the charge density of the slab

minus the sum of the atomic charge densities), plotted as isosurfaces, for the a)-CoO-Liy/,
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Figure 7: Projected density of states (PDOS) for the three surfaces of Figure 6 that occur
in the Li-poor/O-rich regime. These three surfaces are in order of decreasing py;: a)-CoO-
Lii /o b) ~CoO-Li; 4-Hy /4 and ¢) ~CoO-H;, and show that as H substitutes Li, the band gap
decreases.

b) ~CoO-Li;/4-H; /4 and ¢) ~CoO-H;, terminated surfaces. The turquoise and red colors
indicate positive and negative isosurface values, respectively. For the —-CoO-Li,/, surface
on the left hand side of Figure 8 there is no isosurface expanding out of the slab, and the
negatively valued isosurfaces corresponding to surface O sites are localized closely to the
surface. The ~CoO-Li, s, surface shows relatively neutral charge difference within the surface
plane. Substituting half of the Li with H in b) shows a distinct positive isosurface distribution
above the H in —CoO-Liy4-H; /4 as well as a change in negative isosurface distribution around
the surface O relative to the ~CoO-Li;/, surface. Full substitution of Li with H, as in c)
shows the same distinct positive isosurface distribution above the H in surface OH. We
interpret these plots as evidence that there is a depletion of electron density at the OH
terminated surfaces relative to the Li terminated surfaces, and this interplay between surface
stoichiometry and charge distribution will impact surface reactivity.
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L

Figure 8: Charge density isosurface difference of a)-CoO- Liy)o b) —CoO- L11/4—H1/4 and c)
—Co00-H,/; terminated surfaces. The differences in charge density are depicted in turquoise
and red colors which indicate positive and negative isosurfaces, respectively. We find that
the largest differences between the three occur on the surface as the terminations change
from pure Li to mixed Li/H to pure H going from left to right. The space above the (yellow)
surface Li atoms displays no positive isosurface, while the space above the (white) surface
H atoms displays a positive isosurface. The H-termination creates a dipole relative to the
oxygen layer closest to the surface, and will affect (001) surface reactivity.

Next, we turn to computing the thermodynamics of surface solvent ion exchange. As
depicted in Figure 9a, conventional DF'T simulations predict that all Li surface coverages
will be energetically more favorable than any H surface coverages, with the exception of H /,
which is almost degenerate in energy with Lis/s coverage. We find that successive additions
of Li from no (z=0) to full (z=1) coverage are energetically more stable with the addition of
Li, and that the change in energy between successive increased coverages decreases. This is

1

in contrast to H coverage, where we observe the same behavior until =3, where it becomes

N

energetically costly to successively add more H to the surface.

When we add in the surface solvent ion exchange term, A G5, the overall trend switches
because it is more energetically favorable to dissolve Li'* from the surface of the oxide than
H*. The AGY%y terms at pH =7 for Li and H are -3.039 and -0.414 eV, respectively and

adjusting the equation:

AGy = AGSyp — ne(eUsug) — 2.303ny+ kTpH + kTInay, no:- (13)

with parameters provided by our experimental collaborators: Opp, 005 = 1x107C, ny+=0,

and Ugygp=0 at pH=7, we obtain AG, of Li to be -3.39 ¢V and H remains unchanged, as
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(a) -AG, (b) -(AG,+AGy)

-#-Li-covered surface

-e—H-covered surface

Energy / eV
Energy / eV
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Y % % Y % %

Surface coverage Surface coverage
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Figure 9: Difference in free energy as a function of surface coverage for a) AG; and b) us-
ing the surface-solvent exchange model (AG=AG;+AG,) outlined in Ref.”! Free energies
reported are the difference in free energy between surface coverages. Adding the experimen-
tally determined AG5 values not only changes the magnitude of the free energies for both Li
and H adsorption, but reverses the trend observed for all surface coverages. H-terminations
are more energetically favorable than Li-terminations with the inclusion of A Gs.

AGIH = -0.0591pH or -0.414 eV.

We find that only Li, 4 surface coverage is slightly favored, and that at these conditions
it is energetically unfavored to go beyond this coverage. This is opposite to the trends for H,
for which all coverages are favorable, but the overall most favored is H /o surface coverage.
Overall, the results are consistent with the phase diagrams discussed in the previous sections.
At these experimental conditions, the Li-poor/O-rich regime, surface hydroxyls shown in
Figures 4 and 8(c) will be the most energetically favorable surface species.

To probe the reactivity of the different surface terminations, specifically H vs. Li termi-
nated LCO, we choose HoPOj} as our probe adsorbate. HoPOj is the predominant molecular
species at pH 7 and ambient environmental conditions. We model the adsorbate in both
monodentate and bidentate configurations where either one or two of the oxygen atoms of
phosphate anion, respectively, are interacting with the -CoO-Liyj or -CoO-Hy /o surfaces.
These calculations are performed with implicit solvent, as detailed in the Methodology, and
structural information can be found in the Supporting Information. We find that both mono-
and bi-dentate configurations of outer-sphere adsorption interactions with the Li-terminated

surface are endothermic, and that both adsorption interactions with the H-terminated sur-
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(a) --Co0O-Li, 5, monodentate (c) --Co0O-H, 5, monodentate
E,=10.564¢V E=-1.159¢eV

(b) --CoO-Li, 5, bidentate (d) --CoO-Hj 5, bidentate
E,=10.882eV E,=-1393¢eV

Figure 10: Comparison of mono- and bi-dentate outer sphere adsorption of phosphate with
either Li- or H-terminated surfaces. HoPOj interactions with -CoO-Li;/, are endothermic
and interactions with -CoO-H;/, are exothermic. This may be due to hydrogen bonding
between the phosphate ligand and OH groups on the surface of ¢) and d) that are not
present in a) and b)

face are exothermic, as depicted in Figure 10. A comparison of the adsorption energies
E.qs of interaction modes show opposing trends; the changes in energy going from mono- to
bi-dentate adsorption are 40.324 eV and -0.234 eV for the Li and H terminated surfaces,
respectively. These trends in F,qs are consistent with the charge density differences calcu-
lated for the surfaces and shown in Figure 8. That is, the OH terminated surfaces showing
depleted electron density in the isosurface analysis go on to be the most reactive towards
the negatively charged phosphate.

Figure 11 compares the induced charge density of outer sphere monodentate phosphate
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adsorption on a) the -CoO-Li;/, and b) -CoO-H;/, terminated surfaces. The Li-terminated
surface does not interact as much as the H-terminated surface, which displays a sizable
hydrogen bonding between the surface and phosphate, and is most likely stabilizing the
interaction. This type of bonding network could help explain why phosphate based coating
of LCO nanoparticles are favorable in the industrial production of battery materials, bind
irreversibly to metal oxides as an environmentally acquired coating, and could have far

reaching implications on the design and reactivity of nanomaterials.

Figure 11: Induced charge density profiles of outer sphere monodentate phosphate adsorption
on a) -CoO-Li;/, and b) -CoO-H;, terminated surfaces. Pink and blue colors indicate an
increase and decrease in electron density relative to the bare surfaces, respectively. The
-CoO-H, /5 terminated surface clearly interacts with phosphate more than the -CoO-Li,
terminated surface.

Conclusions

LiCoOs nanoparticles have witnessed a rapid growth in use as battery materials, however,
not much has been published on the surface reactivity of LCO in a variety of experimentally
accessible scenarios. The need to relate theoretical calculations to real-world conditions is
necessary in the pursuit of delineating structure-property relationships of nanomaterials in
environmental and operational settings. As structure is linked to reactivity, a molecular-level
understanding of how surface stoichiometry and electronic structure evolves as a function
of conditions is crucial to identifying surface-mediated processes that govern the toxicity of

nanomaterials. This study applies two thermodynamic models in conjunction with DFT
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calculations to assess the stability of varying LiCoO,(001) terminations in the presence of
oxygen and water. We find that for both models, the -CoO-H /5 surface is the most stable
structure near the O-rich limit, which is most likely to be encountered experimentally. A
key result of the study is that while both partial OH and partial Li terminations are stable
under different chemical potential conditions, the like-charge H and Li cations occupy unique
surface sites. Furthermore, exchange of surface Li for H (as predicted to be stable under
ambient conditions by our models) leads to distinct surface electronic structure at the surface.
This manifests as a marked change in surface reactivity, as we probe through outer-sphere
phosphate adsorption studies. We find that outer-sphere adsorption on the Li-terminated
surface is energetically unfavored when compared to the H-terminated surface, in line with
the depletion of electronic charge on the latter. The theoretical studies performed here
demonstrate the sensitivity of the surface structure to changes in the chemical environment.
These changes in surface stoichiometry are then shown to alter the electronic structure, and
ultimately give rise to unique surface reactivity. Understanding differences in reactivity of
these surfaces could have a significant impact on the design of battery materials and may
help to explain why coatings bind strongly, and in some cases, irreversibly, to LCO and

related nanomaterials.

Associated Content

The Supporting Information is available free of charge on the ACS Publications website at

DOI:xxxx

Presented in the Supporting Information are structural details of relaxed surfaces, method-

ology details, simulation parameters and adsorption geometries.
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