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18199 Munirah Khan,?® Edlira Suljoti,*® Archana Singh,® Shannon A. Bonke,®

Received 13th August 2014

Accepted 9th September 2014 and Emad F. Aziz*®

DOI: 10.1039/c4ta04185b

www.rsc.org/MaterialsA

Soft X-ray absorption and resonant inelastic X-ray scattering at the Mn
L-edge are established as tools for gaining electronic structural
insights into water oxidation catalysis. The MnO, catalyst with the
lowest d—d transitions, strongest charge transfer and a higher
proportion of Mn®* over Mn?*/#* produces itinerant electrons that
contribute to a higher catalytic activity.

The efficient conversion of solar to chemical energy is possibly
the greatest challenge for the scientific community this
century." This energy conversion is performed in nature
through photosynthesis, which features a series of redox reac-
tions, the key to which, is the splitting of water.»* Attempts to
mimic this energy storage process have been hindered by energy
losses associated with the water oxidation step (2H,0 — O, +
4H" + 4e”). Water oxidation is a mechanistically complex redox
reaction, which is catalysed in all photosynthetic organisms
within the oxygen evolution centre (OEC) of photosystem II
(PSII), and contains a CaMn,Os cluster.>® If synthetically ach-
ieved such a light-driven water oxidation process could form the
basis of technologies that provide us with an abundant and
renewable source of fuel.” Manganese is an ideal candidate for
research in this area as it is both inexpensive and environ-
mentally friendly. This has been recognised in the literature
with bio-inspired Mn catalysts being extensively researched.®™*
Manganese oxides (MnO,) have been demonstrated to be
effective water oxidation catalysts whilst also providing struc-
tural and mechanistic clues about the nature of the reaction
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occurring in the OEC."*™*® Herein, we complement our previous
work with MnO, by performing X-ray absorption and resonant
inelastic X-ray scattering experiments at the Mn L-edge. These
studies have been carried out under ex situ conditions at
different stages of the catalytic cycle to gain additional insights
about the electronic structure of efficient MnO, catalysts. These
catalysts have been generated by doping manganese complexes
into a Nafion matrix and applying a potential of 1.0 V (vs. Ag/
AgCl), as previously reported.”’® In our previous work, the
manganese complexes were shown to act as precursors to MnO,
nanoparticles, which catalysed water oxidation under benign
conditions (pH 6.5)." In this earlier work encompassing K-edge
X-ray absorption near edge spectroscopy (XANES), extended X-
ray absorption fine structure (EXAFS), electron paramagnetic
resonance (EPR), transmission electron microscopy (TEM) and
electron diffraction studies it was established that disordered
MnO, nanoparticles with a layered birnessite structure were
responsible for the catalytic activity.’****' In addition, it was
found that by using different manganese precursor complexes,
the size and catalytic activity of the MnO, nanoparticles were
altered.? Ultra-small nanoparticles (=10 nm diameter) with the
highest activity of the series were formed from a Mn(ur) dimer
complex that was used as a MnO, precursor.* The effect of the
precursors on catalytic activity has been examined, however, the
effect that the Mn coordination complex has on the electronic
properties of the final catalyst remains unclear. What influence
do the Mn oxidation state and/or ligands in the precursor
complex have on the generated MnO,?

To gain greater insight into the electronic structure of
different catalysts and the effect the reported nanoscale struc-
tural disorder has on the Mn oxidation state, we have herein
applied resonant inelastic X-ray scattering®>** (RIXS) in combi-
nation with X-ray absorption spectroscopy (XAS) at the Mn L-
edge. By using L-edge XAS and RIXS it is possible to directly
probe the unoccupied and occupied manganese 3d electronic
valence states, which govern the functionality of the catalysts
during water oxidation. X-ray experiments were performed ex
situ at different stages of the catalyst generation and water
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oxidation cycle. Within the series of manganese complexes
previously shown to generate manganese oxide nanoparticles in
Nafion,> three were selected: a Mn(m) species, [Mn(OH,)¢]**, the
dinuclear Mn(m) complex, [Mn,0O(OAc),L,]*", and an Mn(w)
complex, [MnL(OMe);]" (where L = Me;TACN/1,4,7-trimethyl-
1,4,7-triazacyclononane in both cases). For clarity, these
complexes will be referred to as Mn(u), Mn(m) and Mn(w),
respectively. Use of the Mn(u1) complex was shown to generate
MnO, nanoparticles that were the most efficient catalysts in the
series, contrasting with the MnO, produced from the Mn(u)
species which was the least active.>®

To probe the unoccupied 3d electronic density of states
(DOS), the Mn L-edge X-ray absorption (XA) spectra were
recorded in total electron yield (TEY) mode, with spectra for the
Mn(m) complex shown in Fig. 1. State 1 (as doped) represents
the complex doped in the Nafion film, state 2 (as biased) is after
applying a 1.0 V bias (vs. Ag/AgCl) to the doped film, sufficient to
form the active MnO, catalyst,"?° while state 3 (light shined)
represents the regenerated catalyst and is a result of photo-
reduction of the catalyst with visible light for 16 hours. During
XA measurements, photon flux was minimized as a precaution
against radiation damage of the catalysts from the synchrotron
beam (this is detailed in the ESIt). The XA spectra of the Mn(in)
complex are characterised by two broad multiplet structures, L;
and L, that are separated by spin-orbit coupling. The L, edge is
a broader replica of L; due to fast Coster-Kronig Auger electron
decay. Going from state 1 to state 3 of the catalytic cycle, a
pronounced intensity change of the spectral features inherent
to the 3d orbital occupation and marked with letters “a—f” in
Fig. 1 is observed. The spectral features “a”, “b;-b,” and “c”,
located at 640.4 eV, 642 €V, 642.8 eV and 644 eV can be asso-
ciated with contributions of Mn**, Mn*" and Mn*" oxidation
states, respectively.>*® The very high intensity of peak “a” in
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Fig.1 Mn L, 3-edge XAS of the Mn(in) dimer, measured ex situ in TEY at
different stages of the catalytic cycle. State 1 (as doped): complex
doped in Nafion; state 2 (as biased): active MnO, catalyst; state 3 (light
shined): regenerated catalyst.
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state 1 indicates a reduction of the Mn(u1) dimer to a Mn** like
state after doping into Nafion.****

In order to quantify the mixed oxidation states of the cata-
lysts, we measured Mn L-edge XAS of several reference samples
with well-known Mn oxidation states: Mn,O; (Mn**), synthetic
birnessite (Mn®** & Mn**) and MnO, (Mn*"). The spectra
obtained (Fig. 2a) are consistent with previous reports.>® The
measured L-edge spectra of the different MnO, catalysts were
fitted by a linear combination of Mn®*, Mn®*" and synthetic
birnessite (Mn*" & Mn*") spectra.

The experimental and fitted spectra are shown in Fig. 2b-d
(fitting coefficients provided in Table S1f). Thus, in the “as
biased” state the MnO, catalysts are in a mixed oxidation state
that consists of 60% Mn>" and 40% Mn birnessite-like for the
Mn(m) catalyst; 10% Mn>" and 40% Mn birnessite-like for the
Mn(1) catalyst and 60% Mn** and 30% birnessite-like for Mn(w)
catalyst. The presence of the 30-40% contribution from a Mn
birnessite-like state for all MnO, catalysts confirms our previous
reports that the catalysts adopt a disordered birnessite structure
under oxidative bias.’®*' It is interesting to observe the higher
proportion of Mn**-like state in the MnO, derived from the
Mn () and Mn(iv) complexes (Fig. 2b and c respectively). These
are the two complexes that show the highest catalytic activity.
Contrastingly, the least active catalyst examined, the Mn(u)
precursor catalyst (Fig. 2d) is less oxidised in the “as biased”
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Fig. 2 Mn L, 3-edge XAS measured in TEY of (a) reference Mn oxides
powders; black: Mn(i) complex; blue: Mn,Os; pink: synthetic birnes-
site; green: MnO,, and of (b—d) Mn(i), Mn(i), and Mn(v) catalysts at
different catalytic states together with simulated spectra (details are
given in Table S17).
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state.>® It shows only a 10% contribution from a Mn**-like state.
Mn*" has been recognised as an important intermediate state in
Mn catalysed water splitting.>*»***7** A greater proportion of
Mn®" in the structure will coincide with a larger degree of
distortion in the local structure, which correlates with an
improved catalytic activity.” Separate studies have shown
increased catalytic turnover electrochemically by increasing the
proportion of Mn*" in MnO, nanoparticles.”® Regarding the
MnO, formed in Nafion,*'***?* TEM studies have concluded
that the disordered birnessite phases generated from the Mn ()
complex have a greater number of Mn vacancies and a higher
degree of layer misregistration compared to synthetic birnessite
nanoparticles.”* Herein, it is shown that Mn(m) derived MnO,
incorporates a higher content of Mn*"-like states. Previous
catalytic studies have shown that MnO, derived from the Mn(ur)
complex is more active towards water oxidation than those from
the Mn(u) or Mn(iv) complexes.> Correlating the results from
these studies indicates that the higher catalytic activity shown
by these Mn(m) derived nanoparticles is likely due to the higher
proportion of Mn*"-like states. Such a conclusion would be
aligned with previous studies in the literature considering the
findings linking Mn*" with improved catalysis of water
oxidation.'**171?

Furthermore, examination of the nitrogen K-edge XAS for the
Mn(m) complex (see ESIT) revealed that some of the Me;TACN
ligands remain coordinated to Mn ions after doping into
Nafion. The presence of the ligands may stabilise the Mn**-like
states allowing a higher proportion of Mn**-like states.*®

Applying the same fitting procedure to the XA spectrum of
the MnO, catalyst in state 3 (Fig. 2b), we find that the catalyst is
partly photo-reduced. Its mixed oxidation state consists of 45%
Mn**, 15% Mn**, and 40% Mn birnessite-like state contribu-
tions. It is important to note that its birnessite-type phase
contribution remains unchanged compared to the “as biased”
state, even though photo-reduction converts almost 50% of the
charge from the Mn®*" to Mn*®" oxidation state. This suggests
that the distorted MnO, catalyst derived from the Mn(m)
complex is stable and remains as the active phase in state 2 and
state 3 of the catalytic cycle.

Although the greater proportion of Mn*"-like states corre-
lates with catalytic activity, the reason for these activity
increases remains unclear. To probe for possible differences in
the occupied 3d electronic DOS, we carried out RIXS experi-
ments at the Mn L-edge. This was performed on the MnO,
catalysts generated from Mn(m) (most efficient catalyst) and
Mn(u) (least efficient); that is, in state 2 (as biased). The spectra
are presented as photon loss features in Fig. 3. The peak located
at 0 eV energy loss is due to filling of the 2p core hole by the
excited electron (photon in = photon out), the peaks located at
higher energy losses, up to 6 eV, are due to filling of the 2p core
hole by an electron from the occupied 3d valence states (photon
out < photon in) while the peaks located above 8 eV are due to
charge transfer transitions.””*® Being fully dipole allowed, RIXS
can probe the intensity and energetic position of the occupied
3d DOS relative to the empty 3d states. In addition, the lowest
energetic d—-d transition can be a measure of the band gap
between the 3d valence band maximum (VBM) and the 3d
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Fig. 3 Experimental RIXS spectra at the Mn L, 3-edge of Mn(i) and
Mn(i) catalysts in state 2 (as biased) of the catalytic cycle. Red: Mn(in)
and black: Mn(i) RIXS spectra are measured upon excitation at the
spectral features marked a—e in the XAS spectra shown in Fig. 1.
Charge transfer transitions are highlighted pink and d—d transitions are
highlighted green.

conduction band minimum (CBM). Exciting the 2p electron to
feature “a” (Fig. 1, corresponding to Mn>"-like state located at
640.4 eV), we observe similar occupied 3d DOS for both Mn(mr)
and Mn(u) systems and a 3d band gap of 3.6 eV could be esti-
mated (Fig. 3). Excitation of the 2p electron at state “b,” (located
at 642 eV) results in a shift of the 3d occupied DOS towards
lower photon energy losses in Fig. 3.

This shift occurs in both the Mn(m) and Mn(u) derived
catalysts (state 2, as biased), but is more pronounced in the case
of Mn(m) derived MnO,. Exciting the 2p electron at spectral
feature “b,” (Fig. 3), results in the greatest shift in the 3d DOS,
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giving rise to a 3d CBM-VBM band gap of 2.5 eV for Mn(m) and 3
eV for Mn(u). In addition, the RIXS spectra excited at XA features
“b;” and “b,” show the presence of a higher intensity charge
transfer peak located between 8 and 12 eV energy losses for
Mn () derived MnO, in comparison to the Mn(u) system. These
results indicate that the “b,” and “b,” absorption features are
the result of mixed unoccupied states of Mn 3d and ligand 2p
states. They are also indicative of the presence of itinerant
electrons. This provides an explanation for the much higher
photocurrents measured for Mn(u) derived MnO, catalysts.

When exciting at 644 eV, which would correspond to a Mn**-
like state, the charge-transfer band is missing in both Mn ()
and Mn(u) derived oxides, whilst they both show the same band
gap of ~3 eV. It is interesting to note that excitation at peak “e”
at the L,-edge, which is the broadened replica of “b;-b,” feature
at the L;-edge, manifests the same behaviour. An energetic shift
of the 3d Mn valence states is toward lower energies and a very
strong emission extended up to 20 eV energy losses. This is due
to a charge transfer transition mixed with a fluorescence
contribution. The intensity of this peak for the Mn(m) derived
oxide is much greater than that from Mn(u) in state 2 of the
catalytic cycle (Fig. 1). This can again be taken to indicate the
itinerant electron and the presence of 2p ligands DOS in the
vicinity of manganese metal centres. Bearing in mind that “b,-
b,” features correspond to a Mn*'"-like state, the correlation
between the higher Mn** quantity and previously quantified
catalytic activity is supported.

In summary, we complement our previous work by per-
forming X-ray absorption and resonant inelastic X-ray scat-
tering experiments at the Mn L-edge. These techniques were
applied under ex situ conditions at different stages of the
catalytic cycle to gain additional electronic structural insights
into the MnO, catalysts. Whilst each of the examined precursor
complexes forms nanoparticles with a disordered birnessite
phase, they show distinct differences in their electronic struc-
ture. We establish that the Mn centres in the MnO, nano-
particles are highly oxidised and that the ratio of Mn oxidation
states varies (Mn®", Mn®", and Mn""), with the most active
catalyst showing a higher proportion of Mn®" over the Mn?"**-
like states. Furthermore, the RIXS experiments indicated that
Mn*"-like states have the lowest local HOMO-LUMO gap (a d-d
transition energy of 2.5 eV) of the Mn sites present. The Mn**-
like states also display the strongest intensity charge transfer
emission band compared to the Mn?*"**-like states. These facts
point to the presence of itinerant electrons and ligand 2p DOS
in the vicinity of manganese centre.
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