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ABSTRACT: Amorphous transition-metal (hydr)oxides are
considered as the most promising catalysts that promote the
oxidation of water to molecular oxygen, protons, and “energized”
electrons, and, in turn, as fundamental parts of “artificial leaves”
that can be exploited for large scale generation of chemical fuels
(e.g, hydrogen) directly from sunlight. We present here a joint
theoretical—experimental investigation of electrodeposited amor-
phous manganese oxides with different catalytic activities toward
water oxidation (MnCats). Combining the information content
of X-ray absorption fine structure (XAFS) measurements with
the predictive power of ab initio calculations based on density . XAS

functional theory, we have been able to identify the essential 10

structural and electronic properties of MnCats. We have

elucidated (i) the localization and structural connection of Mn(II), Mn(III), and Mn(IV) ions in such amorphous oxides and
(i) the distribution of protons at the MnCat/water interface. Our calculations result in realistic 3D models of the MnCat
atomistic texture, formed by the interconnection of small planar Mn-oxo sheets cross-linked through different kinds of defective
Mn atoms, isolated or arranged in closed cubane-like units. Essential for the catalytic activity is the presence of undercoordinated
Mn(III)O; units located at the boundary of the amorphous network, where they are ready to act as hole traps that trigger the
oxidation of neighboring water molecules when the catalyst is exposed to an external positive potential. The present validation of
a sound 3D model of MnCat improves the accuracy of XAFS fits and opens the way for the development of mechanistic schemes
of its functioning beyond a speculative level.

1. INTRODUCTION ment of applicable technologies. Several transition metal (TM)-
based catalysts for such a process, containing different metal-
oxo cores, in a close similarity with PSII, have been recently
proposed.'' ™' Research into the archetypal biological process
of photosynthetic water oxidation has also recently intensified,
as it can serve as an important inspiration for the development
of artificial water-splitting catalysts.'”'”~'* A full understanding
of the structural properties of the whole class of water-splitting
systems and, in turn, of the close relationship between
characteristic motifs and catalytic mechanisms is considered
as one of the main achievements of such investigations. A
deeper insight into the transfer and localization of charge, with
the ability to induce interfacial redox processes in complex
environments, can provide new ideas for modified and
improved catalysts. Such a quest for in-depth information is

Direct conversion of solar energy into chemical fuel represents
a primary objective in the endeavor to address the globally
growing energy demand in a sustainable way. This process is
clean and carbon neutral, and a relevant amount of chemical
energy can be stored and used when needed. Nature addresses
this task everyday by oxygenic photosynthesis. In particular, a
MnCa-oxo cluster contained into the photosystem II (PSII)
protein promotes the water splitting to molecular oxygen,
protons, and “energized” electrons; the latter ones are used for
carbon dioxide reduction and chemical energy storage (e.g.,
sugar formation).'™* A technologically relevant approach to the
solar-to-chemical energy-conversion process is referred to as
artificial photosynthesis, which aims to emulate natural
processes using man-made materials. The ultimate goal of

artificial photosynthesis is to develop simplified “artificial hindered by the often amorphous character of the oxide-
leaves” that can be exploited for large scale generation of (hydroxide) materials that have been recently the objects of
chemical fuels (e.g, hydrogen) directly from sunlight.”~'° In

this framework, the step involving water oxidation is considered Received: May 19, 2015
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Figure 1. Idealized stick-and-ball models of the Mn-oxo amorphous catalyst. Several features are highlighted in the large panel A and shown as side-
views in the panels B—E. In detail, a planar Mn-oxo sheet is liven up by (1) Mn vacancies, (2) out of plane MnOj placed on top of a Mn vacancy, (3)
out of plane MnOg closing a complete cubane-like unit, (4) complete cuban-like unit acting as cross-linker between Mn-oxo sheets, (S) protonated
#,-OH bridges, (6) terminal Mn—OH and Mn—OH, species, and also forming (7) stable H—O—H---O—H structures. The lower panel illustrates the

cross-linking role played by Mn adatoms (2,3) and cubane units (4).

wide discussion as water oxidation catalysts. The noncrystalline
structure of these materials largely excludes insight in the
atomic structure by conventional X-ray diffraction techniques.
Therefore, the main source of atomic-level structural
information is X-ray absorption spectroscopy (XAS), which is
not limited by the need for crystalline order. However, the
thereby accessible information is insufficient: the XAS spectra
can facilitate determination of precise values of key distances
but do not result in complete 3D models of atomic structure,
protonation patterns, and oxidation-state localization. Structural
models derived from X-ray absorption fine structure (XAFS)
data are typically obtained by comparison with crystalline
reference compounds which, however, may not contain all the
mechanistically crucial structural units of the amorphous
material.

Among other TM-based catalysts, Mn-oxo compounds
attract special interest because of several key features: unlike
Ru or Ir, Mn is an earth-abundant first-row TM; unlike Co or
Nj, it is nontoxic and fully biocompatible; unlike Fe, Zn, or Ti,
the same Mn-oxo cluster has been selected by evolution to
catalyze the water oxidation process in all the photosynthetic
living organisms.”’ Not surprisingly, therefore, several new Mn-
oxo catalysts for water oxidation, containing sometimes small
amounts of Ca in order to maximize the similarities with PSII,
have been recently synthesized.'**'~*” Here we focus on one of
these amorphous Mn oxides (hereafter referred to as MnCat),
electrodeposited by oxidizing a Mn*" aqueous solution.'*
Depending on the external potential applied to the starting
solution, a full range of active to relatively inactive catalyst films
has been obtained. A first structural characterization of the films
included a series of XAS measurements, well suited for the
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investiagtion of amorphous or poorly crystalline Mn-oxo
compounds.”**’ In particular, Mn K-edge XAS measure-
ments'“** revealed that (i) inactive and active catalyst films
are both formed by interconnection of an admixture of
Mn(III)O4 and Mn(IV)Oy octahedra, possibly containing a
small amount of residual Mn(II) ions; (ii) low-oxidation-state
Mn ions are more abundant in the active film, up to 50%
Mn(III) (a formal oxidation state of 3.5); and (iii) inactive films
are more ordered than active films and similar to stable layered
Mn oxides like lithiophorite, birnessite, and Ca,Mn;Og, well
characterized by X-ray diffraction, scattering, and absorption
measurements.””" ">

On the grounds of such results, the MnCat has been viewed
as a nanosized stacking of layered sheets formed by MnOq
octahedra, cross-linked through defects."*** An idealized model
structure of MnCat is shown in Figure 1, where, in particular,
several defects and characteristic motifs which can be found in
the otherwise planar MnOg sheets are highlighted. Mn
vacancies (1 in the Figure 1) are in-plane defects which can
also host out-of-plane Mn atoms (2 in the Figure 1), holding
the same position of Ca ions in the case of Ca,Mn;Og. Mn
adatoms have been also suggested to stick on the sheet by
forming local cubane-like configurations (3 in the Figure 1).
The same cubane-like configurations, similar to that found in
the case of PSII and involving one Ca atom, may act as efficient
3D cross-linkers when placed between two sheets (4 in the
Figure 1).

The significance of these structural motifs for the catalytic
function of the Mn oxides so far remained unclear and could
not be verified based on extended X-ray absorption fine
structure (EXAFS) simulations only. On the contrary, the close
comparison between the results of ab initio calculations and
XAS measurements is able to reveal at the atomistic scale the
complex network of small metal-oxo units that usually
aggregate to form catalytically active, amorphous oxides. Recent
investigations of a prototypical electrodeposited amorphous
cobalt-oxo film (CoCat), active as oxygen evolution catalyst,
showed indeed that highly refined XAS measurements of Co K-
**7%7 in combination with the results of ab initio
calculations,**” are able to pinpoint Co oxidation states and
structural motifs. Once validated, such structures can be used to
perform mechanistic studies which shed light on the formation
of O—O bonds and on the oxidation states of reactive centers
during the oxygen evolution process promoted by the
catalyst.**™* Moreover, previous simulations of the CoCat
structure”® evidenced the role of two motifs involving O atoms
placed at the boundaries of the catalyst: (i) protonated y,-OH
sites (S in the Figure 1) induce longer Co—O distances than
nonprotonated y ;-O sites. The difference was appreciable by
refined EXAFS measurements in the case of the CoCat; (ii)
Mn—Mn nearest neighbors carrying pairs of parallel Mn—O
bonds are expected to form stable H-O—H---O—H structures
(7 in the Figure 1) characterized by low-barrier H bonds.

Herein, we have performed a joint theoretical—experimental
investigation of the properties of the MnCat active and inactive
films, based on ab initio calculations and refined XAS analyses.
The following discussion of our results has been organized in
order to illustrate the close relationship between XAS and DFT
findings. In detail, XAS measurements performed at the fully
relaxed resting states of the catalyst films have been analyzed by
using simplified guesses to produce EXAFS results. Such
measurements and fits are discussed in Section 3.1 and
compared with those previously obtained in the case of

partially oxidized films."* On the grounds of such results we
have performed extensive theoretical simulations of several Mn-
oxo clusters having atomistic structures compatible with EXAFS
data obtained for the active and inactive films. We discuss first
the correspondence between cluster models and subunits of
known crystalline compounds (Section 3.2). We propose then
an analysis of the first shell (Mn—O distances, Section 3.3) and
of outer shells (Mn—Mn distances, Section 3.4). The quality
and accuracy of our DFT-derived atomic distances have, in
turn, stimulated and driven refined multishell analyses of the
XAS measurements, which are discussed in Section 3.5. The
overall results of such a positive-feedback mechanism are
characterized by a finely tuned convergence between simulated
structures and measurements. As a main result of our
investigation, refined fits of XAS measurements are sizeably
closer to experiment than simplified ones. We also provide an
accurate and reliable characterization of the building units of
the amorphous MnCat and of the protonation of y-oxo and
terminal sites, together with insight into the local properties of
Mn(II) and Mn(III) centers, which represent a distinctive
fingerprint of the active film.

2. METHODS

MnCat models have been designed by using a wide collection of H-
saturated Mn—O clusters, ranging from 6 to 20 Mn atoms, in order to
test all the structures and motifs introduced in Figure 1. Such a setup
has been proven to provide an accurate description of the structural
and catalytic properties of amorphous oxides like the CoCat, as
discussed in previous contributions.*****' Several constraints have
driven the building of the investigated clusters: (i) XAS measurements
suggested that (almost) all the Mn atoms are surrounded by six O
atoms.'#*>*® This implies the occurrence of several terminal O atoms
(6 in Figure 1) at the MnCat/water interface. Terminal Mn—O
species, as well as Mn—OH; ones, are expected to be unstable in
resting conditions of the catalyst. The former has been supposed to be
first intermediate of the O—O bond formation in Ca-assisted oxygen
evolution®** and to be formed only when the catalyst is exposed at
high positive potential. The latter has been neither observed nor
suggested by previous theoretical calculations of TM-oxo/water
interfaces. Mn—OH and Mn—OH, species have been therefore
considered to be present at the catalyst boundaries, with a particular
attention to the optimal distribution of the stable H-O—H:--O—H
motifs mentioned above. (ii) H atoms play actually a role in the
saturation of the MnCat, as confirmed by the fact that active catalysts
can be also obtained from a starting solution containing CI~ or NO*~
only as counterions of Mn(II), unable to act as ligand at the catalyst
boundaries."* This is not a prerogative of Mn-based catalysts: CoCat
active films have been obtained by using similar starting solutions
containing Co(II) together with K* and CI~ counterions. ® (iii) The
total number of H atoms which saturate the cluster boundaries has
been first chosen to ensure a Mn(IV) oxidation state, indicated as the
resting state of the majority of Mn atoms in the inactive film by
XANES measurements.' ”** Further H atoms (one proton and one
electron), or further electrons only, have been added to Mn(IV)-oxo
clusters in order to obtain catalyst models containing up to 50% of
Mn(III) sites, in agreement with the same XANES measurements of
the active catalyst film. We note that Mn—Mn distances calculated in
the case of isoelectronic clusters having different saturation patterns do
not depend (within reasonable limits) on the total number of H
atoms.

All of the MnCat models have been investigated by using ab initio
simulations based on the Hubbard-U-corrected density functional
theory (DFT+U) in an unrestricted open-shell Kohn—Sham frame-
work, as implemented in the Quantum ESPRESSO suite of
programs.”* The H-saturated clusters have been accommodated into
large periodic cubic supercells and fully optimized, until the forces on
all nuclei were smaller than 0.001 au (Rydberg/Bohr) and until an
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energy difference smaller than 0.0001 Ry was calculated between two
steps of the minimization algorithm. The simulations have been
carried out by using the I'-point for the k-point sampling of the
Brillouin zone, Kresse—Joubert PAW pseudopotentials® with non-
linear core correction™® taken from the Quantum-ESPRESSO
pslibrary*” and the U-corrected PBE exchange—correlation func-
tional.*® Kohn—Sham orbitals have been expanded into plane waves
up to energy cutoffs of 60 and 360 Ry for the wave functions and the
charge density, respectively, in order to achieve satisfactorily converged
results. Such very strict convergence criteria on the plane wave basis
set, as well as the inclusion of the Mn semicore 3s and 3p shells among
the valence electrons, have proven to be necessary in order to estimate
with high accuracy interatomic distances. A Hubbard U correction has
been applied to the Hamiltonian. Such an approach has been already
successful in improving the DFT description of electron correlation in
TM oxides and related compounds, in particular when the localization
of charge carriers (electrons and holes) is involved.*""**=** This is also
particularly relevant in the case of mixed-valence oxides like the
present MnCat, hosting Mn(II), Mn(III) and Mn(IV) ions, where the
unpaired electrons localized at Mn centers must be carefully treated
beyond the conventional local or semilocal approximations of the
density functional.”*** In detail, a U correction for the 3d electrons of
Mn atoms was set to the value of 3.9 eV, calculated in the case of
several Mn(IV)Og centers belonging to different models by using the
self-consistent linear response approach described in refs 49 and S5. A
slightly lower value (3.5 eV) has been calculated in the same way in
the case of Mn(III)Og centers. Such a small difference does not affect
the structural properties of such centers. All the simulations have been
therefore performed by using the former value for all the Mn atoms of
all the clusters. In addition to the Mn 3d correction, a Hubbard U
correction was applied also to the 2p electrons belonging to O atoms,
since Coulomb interactions between p electrons of the oxo-ligands
have to be considered comparable to those acting between the d
electrons of the metals.”**” The strong coupling between Mn 3d and
O 2p shells can indeed induce a spurious charge transfer from O atoms
to Mn atoms when the U correction is applied to the metal d shell
only.>* For O atoms a U value of 5.9 eV has been a Plied by founding
on experimental results, as detailed elsewhere.*”**> OQur DFT+U
setup has been successfully tested against the structural properties of
well investigated crystalline compounds like Pyrolusite MnO, and
layered Ca,Mn;04. The results are discussed in the Supporting
Information.

Regarding the unpaired electrons localized at Mn sites, it has to be
also noted that exact-exchange corrections to semilocal functionals, as
in the case of the popular B3LYP approach,®*® do not necessarily
represent a good choice in the case of such strongly correlated open-
shell systems. This is due to the static correlation error, which comes
together with the Hartree—Fock exact-exchange contribution in hybrid
functionals, leading to the overcoupling of unpaired electrons.®>*" In
order to provide a comparison of our DFT+U results, we have
therefore selected a well-represented subset of the investigated clusters
to perform a paralle] B3LYP study. This second batch of calculations
has been carried out by using the ORCA suite of programs®” in a
localized-basis-set framework. In detail, the Kohn—Sham orbitals have
been expanded on a def2-TZVP Gaussian-type basis set.”>** The same
def2-TZVP basis has been also used as an auxiliary basis set for
Coulomb fitting. The 1s, 2s, and 2p Mn core electrons and 1s O core
electrons have been replaced by Stuttgart—Dresden effective-core
potentials (ECP) to ensure a close similarity between DFT+U and
B3LYP calculations.”® The achieved results are in a generally close
agreement with those obtained at the DFT+U level of theory and are
therefore reported in the Supporting Information for comparison.

MnCat active and inactive films were prepared by electrodeposition
in aqueous solution of 0.5 mM Mn?* ions (0.5 mM Mn(CH,COO),)
using potential cycling or constant potential protocols as described in
ref 14. The oxide films were then kept in Mn*'-free 0.1 M phosphate
buffer for 30 min without application of an external potential. After
this equilibration period the films were quickly frozen with liquid
nitrogen without taking them out of the electrolyte and exposing them
to air in order to preserve the relaxed state structure. The frozen films

were transferred to the liquid helium cryostat (Oxford) where the Mn
K-edge XAS was measured at 20 K. The XAS measurements were
performed at the Helmholtz-Zentrum Berlin fiir Materialien and
Energie (formerly BESSY II, Berlin). The measurements at the
manganese K-edge were acquired in fluorescence mode at the KMC-1
bending-magnet beamline using a 13 element ultralow energy
resolving Ge detector (Canberra). The k*-weighted EXAFS spectra
in the range from 2.1 to 16.3 A™" were simulated by least-squares curve
fitting using the in-house software SimX3. The following EXAFS
equation was used:**%’

shell N eﬁ
2(k) = 8% D) R——5"-exp(—2R /4)-sin(2k-R, + deff + )

F
kR

exp(—20k*)

where the sum goes over the atomic shells (groups of elements with
the same atomic number and similar distances from the X-ray
absorbing atom), S,” is the amplitude reduction factor, R is the total
central atom loss factor, Feff is the effective curved-wave backscattering
amplitude, N; is the number of neighbors in the i™ atomic shell, R, is
the distance between the X-ray absorbing Mn atom and the atoms in
the i atomic shell (backscatterer), A is the mean free path in A, ¢effis
the phase shift for each shell, ¢ is the total central atom phase shift,
and o; is the Debye—Waller parameter of the i atomic shell (variation
of distances around the average R)). The functions R, Feff, 4, ¢eff, and
¢ were calculated by Feff-8.4 (self-consistent field option
activated).””® The amplitude reduction factor S,> was set to 0.7.
Additional details for the experimental data collection and EXAFS
simulations are given in ref 22.

3. RESULTS AND DISCUSSION

3.1. Simplified EXAFS simulations. Details of the
synthesis and of the XAS measurements of both MnCat active
and inactive films were reported elsewhere.'* As opposed to
previous XAS analyses, the present results have been obtained
by processing a different batch of measurements collected on
the relaxed states of the MnCat films. In detail, the previously
reported spectra'* were taken after exposure of the films for 3
min at oxidizing potential, i.e., they do not reflect the resting
state of the materials. In this work we analyze spectra taken
after 30 min incubation of the electrodeposited films in a Mn*'-
free 0.1 M phosphate buffer with no potential applied, in order
to ensure that the structure is fully relaxed (as seen from the
reached constant values for the open circuit potential). In this
case the average oxidation state of Mn in both materials, as
determined from the edge energy position, is lower than +4
(3.6 for the active catalyst and 3.7 for the inactive catalyst), i.e.,
the abundance of Mn(III) is higher (see Figure S1). As a first
step of the analysis of these new EXAFS spectra we applied a
simulation approach similar to that used in a previous
investigation of similar amorphous layered oxides to the active
and inactive catalyst films.”* The results are shown in Figure 2.
Details of the fit parameters are reported in Table SI.

Previous EXAFS analyses of electrodeposited Mn oxides
where only one oxygen shell was included'* indicated almost
full 6-fold coordination for the inactive film, while a lower
value, almost approaching a S-fold coordination (5.3), was
found for the active catalyst. The lower than 6 coordination
number for the active catalyst was interpreted as an artifact of
the employed simulation approach, in which only one oxygen
shell was used to simulate two Mn—O distances corresponding
to the presence of both Mn(III) and Mn(IV) ions in the
structure of the catalyst. The coordination number obtained
when a single Mn—O shell is considered in the new simulations
is even lower (4.6 and 4.8 for the active and inactive films,
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Figure 2. Fourier transformed EXAFS spectra for the active (AF) and
inactive (IF) MnCat films. The original EXAFS spectra are shown in
the inset. The experimental data are shown in black and the simulated
spectra in color. Simulation parameters are given in Table S1 (simpler
simulation approach).

respectively, as shown in Table 1), due to the greater abundace
of Mn(I) in the relaxed structures. The fit of active catalyst
with two shells with different Mn—O distances and common
Debye—Waller factor for both shells yields an increased sum of
two coordination numbers 5.4 + 0.5 (4.8 vectors at 1.89 A and
0.6 vectors at 2.29 A). For the inactive film the resulting
coordination number is 6.6 + 0.8 (5.1 vectors at 1.90 A and 1.5
vectors at 2.35 A). This provides a hint that at least in the
inactive film all Mn ions are likely 6-fold-coordinated but
EXAFS alone is insufficient to elucidate further details.

In addition to the oxygen shell we included in the simulation
all the Mn—Mn shells identified previously for Mn-oxide
powders.** The fit parameters and simulated curves are shown
in Table 1 and in the SI. The overall distances agree very well
with a layered structure with different degrees of disorder for
the active and for the inactive films. However, these results
alone cannot provide a complete 3D atomistic picture of the
oxide film structures and motifs. Increasing of the number of
shells without adding complementary information would also
result in data overparametrization and, in turn, in an unstable
fit. For these reasons we have performed an extensive DFT-
based study of several model clusters of MnCat, whose results
are discussed in the following Sections. Combining EXAFS
results with such DFT calculations, we aim at reaching a better
description of the structure of the active and inactive oxides
which can guide the analysis of XAS data fitted with more
shells. Starting values for the distances of these new shells come
from the results of DFT calculations. In addition, as protons are
invisible by EXAFS spectroscopy, the protonation state of the
bridging and terminal oxygen atoms can be indirectly derived
from the comparison between Mn—O and Mn—Mn distances
found by DFT calculation and the same distances obtained by
EXAFS simulations.

3.2. Structural Models Considered in DFT Calcula-
tions. The results from the first EXAFS simulations indicate
that the MnCat is likely formed by small, ordered units
interconnected to form still unknown patterns.'*** To
elucidate further structural details, we have performed DFT
calculations focusing on five H-saturated Mn-oxo clusters,
shown in Figure 3, in order to compare their structural
properties (e.g., Mn—Mn and Mn—O distances) with previous
experimental findings. Our models contain all the atomistic
motifs introduced above and summarized in Figure 1: the first
cluster (A in Figure 3) is cut out from a two-dimensional sheet

formed by MnO octahedra arranged in a hexagonal lattice. Such
kind of planar lattice is often referred to as brucite structure
(from the structure of Mg(OH),) and is commonly found in
layered TM oxides like, e.g, LiCoO,, Heterogenite CoO(OH),
several Mn-based birnessites and also Ni hydroxides.****~7* A
second cluster (B in Figure 3), cut out from the Mn-birnessite
structure, is characterized by a Mn vacancy in the two-
dimensional sheet surmounted by an out-of-plane MnOg group.
In a third cluster (C in Figure 3) the same out-of-plane MnOgq
group is placed on the top of the A cluster to close a complete
Mn,O, cubane-like unit. A fourth cluster (D in Figure 3) is cut
out from the Ca,Mn;Oy structure, another synthetic layered
Mn oxide,”® by replacing the Ca atom, sandwiched between
two Mn-oxo layers with a further Mn atom. A final cluster (E in
Figure 3) is formed by two B clusters sharing the same Mn
adatom. Such a subset has been chosen among a large number
of investigated models, formed by 6—20 MnOy octahedra, in
order to illustrate the one-to-one correspondence found
between all the calculated and measured Mn—Mn and Mn—
O distances. A complete summary of all of the investigated
systems, useful to assess the reliability of our theoretical model,
but redundant to the purposes of our study, is given in the
Supporting Information

3.3. First Coordination Sphere: Mn—O Distances. Mn—
O bonds do not provide direct information about the extended
structure of the catalyst, because the first Mn—O shell only is
detectable with accuracy by XAS measurements. From the
experimental results, a lower value, approaching a S5-fold
coordination, is found in the case of the active catalyst. Even in
the limit of the slight (1%) overestimation of Mn—O bonds
calculated in the case of the Pyrolusite MnO, and layered
Ca,Mn;0y4 (see Supporting Information), the values calculated
in the case of the B—E clusters are definitely larger when the
average oxidation state of Mn atoms is lower than 4.0. This is
mainly due to the electronic properties of Mn(III)Og centers
(sketched in Figure 4f), characterized by a significant Jahn—
Teller (JT) distortion induced in the d4 Mn(IIl) site by the
strong octahedral field of the oxo 1igands.75’76 The JT distortion
of Mn(III) induces the elongation of two opposite Mn—O
bonds with different effects depending on the nature of the
involved O atoms: in the case of 4,-O and y;3-O oxo bridges
(sketched in Figure 4a,c, respectively, and represented by red
spheres in Figure 3), as well as of terminal Mn—OH species
(Figure 4d, yellow spheres in Figure 3), the Mn—O bonds are
stretched from a 1.9 A value to a 2.1—2.2 A value. In the case of
terminal Mn—OH, species (Figure 4e, green spheres in Figure
3), the water molecules go farther (Mn—O distance larger than
2.3 A) and cannot be considered anymore as bonded to Mn, in
agreement with the suggestion of undercoordinated Mn(III)
sites in the active catalyst, where Mn has a lower average
oxidation state. A second effect contributes to a lesser extent to
the modulation of the Mn—O distance. As already observed in
the case of the CoCat,”® and also suggested in the case of
PSIL" y,-O sites are eligible sites for protonation. Protonated
U,-OH sites in the MnCat models (Figure 4b, blue spheres in
Figure 3) are characterized by slightly elongated Mn—O bonds
(1.95 A). The presence of residual Mn(II) in the MnCat could
not be excluded on the grounds of XANES measurements.”’
Despite of several different starting distributions of charge and
spin on Mn atoms attempted on all the clusters, there is only
one of the investigated sites where a Mn(Il) ion is stable,
namely the Mn atom sandwiched between two sheets in the E
cluster (see Figure 3). Such a site is surrounded by six
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Table 1. Structural Properties of the A—E Clusters Shown in Figure 3 at Different Average Mn Oxidation States”

Cluster Bond Distance (A)
(Mn Ox. State)
| Mn-O Mn-Mn 1 Mn-Mn2 |Mn-Mn2*¥ Mn-Mn3 | Mn-Mn 4
/
A (4.00) 1.91 (0.06) | 2.88 (0.06) - - 4.99 (0.04)| 5.77 (0.01)
B (4.00) 1.91 (0.07) | 2.86 (0.06) = 3.52(0.04) - 4.96 (0.05)| 5.73 (0.01)
B (3.86) 1.92 (0.07) | 2.86 (0.06) = 3.53 (0.05) - 4.96 (0.06)| 5.73 (0.05)
B (3.71) | 1.93 (0.07) | 2.89(0.08) 3.53(0.07) - 5.00 (0.11)| 5.77 (0.14)
B (3.57) | 1.95(0.09) | 2.93 (0.10) = 3.51 (0.08) - 5.07 (0.14)| 5.85(0.17)
C (4.00) | 1.93 (0.07) | 2.93 (0.07) - 4.20 (0.19) 5.05(0.13)| 5.86 (0.11)
C (3.75) 1.94 (0.08) | 2.95 (0.08) - 4.19 (0.22) 5.08 (0.13)| 5.89(0.12)
C (3.50) ‘ 1.98 (0.12) | 2.99 (0.08) - - 4.14 (0.09)-5.15 (0.12)| 5.99 (0.08) |
D (4.00) 1.92 (0.06) | 2.90 (0.07) = 3.48 (0.04) - 4.93 (0.19)| 5.99 (0.25)
D (3.80) | 1.94 (0.11) | 2.93 (0.11) = 3.52(0.07) - 5.02 (0.17)] 6.06 (0.32)
D (3.60) | 1.96 (0.11) | 2.96 (0.11) = 3.52(0.11) - 5.00 (0.20)| 6.05 (0.27)
E (3.85) | 1.93 (0.10) | 2.86 (0.06) = 3.65 (0.05) - 4.89 (0.17)| 5.75 (0.07)
E (3.69) 1.94 (0.11) | 2.88(0.07) = 3.66 (0.08) - 4.89 (0.17)| 5.79 (0.13)
E (3.54) 1.97 (0.13) | 2.91 (0.08) @ 3.70 (0.13) - 4.93 (0.19)| 5.82(0.17)
MnCat XAS Data
Inactive Film | 1.90 [4.8] | 2.88[6.7] 3.53[2.3] 5.05[2.2] | 5.55[4.6]
3.13[1.8] 3.75[0.7] 5.75[0.7]
Active Film | 1.89 [4.6] | 2.89[5.0] 3.48 [0.6] 5.05[1.1] | 5.42[1.1]
3.12[1.5] 3.79 [0.6] 5.77 [0.3]

“The Mn—O column is related only to distances between Mn atoms and oxo bridges. Mn—O distances involving terminal O atoms are discussed in
Section 3.5. Mn—Mn 1, 2/2%, 3, and 4 columns are related to nearest-neighbor, next-nearest-neighbors, etc., distances, as sketched in the small insets
placed at the column headers. Mn—Mn 2 and 2* distances are related to the presence of different kinds of out-of-plane Mn atom that cannot be
found within the same cluster. They have been therefore grouped in different columns. Data have been averaged on different distances of the same
type, and standard deviations (o) are reported in round brackets. XAS results shown in Figure 2 have been also summarized at the end of the table.
Square brackets contain coordination numbers obtained by EXAFS simulations in the case of XAS data; further details can be found in the

Supporting Information.

undistorted oxo ligands all having a planar structure, a motif not
shared with any other Mn atom belonging to all the
investigated clusters. Apart from the lack of distortion of the
Mn(1I) site, characterized by longer (2.17 A) Mn—O distances
than Mn(III) or Mn(IV), our finding is also supported by a
detailed Bader’s charge analysis of the E cluster reported in the
Supporting Information. It is shown there that Mn(II),
Mn(IIT), and Mn(IV) species can coexist within the same
cluster, as also observed in the case of synthetic polynuclear Mn
complexes.”””® We note that the Mn(I[)—O contribution to
the Mn—O shell cannot be resolved by EXAFS, because it is
masked by the more abundant Mn(III)—O ones falling in the
same range. However, as opposed to Mn(III)O4 Mn(II)Og

octahedra are isotropically larger than Mn(IV)Og, and their
occurrence is indirectly confirmed by a characteristic elongation
of the corresponding Mn—Mn 2 shell detected by EXAFS, as
discussed in the following Section 3.4. A detailed, quantitative
evaluation of the occurrence of different Mn—O bonds,
together with their assignment to the different O-related
species, is discussed below in Section 3.5.

3.4. Short-Range Mn—Mn Distances. As opposite to
Mn—O distances, Mn—Mn short-range distances are more
directly connected to the atomistic texture of MnCat. However,
the modulation of Mn—O distances discussed above is
responsible for the partition of Mn—Mn shells in subshells,
connected, in turn, to characteristic fingerprints of the MnCat
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Figure 3. Sticks-and-balls models of Mn(IV)-oxo H-saturated clusters.
(A) Mn,0,,H,, flat cluster cut out from a birnessite-like sheet.
Different kinds of O atoms are represented by using different colors:
red (4p-O and p3-O oxo bridges); blue (protonated u,-OH oxo
bridges); yellow (terminal Mn—OH groups); green (terminal Mn—
OH, groups). The same colors are used for the other models, even if
H atoms are not shown in the B-D parts for the sake of clarity. (B)
Mn,0 ,;H,4 cluster cut out from a birnessite-like sheet including one
Mn adatom placed above a Mn vacancy. (C) MngO,,H,, cluster
formed by adding to the A cluster one out-of-plane Mn atom which
completes a cubane-like Mn-oxo unit. (D) Mn,,0;,Hs, cluster formed
by building a complete cubane-like Mn-oxo unit around the out-of-
plane Mn adatom of the B cluster. (E) Mn,;0,5H, cluster formed by
two B clusters sharing the same Mn adatom. The a-h labels identify
Mn—Mn distances discussed in text and tables: a-b (Mn—Mn 1); e-f
(Mn—Mn 2); g-h (Mn—Mn 2); b-c (Mn—Mn 3); b-d (Mn—Mn 4).

motifs. As discussed on the grounds of previous XAS
results,"*” the measured Mn—Mn distances can be grouped
in four well-separated shells. The corresponding calculated
values are shown in Table 1 for all the systems discussed here ”*
and are in a generally good agreement with the results of
EXAFS analyses reported in the same table. We note that the
first two shells (Mn—Mn 1 and 2 in the table) are characterized

112-OH
b
(o]
Mn-OH Mn-OH, Mn(lll)Og
d e
oo Mn f
Mn-Mn
| I :
Mn-Mn 1

Mn-Mn 2

Figure 4. Motifs which characterize the simulated MnCat structures
and correspond to measured Mn—O (a—f) and Mn—Mn (g—k)
distances are sketched in the figure as ball-and-stick models. The
relevant Mn, O, and H atoms involved in the structures are shown as
purple, red, and light-blue spheres. Further Mn (O) atoms not directly
involved in the structures and distances are represented instead as gray
small spheres and sticks (sticks only). The same labels have been used
in all the tables to identify calculated and measured distances.

by narrow distributions of the calculated values, with standard
deviations in substantial agreement with those estimated in the
case of EXAFS simulations. On the other hand, the outer shells
(Mn—Mn 3 and 4 in the table) can group qualitatively different
Mn—Mn pairs, e.g,, in-plane and plane-to-plane distances in the
case of clusters D and E. This situation is compatible with the
occurrence of DFT distances which are basically corresponding
to measured ones, but with relative populations which are too
strongly dependent on the cluster shape and on the lack of an
extended network to yield representative statistical parameters.
The planar A cluster already contains three of the four Mn—Mn
measured shells, namely Mn—Mn 1 (2.9-3.1 A, sketched in
Figure 4g), Mn—Mn 3 (5.0—5.1 A, Figure 4j), and Mn—Mn 4
(5.4—5.8 A, Figure 4k) in Table 1. This can be considered as
sound proof of a layered structure of the MnCat, characterized
by Mn-oxo sheets cross-linked through defects. A further
measured shell, Mn—Mn 2/2%* (3.5-3.8 A, Figure 4h,) in
Table 1, appears only in the case of the remaining B—E clusters,
containing out-of-plane Mn atoms or Mn-oxo structures, thus
providing a first indication of the nature of such cross-linking
defects. We can identify four of such structures, contained in
the B—E models and corresponding to four different finger-
prints of the measured spectra. The Mn adatom placed on the
top of a Mn vacancy in the B cluster is responsible for the Mn—
Mn 2 shell, peaked at 3.4—3.5 A in the EXAFS spectra as well
as for the 5.4—5.5 A contribution to the Mn—Mn 4 shell, which
can be only found in larger models discussed in the Supporting
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Information. A similar adatom placed closer to the sheet to
form a complete cubane unit, as in the C cluster, can be related
instead to the 2* subshell (~4.2 A), not resolved in previous
EXAFS analyses. The D cluster contains the same Mn adatom
of B, which is also the vertex of a complete cubane unit not in
direct contact with the sheet, as opposed to that found in C.
We can therefore distinguish the fingerprint of the adatom
(same 3.4—3.5 A values in D of the Mn—Mn 2 shell of B) from
the fingerprint of the complete cubane unit (longer Mn—Mn 1
distance in C and D than in A, approaching the 3.1 A subshell
in the EXAFS spectra). Finally, the longer Mn—Mn 2 distance
calculated in the case of E is the fingerprint of the Mn(II) atom
placed between two sheets, corresponding to the 3.7—3.8 A
subshell in the EXAFS analysis.

When the average oxidation state of Mn is lowered by
introducing Mn(III) ions in the models, the inherent,
significant JT distortion of Mn(II[)O4 centers induces a
progressive elongation of all the Mn—Mn distances. A similar
elongation of most shells has been reported in the case of the
active catalyst, as opposed to the inactive film (see Table 1),
thus supporting the idea that a certain abundance of Mn(III)
sites in a mixed Mn(III)—Mn(IV) architecture of the metal-oxo
structure is a crucial feature of more active catalytic systems. An
important finding in our study is that Mn(III) ions are always
localized at the boundaries of all the models, even of larger ones
(shown in the Supporting Information) where inner Mn atoms
can be entirely surrounded by p;-O oxo bridges. This is due to
the fact that terminal O atoms, especially those belonging to
Mn—OH, groups, can relax more easily than inner ,-O and i5-
O bridges (compare the different structures in Figure 4). They
drive, therefore, the JT distortion of Mn(III) sites. This implies
also that when the active catalyst is exposed to a positive
external potential to start the oxygen evolution reaction,
electrons are easily drained from such Mn(III) sites in contact
with the water solution, which are oxidized to Mn(IV): if we
look at such process with a complementary point of view, the
oxidizing holes injected in the catalyst are localized at the
catalyst/water interface, where they can readily attack
neighboring water molecules.

Finally, the presence of Mn(Il) ions trapped between two
parallel Mn-oxo sheets is univocally responsible for the 3.7—3.8
A contribution to the Mn—Mn 2 shell, which is longer in the
case of the E cluster than in all the other models irrespective of
the presence of Mn(III). We note that there is no way to force
such a special site to assume a Mn(III) or Mn(IV) character:
for example, if all the Mn atoms of the E cluster are forced to
assume a formal (IV) oxidation state, the Mn(II) drains charge
from all of the neighbors to keep its very stable d°
configuration. However, the unique position of Mn(II),
protected from incoming water molecules, and its resistance
to oxidation suggest that it is an unlikely player in oxygen
evolution processes, even if it may have a structural role for the
assembly and shaping of the amorphous catalyst.

3.5. Refined EXAFS Modeling and Simulations. The
structural data collected in Table 1 and discussed in Sections
3.3 and 3.4 show a generally good agreement between EXAFS
and ab initio results. However, non-negligible discrepancies
indicate that there is still significant room for improvement of
the theoretical model as well as of the fitting procedure of the
XAS data. In order to fill in the most satisfactorily way all the
remaining gaps between experiment and theory, we have first
calculated a series of DFT-based EXAFS spectra on the
grounds of the A—E structures calculated at the DFT+U level

of theory.*” In detail, the simulated spectra have been obtained
by convolution of Gaussian functions (¢ = 0.0387), centered on
the calculated Mn—O (first shell only) and Mn—Mn distances
and normalized to the number of Mn atoms belonging to the
clusters. We have selected two case studies to illustrate the fine
analysis of Mn—O and Mn—Mn distances at different values of
the average Mn oxidation state: modeled EXAFS spectra of the
first Mn—O shell belonging to the D cluster are shown in
Figure 5, while those related to the first and second Mn—Mn
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Figure 5. DFT-based EXAFS modeling of the first Mn—O shell of the
D cluster. The plots are obtained by convolution of Gaussian functions
(6 = 0.0387), centered on the calculated Mn—O distances and
normalized to the number of Mn atoms belonging to the cluster. The
magenta plots are the sums of the red, blue, yellow, and green curves,
representing the contributions of y,-O and y3-O species (red), #,-OH
species (blue), terminal Mn—OH species (yellow), and terminal Mn—
OH, species (green). All the different kinds of Mn—O bond are also
sketched in Figure 4. The average oxidation state of Mn is reported in
each panel and corresponds to the distribution of Mn(IV) sites (light
purple spheres) and Mn(III) sites (dark purple spheres) sketched in
the models on the right-side. A green arrow indicates one of the
terminal water molecules detached from Mn(III) due to the effect of a
strong JT distortion.

shells of the B cluster are shown in Figure 6. All the results of
similar calculations performed on the remaining structures are
summarized in Table 2 (Mn—O distances) and Table 3 (Mn—
Mn distances).

Let us focus first on Mn—O bonds. The DFT-modeled
EXAFS spectra displayed in Figure S (magenta curves) can be
separated in four different contributions, corresponding to the
bonding of Mn with y,-O and u;-O species (red curves), ji,-
OH species (blue curves), terminal Mn—OH groups (yellow
curves), and terminal Mn—OH, groups (green curves). All such
species are also sketched in Figure 4a—e. We note that the
usage of small size saturated clusters as models of the extended
amorphous MnCat structure implies an overestimation of the
amount of terminal groups, which should be largely replaced by
further oxo bridges connecting the catalyst building blocks. On
the other hand, terminal groups are necessarily present at the
catalyst/water interface, because they ensure the 6-fold
coordination of surface Mn sites, where they are likely to be
primary characters in the oxygen evolution process, as
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Figure 6. DFT-based EXAFS modeling of the first and second Mn—
Mn shells of the B cluster. The plots are obtained by convolution of
Gaussian functions (¢ = 0.0387), centered on the calculated Mn—Mn
distances and normalized to the number of Mn atoms belonging to the
cluster. The average oxidation state of Mn is reported in each panel
and corresponds to the distribution of Mn(IV) sites (light-purple
spheres) and Mn(III) sites (dark-purple spheres) sketched in the ball-
and-stick models. A green arrow indicates one of the terminal water
molecules detached from Mn(III) due to the effect of a strong JT
distortion.

previously suggested in the case of CoCat.*'®' We have
therefore based our quantitative structural analysis of Mn—O
distances mainly on the distribution of y-oxo bonds at different
average Mn oxidation states, with some qualitative indications
of the behavior of terminal Mn—OH and Mn—OH, groups.
When all the Mn atoms are Mn(IV), the Mn—O peak is highly
symmetric, broadened only by the separation between
nonprotonated (red curve) and protonated (blue curve) oxo
bridges. Mn(I1I) sites (two in the 3.80 panel, and four in the
3.60 panel) induce a prominent asymmetry on the right side of
the peak. In detail, such a feature is mainly due to the
elongation of Mn—OH, bonds, which is concomitant with the
elongation of a corresponding amount of opposite Mn-;-O
bonds: the JT distortion of the Mn(III)O4 octahedra
preferentially involves such species in all the investigated
clusters. When the average oxidation state of Mn approaches
the value of 3.5 (see the 3.6 panel of Figure 5), a significant
amount of disorder affects the red and green curves. The
former curve displays a long tail on the right side which does
not affect the position of its main peak, while the latter curve is
almost entirely flattened: some of the water molecules are
completely detached from Mn(III) sites, as also indicated by
the green arrow in the figure, thus lowering the coordination
number of Mn at the MnCat/water interface. We can therefore
distinguish three different contributions to the Mn—O shell,
identified by dashed lines in Figure S: (i) a first subshell
involving the undistorted y,-O and p3-O species (dashed red
line); (ii) a second subshell involving protonated p,-OH

species (dashed blue line); (iii) a third subshell, broader than
the first two, involving the species undergoing the strong JT
distortion related to Mn(III) sites, also masking the Mn(II)-y5-
O distances found only in the case of the E cluster. All such
contributions have been resolved in the new, more
comprehensive analysis of the XAS data, with the correspond-
ing values measured in the case of the active and inactive films
reported in the last two lines of Table 2, together with the
subshell theoretical analysis of all the other investigated
clusters. Such new data are in striking agreement and confirm
that our cluster models describe very accurately the
coordination of Mn atoms in all the oxidation states, motifs,
and local features of the amorphous MnCat.

In the case of Mn—Mn distances, a more detailed analysis
involves the first and second Mn—Mn shells only (Figure 4g—
i), because they already contain the fingerprints of all the
structural motifs of MnCat and are also less affected by the
particular choice of a given cluster model. The DFT-modeled
EXAFS spectra of the B cluster at different Mn oxidation states,
displayed in Figure 6, show very clearly that the subshell
partitioning is even easier: the peaks are clearly split at the
0.0387 A Gaussian broadening used to represent Mn—Mn
distances, and they are characterized by a subshell patterning
dependent on the Mn oxidation state. In detail, the presence of
protonated y,-OH species (blue spheres in the right insets to
Figure 6) is responsible for a first splitting of the Mn—Mn 1
shell (1a and 1b in Table 3), observable in absence of Mn(III).
As opposed to the B cluster, the A and C clusters, containing a
lesser amount of protonated y,-OH bridges in their higher Mn
oxidation states, are characterized by unresolved Mn—Mn 1
shells, as reported in Table 3. This is a second fingerprint of the
presence of protons on y,-O bridges, also supporting the recent
suggestion that similar protonated bridges could be present in
the MnCa-oxo cluster of PSIL'’ The two subshells are
broadened by the disorder that Mn(III) sites introduce in the
structures, but they are still well resolved, as shown by the
lower panels of Figure 6. A third subshell, peaked at 3.1 A (1c
in Table 3), appears only when complete cubane units hosting
Mn(III) sites are present in the clusters (models C and D, see
Figure 3) and represent therefore a fingerprint of such motifs.
Once again, the partitioning of the Mn—Mn 1 shell suggested
on the grounds of theoretical modeling drove the refined
analysis of XAS data. The EXAFS results, obtained by using a
three-subshell model, are reported at the end of Table 3 and
show a very close agreement with the calculated distances.

The Mn—Mn 2 shell (distances longer than 3.4 A) is strictly
related to the presence of Mn adatoms not belonging to the
planar backbone of the catalyst structure, which can occupy
different positions above or between Mn-oxo sheets. No similar
distance can be found within the planar sheets in any oxidation
state of Mn atoms. Our theoretical results indicate that such
different positions of Mn adatoms give rise to different Mn—
Mn distances and that they are therefore responsible for the
subshell partitioning on the Mn—Mn 2 shell as well as for the
occurrence of clear fingerprints of specific motifs in the
measured EXAFS. In the case of clusters B and D the Mn
adatom is placed on the top of a Mn vacancy in the Mn-oxo
sheet, and it is connected to its six nearest-neighbors Mn by
three planar u;-O bridges, never protonated in all of the ab
initio simulations. This implies that the Mn—Mn 2 shell (3.4—
3.8 A) is not split when all the involved atoms are Mn(IV), as
shown by the upper panel of Figure 6. A clear splitting of the
shell in two contributions (2a and 2b in Table 3) is directly
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Table 2. Mn—O Fine Comparison. Refined Analysis of Calculated and Measured Mn—O Distances”

Cluster
(Mn Ox. State)

Bond Distance (A)

Mn-O a Mn-O b Mn-O ¢
A (4.00) ‘ 1.90 1.97 ‘ ;
B (4.00) 1.85 1.93 ;
B (3.86) 1.86 1.95 2.05-2.25
B (3.71) 1.87 1.97 2.05-2.25
B (3.57) 1.87 1.99 2.05-2.25
C (4.00) 1.91 - -
C (3.75) 1.92 1.99 22-2.4
C (3.50) 1.94 2.00 2224
D (4.00) 1.92 1.96 }
D (3.80) 1.88 1.97 2.1
D (3.60) 1.89 1.97 2.1-23
E (3.85) ' 1.86 1.95 ' 2.17°
E (3.69) 1.87 1.97 2.05-2.25
E (3.54) 1.86 1.99 2.1-23

Refined XAS Data

Inactive Film 1.87 [2.7] 1.95 [2.3] 237[12]
Active Film 1.85 [2.3] 1.94 [2.4] 2.28[0.5]

“As detailed in the text, the Mn—O shell is partitioned in three subshells corresponding to (Mn—O a) non-protonated u,-O and p3-O bridges;
(Mn—0 b) protonated y,-OH bridges; (Mn—O c) JT distorted Mn(III)—O bonds. Theoretical values are related to the A—E clusters discussed in
the text, having different average oxidation states of the Mn atoms. Data have been averaged on different distances of the same type, and standard
deviations (o) are reported in round brackets. XAS results shown in Figure 7 have been also summarized at the end of the table. Square brackets
contain coordination numbers obtained by EXAFS simulations in the case of XAS data; further details can be found in the Supporting Information.

“Mn(I1)-O distance.

connected to the average oxidation state of Mn atoms, the
lower the oxidation state, the deeper the separation between
the peaks, whose relative populations depend on the local-
ization of the Mn(III) sites. The same two subshells can be
found in the case of the E cluster, but they are both shifted to
longer distances because, as opposed to the B and D clusters, a
Mn(Il) atom is placed between the two Mn-oxo sheets, as
discussed in the previous Section 3.3. Such a complex situation
framed by theoretical results is in partial agreement with the
refined EXAFS results reported at the end of Table 3. The 2a
and 2b shells cannot be resolved by the analysis of XAS data
and are therefore grouped in a single subshell at 3.5 A,
substantially falling in the middle of the calculated 2a and 2b
data. A second subshell at 3.7—3.8 A compares nicely with the
Mn—Mn 2 distances calculated for the E cluster only and can
be considered as a firm indication of the presence of a small
amount of residual Mn(II) in the catalyst. The longer 4.2 A
distance (2c in Table 3) is found instead in both the calculated
and the new measured data and corresponds to the linear
“rocksalt-like” Mn—O—Mn chain, sketched in Figure 4i, that is

a distinctive feature of the cubane motif of cluster C, the only
one embedded within the Mn-oxo sheet.

As a final remark, we note the significant improvement of the
new EXAFS analysis of the catalyst films shown in Figure 7,
driven by the ab initio results illustrated above. A comparison
with the simplified fits reported in Figure 1 clearly indicates that
multishell fits based on theoretical predictions of Mn—O and
Mn—Mn distances yield a faithful representation of the XAS
measurements.

3.6. Comparison between the Structures of Active
and Inactive Films. On the grounds of the discussion of the
measured and calculated Mn—Mn and Mn—O distances and of
the corresponding structures and motifs, we can draw an
atomistic identikit of the active and inactive films. We already
knew from previous measurements'* that inactive films were
characterized by a larger connectivity network than catalytically
more active samples. In agreement with such suggestion, the
present ab initio simulations and the subsequent refined
EXAFS results show that the Mn—Mn 1 shell is composed by
three well-resolved subshells, substantially peaked at the same
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Table 3. Mn—Mn Fine Comparison”

Cluster Bond Distance (A)
(Mn Ox. State)
Mn-Mn la = Mn-Mn 1b | Mn-Mn l¢ = Mn-Mn 2a ‘ Mn-Mn 2b Mn-Mn 2¢
, /
A (4.00) 2.88 (0.05) -
B (4.00) 2.80(0.03)  2.93 (0.01) - 3.52 (0.04) ]
B (3.86) 2.82(0.03)  2.94 (0.01) - 3.49 (0.03) | 3.58 (0.01) ]
B (3.71) 2.84(0.02)  2.99 (0.04) - 3.44(0.02) | 3.58(0.03) -
B (3.57) 2.84(0.04)  3.02(0.03) - 3.44 (0.02) | 3.59 (0.03) ]
C (4.00) 2,91 (0.05) 3.06 (0.02) . 420(0.19)
C (3.75) 2.84(0.01)  2.97(0.05) | 3.13(0.01) - 419 (0.22)
C (3.50) 2.83(0.01) 2.97(0.04) | 3.10(0.02) - 418 (0.13)
D (4.00) 2.81(0.01)  2.94 (0.03) - 3.48 (0.04) ’ ]
D (3.80) 2.85(0.03)  2.96(0.05) | 3.14(0.02) 3.42(0.02) | 3.57(0.01) ;
D (3.60) 2.85(0.03) = 3.03(0.04) | 3.16(0.01) 3.39(0.01) | 3.58(0.07) -
E (3.85) 2.77(0.01)  2.89 (0.04) ; 3.65 (0.05) ]
E (3.69) 2.78 (0.02) = 2.91(0.05) - 3.65(0.06) | 3.84(0.01) -
E (3.54) 2.79(0.01) = 2.93 (0.06) - 3.60 (0.03) | 3.72(0.02) -
Refined XAS Data
Inactive 284[33]  295[23] | 3.14[12] | 353[1.6] | 3.71[0.4] 424 [0.8]
Active 283[1.8]  295[2.0] | 3.12[12] 349[04] | 3.79[0.3] 427[02]

“Refined analysis of calculated and measured Mn—Mn distances. As detailed in the text, the Mn—Mn 1 and Mn—Mn 2 shells are both partitioned in
three subshells, approximately corresponding to (Mn—Mn 1a) Mn—Mn pairs linked through non-protonated ,-O and j5-O bridges; (Mn—Mn 1b)
Mn—Mn pairs linked through protonated y,-OH bridges; (Mn—Mn 1c) Mn(III)—Mn(IV) pairs belonging to complete cubane-like units; (Mn—Mn
2a) out-of-plane Mn atom linked to in plane Mn atom through oxo bridge non-involved in JT distortion; (Mn—Mn 2b) out-of-plane Mn atom
linked to in plane Mn atom through oxo bridge involved in JT distortion; (Mn—Mn 2c) linear “rocksalt-like” Mn—O—Mn motif involving complete
cubane-like units. Theoretical values are related to the A—E clusters discussed in the text, having different average oxidation states of the Mn atoms.
Data have been averaged on different distances of the same type, and standard deviations (o) are reported in round brackets. XAS results shown in
Figure 7 have been also summarized at the end of the table. Square brackets contain coordination numbers obtained by EXAFS simulations in the
case of XAS data; further details can be found in the Supporting Information.
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FT of EXAFS

Reduced distance [A]

Figure 7. Refined Fourier transformed EXAFS spectra for the active
(AF) and inactive (IF) MnCat films. Experimental and simulated
EXAFS spectra are shown as inset. The experimental data are shown in
black and the simulated spectra in color. Simulation parameters are
given in Table S2 (refined simulation approach).
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distances in both the active and inactive films. An overall
greater abundance of Mn—Mn nearest neighbors in the inactive
film is striking in the case of the subshell 1a (2.83—2.84 A),
indicating the presence of a thick network of nonprotonated -
O and p3-O bridges in line with the formation of larger Mn-oxo
sheets in the inactive film than in the active film. This indication
is also compatible with a similarly higher number of
coordination found in the case of Mn—Mn 3 and Mn—Mn 4
distances (see Table 1). On the contrary, the almost perfect
equivalence of the subshells 1b (2.95 A) and 1c (3.12—3.14 A)
indicates that protonated u,-OH sites and complete cubane
units can be equally found in both the films. The Mn—Mn 2
shell (3.5—3.8 A) contains the fingerprints of all the atomistic
motifs which involves Mn atoms not belonging to the Mn-oxo
sheets. However, it does not offer special information on the
structural differences between active and inactive films:
complete cubane units which form near the boundaries of the
Mn-oxo sheets, as in the case of cluster C (see 2c in Table 3),
as well as Mn adatoms found in the case of the B, D and E
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clusters, are present in both films but they are more abundant
in the inactive film and should be therefore hardly considered
as key active sites for oxygen evolution. The Mn—O shell
provides instead valuable information on the distribution and
properties of Mn(III) atoms, which are preferred sites for the
subtraction of electrons during the oxygen evolution reaction,
when the catalyst film is exposed to an external positive
potential. Our calculations reveal that the strong JT distortion
of the Mn(IIT)Oy4 octahedra is favored in the case of Mn atoms
placed at the catalyst/water interface, because of the easier
relaxation of the Mn—OH , terminations. A greater amount of
Mn(III) sites is found in the active catalyst, and the longer
Mn—O c distance found in the case of the inactive film should
not mislead the interpretation of the results: a smaller amount
of Mn(III) in the inactive film, accompanied by an involvement
of u,-O and p;-O bridges in the JT distortion, preserves the full
6-fold-coordination of Mn atoms even in a distorted geometry.
The active catalyst is likely composed by smaller units, and it is
therefore characterized by a greater amount of terminal Mn—
OH , species. Water molecules are basically not anymore
bonded to interfacial Mn(III) sites and cannot be detected by
XAS measurements, resulting in a lower overall coordination of
the Mn—O network. All of these findings suggest that more
active films are quantitatively rather than qualitatively different
from less active oxides and that there are no clearly eligible sites
for oxygen evolution in MnCat, similar to what has been
already discussed in the case of the CoCat. *' The amorphous
Mn-oxo network is likely characterized by a diffuse capability of
localizing oxidizing holes at Mn(III) sites, either placed at the
boundary of planar sheets or belonging to cubane units. The
reshufiling of protons through low-barrier H bonds, which is an
inherent property of the H-O—H---O—H structures present in
all the proposed MnCat models, can offer then an easy route to
the formation of primary intermediates (e.g, Mn(IV)=0"
species) of oxygen evolution.

4. CONCLUSIONS

We obtained major progress toward detailed insight into the
atomic structure and electronic properties of a Mn-based
amophous oxide catalyst for water oxidation (MnCat) by
combining the information content of XAFS data with the
predictive power of ab initio calculations. This combination
became possible only by development of an accurate DFT
approach that solves a long-standing methodological problem,
namely the quantitative determination of Mn—O and Mn—Mn
fingerprint distances at an accuracy that matches the precision
of the XAFS experiment. Our DFT/XAFS fingerprint approach
for structure elucidation immediately facilitated identification of
several structural motifs present in several families of water-
oxidizing manganese oxides as well as insight in the distribution
of protons at the MnCat/water interface and in the localization
of Mn(II), Mn(I1I), and Mn(IV) ions in the amorphous oxides.
Our results indicate, in particular, that more active catalyst films
are formed by the interconnection of small planar Mn-oxo
sheets cross-linked through different kinds of out-of-plane Mn
atoms, isolated, or arranged in closed cubane-like units. As
opposed to the relatively inactive Mn oxides investigated here,
containing larger sheets and more organized units mostly
formed by Mn(IV)Og blocks, active films contain a relevant
amount of defective Mn(III)O; units placed at the boundary of
the amorphous network, where they are ready to act as hole
traps that trigger the oxidation of neighboring water molecules
and the subsequent oxygen evolution reaction when the catalyst

is exposed to an external positive potential. Finally, the
validation of sound 3D models of the atomic structure,
protonation, and oxidation-state localization of MnCat opens
the way to the development of mechanistic models of its
functioning which go beyond a speculative level.
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