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ABSTRACT Solar-driven water splitting is a key photochemical
reaction that underpins the feasible and sustainable production of
solar fuels. An amorphous cobalt-phosphate catalyst (Co-Pi) based
on earth-abundant elements has been recently reported to effi-
ciently promote water oxidation to protons and dioxygen, a main
bottleneck for the overall process. The structure of this material

remains largely unknown. We here exploit ab initio and dassical

atomistic simulations combined with metadynamics to build a realistic and statistically meaningful model of Co-Pi nanoparticles. We demonstrate the

emergence and stability of molecular-size ordered crystallites in nanoparticles initially formed by a disordered Co—0 network and phosphate groups. The

stable crystallites consist of bis-oxo-bridged Co centers that assemble into layered structures (edge-sharing CoOg octahedra) as well as in corner- and face-

sharing cubane units. These layered and cubane motifs coexist in the crystallites, which always incorporate disordered phosphate groups at the edges. Our

computational nanoparticles, although limited in size to ~1 nm, can contain more than one crystallite and incorporate up to 18 Co centers in the cubane/

layered structures. The crystallites are structurally stable up to high temperatures. We simulate the extended X-ray absorption fine structure (EXAFS) of our

nanoparticles. Those containing several complete and incomplete cubane motifs—which are believed to be essential for the catalytic activity—display a

very good agreement with the experimental EXAFS spectra of Co-Pi grains. We propose that the crystallites in our nanoparticles are reliable structural

models of the Co-Pi catalyst surface. They will be useful to reveal the origin of the catalytic efficiency of these novel water-oxidation catalysts.
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olar-driven water splitting is a key

photochemical reaction in solar fuel

production.! Precious metal oxides,
such as RuO, and IrO,, efficiently catalyze
water oxidation—the main bottleneck for
the overall process—but a realistic impact
on large-scale energy conversion requires
novel catalysts based on earth-abundant ele-
ments. A class of such materials—cobalt-phos-
phate (Co-Pi), cobalt-borate, nickel-borate, and
others?” > —has been recently discovered
and successfully applied to artificial leaf
technologies. Their activity relies on ordered
and oxidation-resistant active centers em-
bedded in amorphous grains.> "> A well-
defined structural model of these active
centers would be essential for rationaliz-
ing experimental findings and for studying
the reaction mechanism, but it is at present
lacking due to the complex structure and
composition of the grains.
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Co-Pi self-assembles on conductive sub-
strates via electrolysis from a phosphate-
buffered Co*" solution. Besides being formed
by earth-abundant elements, this material is a
very promising water-oxidation catalyst for
technological applications because its forma-
tion and operation require a very low over-
potential, room temperature, and neutral
pH.2* The phosphate electrolyte is supposed
to play a role in facilitating proton transfer and
catalyst self-repair>~ Electron paramagnetic
resonance (EPR) and electrokinetic studies
have shown that water oxidation takes place
at the oxidized Co®>™*" centers.”'® Knowing
the exact structure of the active catalytic sites
would be fundamental information for clar-
ifying the reaction mechanisms. Two inde-
pendent extended X-ray absorption fine
structure spectroscopy (EXAFS) studies agree
on the presence of discrete multiple cobalt-oxo
molecular units arranged into an amorphous
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network.®® The structure of these molecular units is
presently debated. X-ray diffraction shows no sign of
crystalline phases but broad amorphous features.?
While it is clear that cobalt ions are on average
coordinated by six oxygen ions forming octahedral
CoOg units, refs 6 and 8 propose different arrange-
ments of such units, both compatible with the Fourier-
transformed EXAFS spectra. These data are interpreted
in terms of either clusters of complete and incomplete
vertex-sharing cobalt-oxo cubane motifs® or layered
edge-sharing CoOg octahedra® Extended layered
edge-sharing models were shown to reproduce very
well X-ray scattering data and pair distribution function
analysis, which also indicate that the typical domain
size of the Co-Pi grains is ~13 A.° The proposed cubane
arrangements displays remarkable structural analogies
to the Mn3Ca0, core of the oxygen-evolving complex
in photosystem I.'*'> Metal centers arranged in cu-
bane motifs have been identified in several molecular
and crystalline artificial water-oxidation catalysts,'®2°
and there are indications that these ordered motifs are
the active core of the amorphous Co-Pi catalysts.'”

We here exploit ab initio and classical atomistic
simulations combined with metadynamics®' to build
a realistic and statistically meaningful model of Co-Pi
grains. Our calculations predict the formation of mo-
lecular size crystallites in heterogeneous nanoparticles
initially comprising a disordered Co—O network and
PO, units. The crystallites are composed of a combina-
tion of planar edge-sharing CoOg octahedra and Co40,
cubane motifs, which are believed to be essential for
catalytic activity.5'729%223 The crystallites are stable,
always expose cobalt sites at the surface, and incorpo-
rate phosphate groups at their edges. The simulated
EXAFS spectra of our nanoparticles are compared with
the in situ EXAFS measurements for Co-Pi grains. The
good agreement demonstrates that the crystallites
in our nanoparticles incorporate the main structural
motifs of the Co-Pi catalyst.

RESULTS AND DISCUSSION

We simulate a set of nanoparticles containing phos-
phate and potassium ions in the Co40P20K5001¢ Stoi-
chiometry, which is consistent with the ~2:1:1 ratio for
Co:P:K resulting from microanalytical elemental anal-
ysis of the Co-Pi catalyst.? The number of oxygen atoms
was determined so as to impose the charge neutrality
of the particles, assuming that the formal valences are
+3, +5, +1, and —2 for Co, P, K, and O ions, respec-
tively. As it would be hopeless generating realistic
structures for this large system directly by ab initio
molecular dynamics starting from random ion posi-
tions, we first fitted an empirical potential with a shell
model functional form®*%* using ab initio geometries
and energies of a few selected structures. Our fitted
empirical potential is capable of correctly reproducing
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the relative energies and structural parameters of
well-known cobalt oxides, resulting from the density
functional theory (DFT-PBE) calculations (see Methods
and Supporting Information). Most importantly, this
empirical potential is reliable also for Co-Pi amorphous
nanoparticles, since it predicts radial distribution func-
tions (RDFs) for all pairs in good agreement with DFT-
PBE structures (see Figure 1e—g).

Structural Model of Co-Pi Grains. Starting from random
ionic positions in the computational nanoparticles, the
structure and the local environment around the Co
ions were first optimized with empirical potential
metadynamics simulations employing two collective
variables (CVs), which allowed sampling the short-
range atomic environment around the Co sites: (CV1)
the coordination number of Co with respect to O ions
and (CV2) the number of Co ions bridging between a
pair of O ions (see Methods). This computational
approach allowed us to calculate the free energy of
Co-Pi grains in the configurational domain spanned by
CV1 and CV2 (Figure.1a). The free energy landscape
displays a clear low-energy basin, which identifies a
large number of putative amorphous grain structures.
A subset of these lowest energy structures resulting
from this initial prescreening (red points and arrows in
Figure 1a) was then optimized at 0 K with empirical
potential and with spin-polarized DFT-PBE calculations
(see Methods). The calculated RDFs for three represen-
tative Co-Pi grains (Figure Te—g) show that the differ-
ences between structures optimized at the classical
and at the DFT level are systematically small, further
indicating the high predictive power of our fitted
empirical potential. The local environment of cobalt
ions in these optimized structures (Figure 1b—d) is
consistent with EXAFS data, namely, a predominant 6-
and 5-fold coordination by oxygen ions in interlinked
octahedral cobalt-oxo units. One surprising result of
the simulations is the presence of nanocrystallites
consisting of complete and incomplete Co,0, cubane
motifs in some grain candidates (e.g., grain 3 in
Figure 1d), despite the lack of any CV driving their
formation. This suggests a thermodynamic driving
force to form such local ordered arrangements of
CoOg¢ octahedra in the amorphous network.

In order to validate and provide further evidence of
this finding, we performed a second set of empirical
potential metadynamics simulations, which aimed at
generating nanoparticles containing a larger fraction
of cubane units. The CV used here was specifically
developed for this work and is defined by the product
of six pairs of coordination numbers to control the
number of cubane motifs (see CV3 in Methods and
Supporting Information). This computational approach
allowed us to generate a large number of Co-Pi nano-
particles containing, besides the octahedral CoOg units,
several crystallites of up to nine complete cubane motifs.
A selection of these structures was then optimized at 0 K

VOL.6 = NO.12 = 10497-10504 = 2012 “@L@Mi{\)

WWwWW.acsnano.org

10498



AF [eV]
0 Wy

Shell Model
DFT

2 3 4 5 6
riAl
Shell Model
f DFT ——
Co-0
Co-Co
P-Q
1 2 3 4 5 6
r[A)

Shell Model
DFT

Figure 1. Models of Co-Pi grains identified with shell model metadynamics. (a) Free energy landscape of Co-Pi grains in the
configurational domain spanned by the CV1 and CV2 collective variables. (b—d) Three grain structures representative of the
low-energy basin. (e—g) Radial distribution functions corresponding to grains 1—3, calculated from the optimized positions
predicted by shell-model (red) and DFT (blue) simulations. Co, P, and selected O ions are represented by cyan, orange, and red
spheres. Larger spheres in grain 3 highlight the layered and cubane motif.

first with the empirical potential and then by spin-
polarized DFT-PBE calculations (see Methods). Three
representative examples of the optimized grains obtained
using this procedure are displayed in Figure 2a—e.
Also in this case, the differences in RDFs between the
optimized structures obtained with empirical and
ab initio methods are small. During this structural
optimization, the rearrangement in the local environ-
ment around the bis-oxo-bridged Co atoms reduced
the size and number of the crystallites, leading to an
overall decrease of the number of complete cubane
motifs from 7—9 (as in the nanoparticles obtained
directly from the last metadynamics run) to 3—4 in
several nanoparticle candidates. A common feature of
the cubane motifs withstanding structural optimiza-
tion is their proximity to the phosphates, which share
at least one of their oxygen ions with the cubane
structures. Quite importantly, these relaxed structures
are still in the low free-energy basin previously identi-
fied. All grains are approximately spherical, and more
than half of the cobalt ions are surrounded by five or six
oxygen ions forming octahedral units, as evinced from
EXAFS spectroscopy.®® All the residual crystallites are
composed of complete and incomplete cubane motifs
arising from edge-sharing CoOg octahedra and dis-
playing bis-oxo-bridged Co ions. The crystallites' edges
are decorated by PO, groups and connected to a
disordered Co—O network of distorted/incomplete
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octahedra and tetrahedra. These units fill the intersti-
tial regions among the crystallites in the bulk of the
nanoparticles and reach the nanoparticle surface. In all
the nanoparticles, phosphate and potassium ions are
segregated on the surface.

Morphology and Thermal Stability of the Crystallites. The
nanoparticles displayed in Figure 2a—e contain crystal-
lites with two (grain 4), three (grain 5), and four (grain 6)
complete cubane motifs. In particular, grain 5 contains
two corner-sharing and one isolated cubane motifs,
while all the complete cubane units in grain 6 are
connected and face-sharing.

In addition, these grains contain also edge-sharing
cobaltate planar structures based on the incomplete
cubane motif (Figure 2b,d and Figures S2 and S3 in the
Supporting Information) similar to those proposed
from EXAFS and high-energy X-ray scattering.®? In
most cases, the complete and incomplete cubane
arrangements coexist in the same nanoparticle or even
in the same crystallite. As an example, grain 5 contains
the molecular cobaltate cluster proposed in ref 8 to be
a model for surface Co-Pi (see also Figure S3 in the
Supporting Information). Two surface defects are pre-
sent above and below this planar cobalt dioxide layer
and form the two corner-sharing, complete Co40,4
cubane units in grain 5 (Figure S3d in the Supporting
Information). Similarly, the two cubane units in grain 4
(Figure 2a) arise from adding out-of-plane Co ions to
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Figure 2. Structural analysis of cubane-rich Co-Pi model grains. Representative DFT-optimized grains containing two (a),
three (c), and four (e) complete cubane motifs. Co ions arranged in layered cobaltite structures in grains 4 (b) and 5 (d). See also
Supporting Information, Figures S2 and S3. The grains were identified with metadynamic simulations employing CV1, CV2,
and CV3 (see text). (f) Radial distribution function for all grains 1—6 (abbreviated as g 1—6 in the legend). (g) Time-evolution of
the number of cubane motifs in grain 6 during shell model molecular dynamics simulations.

the cobaltite-based crystallite (Figure 2b and Figure S2c
in the Supporting Information). This suggest that realistic
models of Co-Pi are likely to contain both planar cobaltite
structures and interconnected cubane motifs rather than
just one of these structural units. This is compatible with
X-ray pair distribution function analysis, which proposes
Co-Pi models incorporating cubane-type Co,0, units at
the edge of cobaltite sheet layers.’

Empirical potential molecular dynamics calcula-
tions demonstrate that the cubane motifs constituting
our crystallites are stable at temperatures up to at least
900 K, as shown for the specific case of grain 6 in
Figure 2e.In 1 ns of molecular dynamic simulation, the
number of cubane units oscillates between 6 and 5 at
300 K and between 6 and 4 at 900 K. We therefore
conclude that these crystallites present in our Co-Pi
nanoparticles are structurally stable at room temperature
and survive even at significantly higher temperatures.

Local Structure around Co lons. Although the six grain
structures differ in number and arrangement of
complete/incomplete cubane motifs (Figures 1 and 2),
they share some common features in the geometrical
and electronic structures. First we notice that the RDFs
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for the grains with and without cubane motifs are remark-
ably similar (Figure 2f). In particular, the Co—Co RDF
displays a broad distribution in the 2—4 A range, while
the Co—O and P—O RDFs reveal sharp peaks at 2.0 and
1.6 A, respectively. The coordination numbers of Co
and P computed from these data are ~5.4 and ~4. This
is in agreement with the EXAFS data, which indicate a
Co—0 bond length of 1.89 A and a coordination
number of 5.2—6.2.58 The variation of the Co—0O and
P—O RDFs among the six grains is very small, while that
of the Co—Co RDF is larger, thus showing that the
structural differences among the grains are mostly due
to how rigid Co-oxo units are connected. Indeed,
although there is no clear Co—Co first shell, the grains
containing a larger number of cubane motifs (grains 5
and 6 in Figure 2) display an enhanced peak at ~2.8 A
(Figure 2f). The same peak in the RDF calculated for the
crystallites in grains 5 and 6 is considerably sharper and
clearly centered at ~2.8 A (Figure S5, Supporting
Information). This is precisely the Co—Co and O—0
distance in a square planar arrangement of Co and O
with a ~2.0 A Co—O side, resulting in two oxygen ions
bridging a pair of cobalt ions. These bis-oxo-bridged Co
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Figure 3. EXAFS spectra and Fourier transforms for three grain candidates compared to experimental ones in ref 8. Upper
panel: Averaged Co k>-weighted EXAFS oscillation over all Co ions in the grain (red line) and over only the Co ions in the
cubane crystallites (blue line). Lower panel: Fourier transforms of the averaged k-space oscillation along with the radial
distribution function of all Co ions with all ions in the grain. For Fourier transforms of the k3-weighted EXAFS oscillation, the

k-range of 3—12 A and a Hanning window function were used.

ions are the building blocks of the cubane motifs
as well as of the layered structures that have been
proposed in refs 6, 8, and 9. Quite importantly, such
putative structures were not identified directly with
crystallographic measurements, but were proposed on
the basis of structural parameters (average coordina-
tion numbers and interatomic distances between
Co—0 and Co—Co pairs) resulting from fitting the
EXAFS spectra of Co-Pi catalysts.

In the following we use a direct procedure to assess
the atomistic structure of the catalyst. Namely, we start
from the atomic coordinates of our Co-Pi nanoparti-
cles, and we simulate the corresponding EXAFS spectra
by calculating the phases and amplitudes in the EXAFS
equation (see Methods) and compare them with the
experimental data. Besides assessing the accuracy of
our model for Co-Pi clusters, the comparison allows for
rationalizing the spectroscopic measurements, provid-
ing insights into the origins of the different spectral
features.

Comparison with EXAFS Spectra and Discussion. The top
panels of Figure 3 display the simulated Co k*-weighted
EXAFS spectra calculated for different nanoparticles con-
taining four (grain 6, panel a), three (grain 5, panel b), and
zero (grain 1, panel ¢) complete cubane motifs. The red
lines refer to simulated spectra obtained by averag-
ing the EXAFS signal over all the Co ions in the nano-
particle. The simulated spectra are compared to the
experimental spectrum (black line in all panels) mea-
sured for a Co-Pi thick film and reported in ref 8. The
corresponding Fourier transforms of these spectra
are reported in the bottom panels (d—f) of Figure 3.

HU ET AL.

The theoretical spectra for the nanoparticles richest in
crystallites and cubane motifs, grains 5 and 6, display
an overall good agreement with the experimental
spectrum, in both the position and width of the main
peaks. Instead, significant differences with experiment
affect the simulated EXAFS spectrum of amorphous
nanoparticles without cubane motifs (grain 1). We first
focus our analysis on grain 6, having the largest cubane
crystallites. The RDF of Co ions with all surrounding
ions for grains 6 is also reported in Figure 3d. The first-
shell experimental peak (at ~1.5 A, black line) is
present both in the Fourier-transformed EXAFS spectra
(at ~1.5 A, red line) and in the RDF (at ~2.0 A). It
clearly corresponds to the Co—O bond length at ~2.0
A, which is also consistent with high-energy X-ray
scattering data (1.91 A).° The second experimental
peak (at ~2.4 A, black line) is qualitatively well repro-
duced by the simulated spectra (at ~2.5 A, red line),
but its relative height with respect to the first peak is
underestimated by ~30% with reference to experi-
ment. As already noticed, the RDF also shows a broad
second peak between ~2.5 and ~4 A, which reflects
the broad distribution of Co—Co distances in the
disordered fraction of the grain. Remarkably, the
shoulder is almost completely absent in the Fourier
transform of the EXAFS spectrum computed for the
same grain, which in turn is, as we already underlined,
consistent with experiment, except for the relative
height of the second peak. This suggests that the peak
of the transformed EXAFS at the apparent distance of
~2.4 A arises mostly from the quasi-ordered portion of
the grain, namely, from Co pairs bridged by two
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oxygens, as in cubane units or layered structures. As
already noticed, this peak has a correspondence in the
RDF at a Co—Co distance of ~2.89 A, in good agree-
ment with the X-ray pair distribution function analysis
(2.82 A).° The contribution from Co pairs linked by one
oxygen only is clearly filtered out in the transformed
EXAFS spectrum, possibly due to the broader distribu-
tion of their distance in an amorphous sample. Indeed
a second peak in the simulated FT EXAFS spectrum is
also present for grain 5 (Figure 3e), which contains a lower
number of cubane motifs, but is almost absent for grain 1
(Figure 3f), which contains no ordered Co—O clusters.

This comparison clearly shows that the larger the
number of cubane motifs in our nanoparticles, the
better the agreement with the experimental EXAFS
data and suggests that our computational nanoparti-
cles contain a marginally smaller fraction of ordered
cubane/layered motifs than Co-Pi. With the chosen
simulation setup it was not possible to stabilize larger
crystallites in the model nanoparticles, and this is likely
due to size effects, open boundary conditions, local-
minima trapping during the minimization, or inaccura-
cies in the force field. Although the fraction of amor-
phous region in our small nanoparticles might be
overestimated with respect to the actual material,
regions of our nanoparticles abundant in cubane
motifs and terminated by their neighboring phosphate
groups well reproduce all the known experimental
features of the Co-Pi catalyst. This is demonstrated by
the very good agreement with experiment of the
EXAFS spectra calculated for the fraction of grain 6
containing the cubane motifs and the neighboring O
ions and phosphate groups (blue line in Figure 3). In
addition, the presence of disordered PO, groups at the
edge of our crystallites (see Supporting Information
Figure S5, a and b) is compatible with local models
proposed by X-ray pair distribution function analysis
(e.g., model 4 in ref 9). Computational mechanistic
studies of this reaction have so far considered over-
simplified minimal structural models of Co-Pi.*>?* We
propose that the stable crystallite surface in our grains
is likely to be a reliable representative of the surface of
the real catalyst. It can therefore be used as a more
realistic model structure for investigating the catalytic
properties of Co-Pi.

Spin State of Co lons in Different Environments. All the
grains display approximately the same ratio among the
number of CoO,4, CoOs, and CoOg units. In particular,
~30—50% of the Co ions are octahedrally 6-fold
coordinated and constitute primarily the bulk of the
crystallites. The remaining Co ions belong to distorted/
incomplete octahedra (~30—50%) and tetrahedra
(<~20%) units that terminate the crystalline edges
and/or constitute the amorphous region between
crystallites (Figure 4). The electronic structure of the
grains resulting from our DFT-PBE calculations dis-
plays a metallic character (see Supporting Information,
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Figure 4. Correlation between net spin polarization and local
Co atomic environment. Net spin density (|oup — Pdown|)
calculated for grain 6 and plotted with isosurfaces of
|£0.05] electron/bohr®. Brown, blue, and green colors
identify the CoO,4, CoOs, and CoOg units, respectively.

Figure S6). The use of hybrid exchange—correlation
functionals or of DFT+U methods can improve this
description but will have minor effects on the structural
properties of our grains. The calculations identify a
clear correlation between the local environments around
Co ions and the spin polarization. The calculated spin
density displayed in Figure 4 shows that tetrahedral
Co0, or distorted CoO5 environments determine the
emergence of a net spin polarization (purple isosur-
face), while the Co®>" ions in the perfect octahedral
CoOg units of the cubane-rich crystallites are low spin.
This is consistent with EPR measurements indicating
that the Co>" centers in an octahedral field prefer to be
low-spin.” The emergence of paramagnetic signals in
Co-Pi films may have two contributions: one due to the
distorted local environments in the disordered region
of the grain comprising tetrahedral CoO, or distorted
CoOs units (crystallite boundaries and surfaces), the
other due to the oxidation of the Co ions in octahedral
coordination to Co*" species. The latter effect is at the
basis of the interpretation of EPR signals in Co-Pi films,
namely, the formation of Co*" species during water
oxidation under the application of an external bias.”
Our calculations show that, at zero bias, the Co ions
in the cubane motifs are in an almost perfect octahe-
dral environment and should therefore be EPR-silent
Co>" species. Under an external bias, some of them will
cycle to higher oxidation states, leading to the emer-
gence of the EPR-active Co*" species. Paramagnetic
[Co(ll)3Co(IV)O4] cubane intermediates have indeed
been proposed as compatible with the paramagnetic
signals measured on Co-Pi films during water oxidation.”

CONCLUSIONS

The functionality of the Co-Pi water-oxidation cata-
lysts relies on both the structure and chemical compo-
sition around the Co active sites. Mechanistic studies
based on electrokinetic experiments suggest a one-
electron one-proton reaction mechanism that involves
Co*"™—OH and Co**—0 moieties,'® which are likely
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located within cubane units. The reaction is proposed
to be assisted by neighboring phosphate groups,
either in solution or surface bound, that act as proton
acceptors. Due to the difficulties in determining realis-
tic structures of ordered metal-oxo sites embedded in
heterogeneous amorphous grains, reliable structural
and compositional models of the active sites involved
in these processes are missing. The mechanistic studies
available so far assumed minimal functional models
consisting of one or a few interconnected cubane
motifs.>>%3 These computational works neglected the
presence of phosphate groups, their effect on the local
structure, and their role into the reaction mechanism.
The structures of the crystallites predicted by our
simulations open new opportunities for understanding
the functionality of these catalysts. Besides providing
direct evidence of the formation of stable crystallites
comprising complete/incomplete cubane molecular
units, our calculations show that these layered cobalt-
ite structures coexist with corner- and face-sharing

COMPUTATIONAL METHODS

Fitting of Empirical Potential. The empirical potential adopted in
this work is the shell model potential,®*** as implemented in
GULP?® and DL_PLOY 2.* The oxygen ion has a shell (O,) of
charge Y and a core (O,) of charge (z-Y), coupled by a harmonic
spring (k):

Vs = 1/2krc52

Each cation has a formal charge of z only. The interaction
between ions at a distance r; is modeled by

Vi = Aexp(—;j/B)+zizj/r;

Since no parameters for Co-Pi are available in the literature,
we generated them by fitting DFT-PBE energy and geometry
for well-known oxides (Cos0, and KsPO,). We proceed as
follows. We first run a few different molecular dynamics trajec-
tories at 300 K with some trial parameters. Then, for a few
randomly chosen configurations, we compute energy and
forces at the DFT-PBE level, and we fit the parameters to match
these values. This procedure can be iterated. The parameters
obtained in this manner are listed in Table S1 (see Supporting
Information). As shown in Figure S1 (see Supporting Information),
our empirical potential is able to reproduce the relative energies
among structures with remarkable accuracy, even for struc-
tures that are not used for the fitting. The lattice constants of
the fitted shell model are presented in Table S2 (see Support-
ing Information), and the shell model lattice constants
are within 3.5% of the DFT-PBE values. The shell model
is also capable of reproducing the DFT-PBE RDFs of the
Co—0, Co—Co, and P—O pairs in amorphous Co-Pi grains
(see Figure 1).

Metadynamics Calculations. We perform metadynamics®' using
DL_PLOY 2%” and PLUMED? to investigate the formation and
stability of CoOg octahedra and cubane motifs in Co-Pi. The first
two CVs for metadynamics are defined as

V1 = z Zng,n,m(rij)

ieCojeO
where
N — (rj/Ro)"
ng,n,m(rIj) =7 *(rij/Ro)m
HU ET AL.

cubane motifs in the same crystallite. Moreover we
provide atomistic models for the crystallite edges,
which expose Co ions and incorporate disordered
PO, groups at the nanoparticle surface.

These findings have several important implications.
The presence of surface phosphate groups near the
active Co sites will likely affect the reaction mechanism.
Incomplete surface cubane units are plausible adsorp-
tion sites for dynamical phosphate exchange with the
electrolyte. The proximity between cubane motifs and
phosphates also suggests that the latter might act as
proton acceptors as surface-bound species. Phos-
phates will also affect directly the protonation of the
neighboring oxygen ions, the formation of oxo and
hydroxo groups, and the occurrence of protonated
u-oxo bridges.?® In summary, we believe the structural
models of the Co-Pi nanoparticles proposed in this
work will allow for a more quantitative approach to
reveal the water-oxidation mechanism promoted by
these materials.

with n=4,m =8,and Ry = 2.25 A, and

V2 = z z [ng,n,m(’ij) fRo,n,m(rik)]
ieCo j, keO
k>j

with n=8,m=16,and Ry = 2.25 A Performing metadynamics
with these two CVs can lead arbitrarily generated initial struc-
tures to relatively compact spherical structures, containing
several octahedral CoO, units. The third CV is designed to
control the cubane motifs, defined as the product of six
neighboring cobalt pairs in the cubic cobalt-oxo unit:

3

= > faoynmlFi) - fao, n, m(i) oo, , m () Foo, my m (Fi) Py, m (51)* i, m, (i)
i,j, k,1eCo
i<j<k<l
with n = 60, m = 120, and Ry, = 3.15 A. In Figure 54 (see
Supporting Information), we show the number of cubane motifs
as a function of time in three independent metadynamics
trajectories performed with this setup.

DFT Calculations. A few structures with different number of
cubane motifs are chosen from our metadynamics simulations
and optimized at the spin-polarized DFT level, with the PBE
exchange—correlation functional,®® ultrasoft pseudopotentials,
and T point sampling of the Brillouin zone. A cutoff of 30 Ry is
used for the plane wave basis set. In the geometry optimization,
the grains are simulated in a periodical cubic supercell of 25 A, and
the forces on each ion are converged to <0.025 eV/A. The DFT
calculations are performed with the Quantum ESPRESSO code.*°

EXAFS Calculations. The k-space EXAFS spectra y{k) for each Co
ion in the grains are calculated with the FEFF 9 code®'*? separately.
The atomic coordinates from optimized spin-polarized DFT-PBE
calculations are used in the FEFF input files. The damping factor
(502) is set to 0.75, consistent with the value used in ref 8. The
Debye—Waller factor is set to zero. We checked that using other
values proposed in the literature leads to variations in the spectra that
are small with respect to the discrepancy between experimental and
computational spectra. The potential with the Hedin—Lundqvist
exchange—correlation functional involved in y{k) is calculated self-
consistently. The averaged k-space oscillation is obtained by

2k = 3 2 k)/N
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where N is the number of Co ions in the specific group (ie,
all the Co ions in the grain or only the Co ions belonging to the
cubane motifs). Fourier transform of the k-space oscillation is per-
formed with the ATHENA code in the IFEFFIT package. A Hanning
window function is used to cover the k-range of 3—12 A.
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