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Conversion of solar to chemical energy in natural photosyn-
thesis is the most abundant and sustainable source of energy
production. As a central part of the latter process, the
oxidation of water to oxygen, which is a four-electron and
four-proton transfer process, takes place in the photosyste-
m II (PS II) at the oxygen evolving centers (OEC) of Mn,Ca
clusters.!!

Although there have been substantial developments in
revealing the structural and functional motifs of PSII by
various spectroscopic techniques and X-ray crystallography,
the resolution acquired by these methods were insufficient to
recognize crucial features. Recently, Umena et al. solved the
crystal structure of PS II at unprecedented resolution (1.9 A)
with CaMn,Os units as the OEC ligated with the highly
conserved amino acids environment,”” which is closely related
to the structure reported by Dau et al. by EXAFS analysis.”!
In the CaMn, cluster, five oxygen atoms serve as oxido
bridges to the metal centers to form a distorted CaMn;0O,
cubane with an additional Mn site. Theoretical and computa-
tional studies based on the CaMn,O; subunit could also
elucidate the spectroscopic, magnetic, and functional proper-
ties of PS IL1

Homogeneous biomimicking manganese-containing
model complexes have been known for a long time™
whereas respective heterogeneous functional analogues
have only been uncovered and modified in recent years.”!
Kurz et al. reported the calcium manganate(IIl) hydrates,
CaMn,0,x H,O, with high surface areas for photochemical
water oxidation.""!!! Efficient water oxidation employing
layered anionic manganese oxo frameworks with intercalated
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alkali metal counterions has also been reported by the same
group.!'?l Water oxidation using amorphous binary manganese
oxides of octahedral molecular sieves was studied by Suib
etal™ Frei etal. have used mesoporous silica (KIT-6)
supported manganese oxide catalysts for water oxidation,[1+"!
while very recently, Nepal and Das described the successful
heterogenization of an active molecular manganese(III)
bis(u-oxido) manganese(IV) catalyst in MOF pores (MOF =
metal-organic framework).[*!

Electrodeposited manganese oxides for electrochemical
water oxidation at comparatively high rates have been
examined by Zaharieva, Dau, etal." employing X-ray
absorption spectroscopy (XAS); it was shown that for
effective water oxidation the oxidation state of manganese
in the amorphous catalyst varies from 3.5-3.8,!"") in line with
recent results of Yano, Jaramillo, etal.'" Spiccia et al.
modeled a geochemical conversion cycle involving a water-
oxidizing Mn"™" oxide as well as studying screen-printed
MnO, films.'"”! Recently, Dismukes et al. reported that active
water oxidation manganese oxide catalysts containing Mn™""
sites with longer Mn—O bonds between edge-sharing MnOq
octahedra.™® The previous results prompted us to investigate
whether suitable heterogeneous mixed-valent MnO, catalysts
are accessible through stepwise partial oxidation (corrosion)
of well-defined but catalytically inactive MnO nanoparticles
by employing molecular oxidants. In fact, we learned that
mixed-valent amorphous MnO, catalysts suitable for the
photochemical and electrochemical water oxidation can be
easily synthesized starting from nanostructured MnO pre-
cursors and ceric ammonium nitrate (CAN) as an oxidant. To
the best of our knowledge, this is the first report of MnO
being employed as a precursor for the preparation of an active
MnO, water oxidation catalyst. Our corrosion approach
demonstrates that neutral active layered MnO, structures
can be prepared without the presence of alkali and/or alkaline
earth metal cations.

The nanostructured MnO precursor was synthesized from
Mn" acetate in the presence of tri-n-octylphosphine oxide
(TOPO) and benzylamine in a sealed tube (see the Exper-
imental Section and Scheme 1). The physical properties of the
as-prepared MnO particles were investigated using various
analytical techniques, including powder X-ray diffraction
(PXRD), scanning electron microscopy with X-ray energy
dispersive spectroscopy (SEM/EDX), transmission electron
microscopy (TEM), X-ray photoelectron spectroscopy (XPS),
nitrogen adsorption and desorption (BET specific surface),
and infrared spectroscopy (IR; see the Supporting Informa-
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Scheme 1. Synthesis of the active MnO, water oxidation catalyst
through partial oxygenation of nanostructured MnO with Ce** as
oxidant.

tion (SI) for further analytical details). The PXRD pattern
revealed that the as-prepared MnO crystallizes in the cubic
system with (111), (200), (220), (311), and (222) crystal faces
(SI, Figure S1). The scanning electron microscopy (SEM)
analysis of MnO showed cubical-shaped particles with sizes
ranging from 40 to 80 nm (SI, Figure S2). High-resolution
transmission electron microscopy (HRTEM) analysis
revealed the presence of a thin amorphous layer on the
surface of the cubical-shaped particles (Figure 1). Character-
istic Mn—O vibrations were observed in the IR spectrum (SI,
Figure S3).

Figure 1. HR-TEM images of as-prepared MnO (left) and active MnO,
(right) after treatment with ceric ammonium nitrate (CAN). The
amorphous layer at the surface of crystalline MnO is shown in inset of
the left image.

The well-defined MnO precursor was used for chemical
oxidation of water in the presence of 0.5M CAN solutions as
oxidant. The amount of evolved oxygen was measured by the
Clark electrode and is comparable to the values reported for
other manganese oxide based catalysts (SI, Figure S4).0'
The rate of the oxygen evolution of 0.07mmo-
1(0,)mol(Mn)~'s™! was determined from the slope of the
linear fitting for the first 60s. A closer look at the concen-
tration profiles of evolved oxygen versus time revealed that
the reaction was rather slower at the outset by the appearance
of an induction time before the oxygen evolution. The
reaction becomes accelerated only after seven seconds of
adding CAN. This observed induction time can be attributed
to the time required for the transformation of the catalytically
inactive MnO precursor to the active MnO, catalyst.

Furthermore, we tested the as-prepared active MnO,
catalyst for chemical water oxidation and observed that the
amount of evolved oxygen was more than twice of MnO
within the first 3 min of reaction. The increment in the rate of
oxygen evolution followed the similar trend to that of MnO
with the value 0.16 mmol(O,)mol(Mn)~'s™". No distinct
induction time was observed for the active MnO, catalyst,
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indicating that the transformed MnO, is sufficiently active to
initiate the water oxidation.

As stated above, effective water oxidation likely requires
the presence of Mn sites with a mean Mn oxidation state
between 3.5 and 3.8. The conversion of inactive MnO to
catalytically active MnO, by the treatment with CAN is
accomplished by the increase in the oxidation state of some of
the Mn" centers to Mn™ and Mn'" sites. With these initial
results in hand, we have extensively characterized the
resulting active MnO, catalysts and compared them with the
MnO precursor. In the PXRD pattern, it can clearly be seen
that the main crystallinity of MnO is lost after CAN treat-
ment; affording largely amorphous MnO, materials (SI,
Figure S1).

Conversion of the cubical-shaped MnO-nanoparticles
suspended in water through treatment with CAN led to
amorphous hollow cubes as proven by TEM investigations
(Figure 1). Brunauer-Emmett-Teller (BET) analysis of the
latter sample shows a remarkable increase in the surface area
from 28 m*g~! for MnO precursor to 88 m?g~" for the active
MnO, material. The increase in oxidation state of manganese
in active MnO, was shown by X-ray photoelectron spectros-
copy (XPS) studies, which revealed an increase in Mn 2p;,
and 2p,,, binding energy by 0.29 eV (SI, Figure S5).

The increase in the oxidation state of MnO after the CAN
treatment was confirmed by an X-ray absorption near-edge
structure (XANES) study (at the BESSY synchrotron oper-
ated by the Helmholtz Zentrum Berlin). Mn K-edge X-ray
absorption spectroscopic studies showed an increase in
absorption energy after the CAN treatment. Comparison of
the edge-position energy to that of typical standard Mn oxides
with known oxidation states!"! established that there was an
enhancement in the mean oxidation state of Mn from +2 to
about +2.5, after 15 min of CAN treatment (SI, Figure S6).
This overall oxidation state is still lower than typical values
for high-valent manganese oxides (> 3) and indicates that not
all Mn ions have been propelled to higher oxidation states by
using Ce' as an oxidant.

The intermediate oxidation state after CAN treatment
could be explained in two ways: 1) A core-shell model, where
surface layers of Mn" ions of the precursor are oxidized to
Mn™ and/or Mn" sites; and 2) the structural rearrangement
of the complete MnO precursor to the active catalyst possibly
involving incorporation of cerium. Incorporation of cerium
into the structure of the active catalyst could be ruled out by
results of energy dispersive X-ray (EDX) analysis (SI,
Figure S7). For further clarification, the direct structural
aspects and the oxidation states of Mn in active MnO, catalyst
were analyzed by EXAFS studies. Figure2 shows the
experimental EXAFS spectra and the simulated spectra of
MnO and active MnO,. For the MnO precursor, spectra and
distances (SI, Table S1) confirm and extend the PXRD results
by showing that the bulk material consists of MnO, without
any detectable contribution of further (amorphous) Mn-oxide
phases.

A severe structural rearrangement was observed for
MnO,. Simulation of the spectra was performed with two
oxygen shells, and with seven Mn—Mn distances (SI,
Table S1). The first Mn—O distance (1.9 A) is typical for

www.angewandte.org

13207


http://www.angewandte.org

Angewandte

13208

Communications

25+

N
o
L

MnO

2 { : Active MnO,
0

0 1 2 3 4 5 6 7
Reduced distance/A

-
(5]
1

FT of EXAFS
)

)]
L

Figure 2. Fourier-transformed EXAFS spectra (black line) and the
simulated spectra (colored line) of MnO and active MnO,. The
deviation between simulated and experimental spectrum of the MnO
precursor at higher distances is due to the strong multiple-scattering
contributions expected for this highly symmetric structure, which were
not taken into account in the simulations.

Mn"V-O or Mn"-O in the equatorial plane of Jahn-Teller
elongated Mn'",? and the second (2.3 A), for Mn"—0.?! The
longer Mn—O distance can also be attributed to Jahn-Teller
elongated Mn'"'—O bonds (species with t,’e,' electronic
configuration in octahedral environment).[

For the active MnO,, several Mn—Mn distances match
distances detected previously in water-oxidizing Mn™"
oxides.""'>!5) The Mn—Mn distance of 2.9 A is indicative of
di-p-oxido bridging between high-valent Mn™" ions (edge-
sharing MnO, octahedra). Also other Mn—Mn distance of
34A,38A,and5.6 A present in the active MnO, have been
found previously in water-oxidizing Mn oxides. Thus a sizeable
fraction (25-50%) of the active MnO, likely consists of an
amorphous phase, which resembles the previously described
water-oxidizing Mn oxides closely. Based on this similarity,
a structural model of the catalytically active phase of MnO, is
proposed which is illustrated by Figure 3 and described in the
following: Layers of di-p-oxido bridged Mn ions as found in
birnesites or buserites®” represent the parent structure of the
water-oxidizing phase in MnO,. The space between these
oxide layers (or rather layer fragments) is occupied by water

CAN
_— Oxidation Active MnO,

8

*®

Figure 3. Representative structural cutout of the crystalline MnO
precursor and the mixed-valent oxide of the active MnO, catalyst as
deduced from EXAFS analyses. Right: The Mn atoms in violet form

a defect-rich layer of di-p-oxido bridged Mn"" ions; the Mn""" ions in
green are not part of this layer and may interconnect layer fragments.
In water-oxidizing Mn-Ca oxides, Ca ions occupy the interlayer posi-
tions indicated in green.
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molecules and cations. In the MnO, investigated herein, the
interlayer cations are either Mn" or Mn'™, whereas in water-
oxidizing Mn-Ca/Sr/Mg/K oxides these are alkali or alkaline
earth metals.'""'>!% The interlayer cations are bound by via p-
oxido bridges to the layered-oxide fragments as shown in
Figure 3.

The EXAFS analysis also revealed the presence of Mn—
Mn distances of 3.1 A and 4.4 A in both the MnO precursor
and the active MnO,, suggesting that a largely amorphous
Mn" phase is formed which is structurally related to the MnO
parent structure. Thus, the average oxidation state of about
+2.5 found for the active MnO, is explainable by having, in
addition to the Mn™" oxide described above, an amorphous
Mn" phase, which involves 50-75% of the Mn ions. In
summary, the determined metric changes indicate that upon
CAN treatment, the initial MnO structure was converted and
reorganized into an amorphous oxide containing a catalyti-
cally active Mn"™" oxide.

The ability of the active MnO, catalyst for photochemical
water oxidation was tested in the presence of [Ru(bpy),]*"
photosensitizer to mimic light-driven water oxidation in PS II.
A negligible amount of oxygen evolution was observed for the
MnO precursor sample (Figure 4). However, a significant
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Figure 4. Oxygen evolution profiles for the photochemical water oxida-
tion with [Ru(bpy);]*" as photosensitizer.

amount of oxygen evolution can be detected for the active
MnO,, which indeed shows that the catalyst is active for the
photochemical water oxidation. Interestingly, this also means
that biomimicking heterogeneous manganese oxides can
show efficient water oxidation in the absence of calcium or
any other alkali and alkaline-earth metals. H,'®O labeling
studies on active MnO, further proved that the oxygen was
generated from water (SI, Table S2) and not from any other
sources.

The moderate increase in surface area upon CAN treat-
ment of the MnO nanoparticles (28 to 88 m?g™') cannot
explain the transformation from a material virtually inactive
in photochemical water oxidation towards an active catalyst.
Decisive is probably the formation of a disordered high-
valent oxide containing Mn™ ions aside from Mn", in line
with results from recent investigations on MnCa oxides'!! and
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electrodeposited Mn oxides.'”) Previously, Morita et al. have
observed that the manganese oxides used for electrocatalysis
showed better catalytic activities with Mn™ species compared
to pure MnO,.®! Recently, Dismukes et al. have studied
a series of high-valent manganese oxide catalysts for the water
oxidation and found that the Mn™ species with the longer
Mn—O bonds between edge-sharing MnO, octahedra may be
crucial for effective water oxidation."! Disorder, that is,
defects and vacancies in the structure of manganese oxides,
promote the activity also for the electrocatalytic oxygen
reduction reaction (ORR).P*!

The promising use of the active MnO, for photochemical
water oxidation prompted us to approach deposition on
electrode surfaces and electrochemical investigation. (We
note in passing that catalyst deposition on electrode or
semiconductor surfaces is of high importance regarding use as
co-catalyst on photoelectrodes in devices for light-driven
water splitting.) Indium tin oxide (ITO)-deposited thin films
of active MnO, have been prepared and characterized by
SEM analysis. The thickness of the film was determined to be
190 nm (SI, Figure S8a). Figure 5 shows the cyclic voltammo-
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Figure 5. Cyclic voltammograms of the active MnO, vs. inactive MnO
films in 0.1 M phosphate buffer at pH 7 with sweep rate of 20 mVs™".
Inset: Tafel plot (log[current density] vs. potential) of the active MnO,
thin film (slope of 120 mVdec™).

gram at pH 7.0 in an aqueous phosphate buffer. The anodic
current started growing at 1.25 V (vs. the normal hydrogen
electrode, NHE) and the current density reached 900 pA at
1.4V (Tafel slope is 120 mV dec™"). The remarkably high
stability of the MnO, film was verified by three repetitive
scans under semi-stationary condition where the potential
was changed with only 2 mVs™' (SI, Figure S9a). Despite the
high functional stability, the SEM characterization of the films
after electrochemical measurement shows substantial
agglomeration of the particles (SI, Figure S8b). Long-term
controlled-potential electrolysis in 0.1M potassium phosphate
solution (pH 7) was conducted at 1.3V vs. NHE, which
corresponds to an overpotential of 485 mV (SI, Figure S9b).
The catalytic performance resulted here was highly compa-
rable or even larger than the previously reported values
obtained under similar conditions.">%
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After the successful use of the mixed-valent amorphous
active MnO, as water-oxidation catalysts, we decided to
generalize the novel synthetic route to prepare MnO from
other manganese precursors and to test their activity for
chemical and photochemical water oxidation. Following the
same preparation conditions for MnO from Mn(OAc),, we
also synthesized and characterized MnO-1 from [Mn(acac),]
(acac = acetylacetonate; SI, Figures S10-S14). The SEM
analysis of the latter revealed that the particles have
a spherical shape (SI, Figure S10). The particle size deter-
mined from TEM studies was in the range of 10-20 nm (SI,
Figure S11). After the CAN treatment, the spherical MnO-
1 was converted into amorphous active MnO,-1 as revealed
from PXRD pattern (SI, Figure S12) as well as TEM analysis.
The increase in surface area was larger after the CAN
treatment of MnO-1 (from 34 for MnO-1 to 188 m?g~! for
active MnO,-1) than that observed for MnO.

Remarkably, the chemical and the photochemical water
oxidation catalyzed by MnO,-1 shows improved catalytic
activities in comparison with that of the aforementioned
active MnO, (SI, Figures S15, S16). The higher activity of
MnO,-1 demonstrates the potential for improved catalytic
performance and can be explained by the higher surface area
of the materials. Further development in the synthesis of high-
surface-area amorphous MnO, water-oxidation catalysts by
partial oxidation of a MnO precursor is currently in progress.
The proposed corrosion approach was also applied to the
other oxidizing agents such as dichromate, ruthenium tri-
chloride, and hydrogen peroxide. Thermodynamically, dichro-
mate and ruthenium trichloride are unfeasible, whereas
hydrogen peroxide has the suitable potential to convert
Mn" into Mn"/Mn'" species. Treatment of MnO cubes with
the hydrogen peroxide also produced amorphous material
(SI, Figures S17, S18) and showed lower activity in photo-
chemical water oxidation in comparison to the active MnO,.

In conclusion, we report for the first time the unexpected
facile conversion of catalytically inactive nanostructured
MnO precursors into active amorphous MnO, catalysts for
effective water oxidation by using ceric ammonium nitrate
(CAN) as an oxidant (corrosion agent). The effective photo-
chemical water oxidation of the active catalysts has been
carried out in the presence of [Ru(bpy),;]*" as a photosensi-
tizer. Structural characterization of the active MnO, catalyst
by XAS revealed the presence of Mn", Mn™, and Mn'"V sites.
A series of defects and structural disorder in the di-p-oxido-
bridged structure makes the catalyst analogous to calcium-—
manganese oxide systems, but the calcium sites are occupied
by Mn" or Mn™ ions. In other words, the structural motif of
the active MnO, catalyst is close to biomimetic water
oxidation catalyst systems, which explains its efficient cata-
lytic activity in water oxidation.

Experimental Section

Synthesis of the MnO precursor: A mixture of tri-n-octylphosphine
oxide (4 mmol, 1.55 g) and dry benzylamine (10 mL) in a glass tube
was heated at 60°C for 5 min in N, flush. Manganese acetate (4 mmol,
692 mg) was then added to the above mixture and was slowly heated
to 80°C in flushing N, and kept at this temperature for 1 hour. A
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reddish brown solution was obtained. The glass tube was sealed in N,
atmosphere and placed in an oil bath preheated at 180°C. After 3 h,
the tube was removed from the oil bath and cooled down to room
temperature. 10 mL of a methanol/chloroform (1:1) mixture was
added to the obtained product and was aged overnight. Thus obtained
brownish solid precipitate was washed several times with methanol/
chloroform mixture before drying in air at 50°C for 12 h. The yield of
the isolated product varied from 64-70%.

Synthesis of active MnO, catalyst: 50 mg MnO was treated with
25 mL of 0.5M ceric ammonium nitrate (CAN) solution for 15 min
with vigorous stirring. The solid material was centrifuged and washed
several times with water, finally with ethanol, and dried overnight at
50°C to form MnO,.
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