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ABSTRACT: Water oxidation is the bottleneck in artificial
photosynthetic systems that aim to split water into hydrogen
and oxygen. However, water oxidation occurs readily in plants,
catalyzed by the Mn4O4Ca manganese cluster. In addition to
this, manganese minerals are ubiquitous in nature displaying
layered and tunnel structures. In this study, mixed valent
porous amorphous manganese oxides (AMO), along with
cryptomelane type tunnel manganese oxides (OMS-2) and
layered birnessite (OL-1) have been used as water oxidation
catalysts. Significantly higher turnovers were obtained with AMO (290 mmol O2/mol Mn) compared to tunnel structure OMS-2
(110 mmol O2/mol Mn) and layered structure OL-1 (27 mmol O2/mol Mn) in water oxidation tests with Ce4+. Oxygen
evolution was also confirmed under photochemical conditions using Ru(bpy)3

2+ as a photosensitizer and persulfate as a sacrificial
agent. The differences in catalytic activity among these catalysts have been probed using X-ray diffraction, transmission electron
microscopy, Raman and Fourier transform infrared (FTIR) spectroscopy, average oxidation state, and compositional analyses.
Comparison of AMO against prominent manganese catalysts described in literature shows AMO provided the highest turnover
numbers. AMO catalyst was also reusable after regeneration. O-18 labeling studies proved that water was the source of dioxygen
and IR proved the structural stability of AMO after reaction. AMO is related to hexagonal birnessites such as layered biogenic
manganese oxides or H+-birnessite that have cation vacancies in the MnO2 sheets rather than completely filled Mn3+/Mn4+

sheets, and this is influential in catalytic activity.

■ INTRODUCTION
Total energy consumption in the world is projected to increase
by 50% from 2009 to 2035.1 More than 80% of today’s energy
is supplied by burning of fossil fuels: coal, natural gas, and
petroleum.2 In addition to increasing dependence on finite
fossil fuel resources, rise in global atmospheric CO2 levels
caused by energy related burning of hydrocarbons is a major
concern.3 Carbon dioxide emissions in the United States
increased 3.9% in 2010, which is the highest yearly rise in CO2

levels since 1988.4 A combination of such economic and
environmental factors has created an urgent need for the
development of alternative sources of energy that are clean and
sustainable.
Hydrogen from solar water splitting is desired as a clean

renewable energy source (eq 1).3,5 In the water splitting
reaction however, the oxidation reaction involving multi-
electron transfer is more difficult due to thermodynamic and
kinetic limitations (eq 2).5,6 Hence, the focus is on catalysts to
drive the water oxidation reaction (eq 2).7,8 High turnovers (of
the order of 103) are achieved in eq 2 using oxides of ruthenium
and iridium.9−13 However, the low natural abundances and high

costs render elements like ruthenium and iridium unsuitable for
large scale water oxidation applications.
Photosynthesis in plants is a model process for generating

chemical energy that utilizes sunlight and water.14 The
Mn4O4Ca manganese cluster in the core of Photosystem II
(PS-II) catalyzes the four electron water oxidation process in
plants.14 Efforts are being made to develop manganese catalysts
mimicking the function of the PS-II core for artificial water
oxidation.15−18

→ +2H O 2H O2 2 2 (1)

→ + ++ −2H O O 4H 4e2 2 (2)

+ →+ −4H 4e 2H2 (3)

Interest in manganese catalysts is also fueled by its
biogeochemical presence and abundance.19 In nature, bacterial

Received: December 14, 2011
Revised: February 14, 2012
Published: February 21, 2012

Article

pubs.acs.org/JPCC

© 2012 American Chemical Society 6474 dx.doi.org/10.1021/jp2120737 | J. Phys. Chem. C 2012, 116, 6474−6483

pubs.acs.org/JPCC
http://pubs.acs.org/action/showImage?doi=10.1021/jp2120737&iName=master.img-000.jpg&w=238&h=88


and fungal strains oxidize Mn(II) to Mn(IV) oxides.20,21 For
example, phyllomanganates, such as vernadite, possess sig-
nificant metal sorption capacities, and are formed by the action
of Pseudomonas pudita bacteria.21,22 Biogenic manganese
species also play a key role in the sequestration of heavy
metals from soil, phosphate adsorption from waters, oxidation−
reduction, and cation−exchange reactions.19,20 Several biogenic
transformations result in manganese oxides that are mixed
phase, poorly crystalline, highly disordered, and composition-
ally diverse.19 A variety of manganese crystal structures such as
layered, tunnel structures and spinels are found as ocean and
freshwater nodules, coatings on rock surfaces, hydrothermal
veins, and dendrites.19

Potassium containing manganese oxide octahedral molecular
sieves (OMS-2) are synthetic analogs of naturally occurring
tunnel-type manganese oxide mineral, cryptomelane. OMS-2
consists of MnO6 octahedra forming 2 × 2 tunnels of ∼4.7 Å ×
4.7 Å size (Figure 1).23 The 2 × 2 tunnels are formed by edge
sharing and corner sharing of MnO6 octahedra. The chemical
composition of OMS-2 is KMn4+7Mn3+O16·nH2O with K+

cations and H2O molecules residing in the tunnel site.24

Extensive catalytic studies have shown that OMS-2 is an
excellent oxidation catalyst under thermal and photochemical
conditions.25−27

Octahedral layered materials (OL-1 or K-OL-1) are analogs
of mineral birnessite formed by edge-sharing MnO6 octahedra
resulting in layers or sheets (Figure 1). They contain K+ ions
and water molecules in the interlayers. Typically, layer spacings
for OL-1 are on the order of 7 Å. OL-type materials are
important in batteries,24,28 adsorbents,28 environmental reme-
diation,28 and as intermediates in the formation of tunnel
manganese oxides.29,30

In addition to their active role in catalysis in nature, layered
and tunnel-type manganese oxides contain Mn4O4 structural
motifs. The Mn4O4 units can conform to various geometries
resembling the Mn4O4Ca cluster in PS-II.31,32 Manganese is
mixed valent in these materials and has the ability to cycle
between +3 and +4 oxidation states during catalysis. These
factors are crucial in mimicking the function of the Mn4O4Ca
complex in PS-II.33 This has inspired our interest in studying
synthetic layered and tunnel structures of manganese oxides for
water oxidation.
Besides the above-mentioned crystalline forms, amorphous

manganese oxides (AMO) were first developed by our group as
outstanding heterogeneous photocatalysts for 2-propanol
oxidation.34 Excellent selectivities were achieved in this
reaction. The high activity observed in these materials has
been linked to the ease of lattice oxygen mobility in the bulk

structure and excess surface oxygen.30,34 Since then, several
studies by our group have exemplified the use of amorphous
manganese oxides for photo-oxidation of highly toxic
compounds such as halogenated hydrocarbons, organophos-
phates, and n-nitrosodimethylamine.35−37 Recent work has
shown that AMO is a good catalyst for thermocatalytic CO
oxidation.38 Despite the wide variety of catalytic studies, the
understanding of amorphous manganese oxide as a catalyst is
far from complete.
In this study, AMOs along with tunnel structured and layered

manganese oxides such as OMS-2 (cryptomelane) and OL-1
(birnessite) are examined in detail as water splitting catalysts in
chemical (Ce4+/Ce3+ (E° = +1.7 V)) and photochemical
(Ru(bpy)3

3+/Ru(bpy)3
2+ (E° = +1.24 V)) systems. Water

oxidation tests were carried out with oxidizing agents such as
cerium ammonium nitrate (CAN) or Ru(bpy)3

3+ that are
representative of the 4 × 1 e− process occurring during
photosynthesis.12,39 Structural (X-ray diffraction (XRD), trans-
mission electron microscopy (TEM), Fourier transform
infrared (FTIR), Raman spectroscopy) and compositional
(inductively coupled plasma-atomic emission spectroscopy
(ICP-AES), average oxidation state (AOS), thermogravimetric
analysis (TGA), energy dispersive X-ray (EDX) spectroscopy)
characterization of catalysts have been used to understand
differences among these materials and their effects on catalytic
activity.

■ EXPERIMENTAL METHODS

Synthesis Procedures. AMO. AMO was prepared at
room temperature by the reduction of KMnO4 with oxalic
acid.34 Specifically, 1.58 g of KMnO4 was dissolved in 60 mL of
distilled deionized water (DDW), and 2.28 g of oxalic acid was
dissolved in 100 mL of DDW. The potassium permanganate
solution was then added dropwise to the oxalic acid solution.
The resulting reaction mixture was kept stirring for 2 h at room
temperature. The brown slurry was filtered, and the product
obtained was washed several times with deionized water and
dried at 90 °C overnight.

OMS-2. A solid-state reaction was used to prepare OMS-2.40

In this synthesis, Mn2+ was reacted with Mn7+ in the ratio of
2:3. Typically, 9 mmol of Mn(Ac)2·4H2O and 6 mmol of
KMnO4 were ground homogenously in an agate mortar for 20
min. The mixture was transferred to a capped vial and
maintained in an oven at 120 °C for 4 h. The resulting powder
was washed with deionized water several times and then dried
at 80 °C overnight.

OL-1. Octahedral layered material (birnessite) containing
potassium was synthesized according to a procedure reported

Figure 1. Representative structures of (a) octahedral layered manganese oxide OL-1 (birnessite) and (b) octahedral molecular sieves (OMS-2)
having a 2 × 2 tunnel (cryptomelane).
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by Gao et al.41 In a typical synthesis an aqueous solution A of
200 mL volume containing 92 mL of ethanol and 33.6 g of
potassium hydroxide was prepared. Another aqueous solution B
of 150 mL volume containing 9.48 g of potassium
permanganate was prepared. Solution A was slowly added to
solution B under vigorous stirring. The resulting mixture was
stirred for 1 h and aged at 80 °C for 48 h. The product was
washed several times with DDW until a pH of less than 9 was
attained. The washed sample was dried overnight at 80 °C.
Catalyst Characterization. XRD data were obtained on a

Scintag-2000 PDS diffractometer with Cu Kα (1.54 Å)
radiation. The beam voltage and beam current were set to 45
kV and 40 mA, respectively. Continuous scans were taken in a
2θ range of 5−80° with a scan rate of 0.02 deg/s. Peaks were
indexed using the Joint Committee on Powder Diffraction
Society (JCPDS) database. The morphologies of the
manganese oxide materials were studied using TEM on a
JEOL JEM-2010 FasTEM operating at 200 kV. The samples for
TEM were prepared by dispersing the powders in ethanol
followed by sonication for 5 min. The suspension was then
dropped on a carbon coated copper grid.
Raman measurements were performed at room temperature

on a Renishaw 2000 Ramascope. A cooled charge-coupled
device (CCD) detector was used to collect the scattered light
dispersed by an 1800 lines/mm grating. An Ar+ laser (514.4
nm) was used as the excitation source. The laser power was set
to 10 mW to prevent sample denaturation. The spectrometer
was calibrated with a silicon wafer prior to sample measure-
ments. FTIR spectra were obtained using a Nicolet 8700 FTIR
spectrometer with a resolution of 4 cm−1. Infrared data (600
through 350 cm−1) were collected using a DTGS detector with
a polyethylene window. Samples were prepared by diluting with
cesium iodide in a ratio of 1:100 and pressed into pellets. The
spectral background was collected using pure CsI discs.
Manganese and potassium contents in the samples were

determined using ICP-AES on a Thermo Jarrell Ash ICAP 61E
Trace Analyzer. Manganese oxide samples weighing approx-
imately 10 mg were digested in 5 mL of concentrated HCl
(36.5%) in Erlenmeyer flasks. The flasks were kept at 70 °C
until clear solutions were obtained. The digested samples were
diluted to an estimated concentration. Manganese and
potassium standards (0−25 ppm) were prepared for calibration.
The samples and standards were then analyzed by ICP-AES.
Surface elemental ratios were measured using EDX spectros-
copy. Measurements were performed on an Amray model
1810D instrument operated at 20.0 kV. EDX spectra were
acquired and processed with an Amray model PV 9800 EDS
system. The energy resolution of the instrument was 149 eV
(Full width of half-maximum) for the 5.89 keV Mn Kα line.
Potentiometric titrations were used to measure the average

oxidation state (AOS) of manganese oxide samples. The
samples were dissolved in HCl to convert all the manganese to
Mn2+ and titrated to a Mn3+ complex with sodium
pyrophosphate versus potassium permanganate. This gives
total Mn content, based on which the AOS is determined by
reducing the solid to Mn2+ using ferrous ammonium sulfate and
back-titrating the excess Fe2+ with a permanganate standard.
TGA in air was performed on a Hi-Res TGA 2950

thermogravimateric analyzer. The air flow rate was set at 60
mL/min, and samples were heated from room temperature to
700 °C. Brunauer−Emmett−Teller (BET) surface area
measurements were done on a Quantachrome Autosorb iQ2

instrument. All samples were degassed before analysis at 100 °C
for 6 h to remove any physically adsorbed species.

Water Oxidation Test with O2 Detection Done Using a
Clarke-Type Electrode. Chemical water oxidation tests were
conducted in 80-mL aqueous solutions containing 0.25 M
cerium ammonium nitrate (CAN).16 In an airtight system, a
quartz reaction vessel containing 35 mg of catalyst suspended in
water was purged with argon for two hours to remove all
dissolved oxygen. A solution containing CAN was deoxy-
genated separately. The CAN solution was injected into the
quartz reaction vessel taking caution not to introduce
atmospheric oxygen into the system.16 Dissolved oxygen in
the reaction vessel was measured at room temperature using a
Clarke-type oxygen electrode (YSI 550A Yellow Springs
Instrument, OH) containing a silver anode, a gold cathode,
and a temperature sensor.
Photochemical water oxidation tests were conducted in a

quartz reaction vessel containing 35 mg of catalyst, 1.5 mM
Ru(bpy)3

2+, 13 mM Na2S2O8, and 68 mM Na2SO4 in 80 mL
buffered aqueous solutions (pH 5−6).7 The buffer solution was
made up of Na2SiF6−NaHCO3. Reactants in the quartz vessel
were sonicated for 30 min and purged with argon for two hours
to remove all dissolved oxygen from the aqueous solution. The
quartz vessel was irradiated with a continuous output xenon
lamp set at 250-W power. An IR filter and a bandpass filter (λ =
450 nm ± 20 nm) were placed in between the quartz vessel and
the light source. During the course of reaction, the quartz vessel
was kept at room temperature by cooling in a water bath.
Dissolved oxygen in the reaction vessel was measured at room
temperature using a Clarke-type oxygen electrode (YSI 550A
Yellow Springs Instrument, OH) equipped with a temperature
sensor.

Water Oxidation Tests with O2 Detection Done Using Gas
Chromatography. Chemical water oxidation tests with 0.25 M
CAN and 35 mg of catalyst were done in 40 mL aqueous
solutions. For photochemical water oxidation, a photolysis
vessel containing Ru(bpy)3

2+ (4 mg), Na2S2O8 (200 mg),
Na2SO4 (600 mg), and 35 mg of catalyst in 40 mL of buffered
(Na2SiF6−NaHCO3 buffer) aqueous solution was used. After
purging with nitrogen, the vessel was illuminated with a xenon
lamp. For both cases, about 50 μL of gas sample drawn from
the headspace was injected into a SRI 310 gas chromatograph
equipped with a thermal conductivity detector (TCD) and a
13× packed molecular sieve column. The helium carrier gas
flow rate was set at 20 mL/min at 40 psi. The column and
TCD temperatures were 80 and 100 °C respectively with a
hold time of 1 min.

Water Oxidation Test with H2
18O and Mass Spectrometric

Detection. Water oxidation test with 10 at % 18O-labeled water
(Sigma Aldrich) were done in 5-mL solutions containing 3 mg
catalyst and 0.02 M CAN. A vial containing 3 mg of AMO
catalyst in 2.5 mL water was sealed and purged with nitrogen
gas for 10 min. Another vial containing 2.5 mL CAN solution
was also purged with nitrogen gas. The CAN solution was
injected into the catalyst suspension. The system was kept
airtight. About 1000 μL of gas sample from the headspace was
injected into the mass spectrometer. Oxygen was detected
using a Cirrus Residual Gas Analyzer (MKS Spectra Products)
mass spectrometer equipped with a dual Faraday and multiplier
detector. The values of m/z 36 (18O18O), m/z 34 (16O18O),
and m/z 32 (16O16O) were monitored. By use of the same
procedure described above, control experiments were con-
ducted with unlabeled water.
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Analysis of Dissolved Mn Content in Reactant Solutions.
Atomic absorption spectroscopy (AAS) was used to detect Mn
ions in reactant solutions. Water oxidation tests were carried
out for 30 min in 80-mL aqueous solutions containing 35 mg of
catalyst and 0.25 M CAN. After 30 min, the catalysts were
separated from reactant solutions by filtration. The solutions
were then analyzed for Mn content using a Perkin-Elmer
Atomic Absorption Spectrometer 3100. Samples for AAS were
prepared by diluting 5−10 mL of the reactant solutions to 50
mL after the removal of catalysts by filtration.

■ RESULTS
Structure, Morphology, and Composition of Cata-

lysts. XRD was used to identify phases and crystallinity of the
as synthesized manganese oxide samples (Figure 2). The XRD

pattern obtained for AMO compares well with previous
studies.34 X-ray patterns of OMS-2 and OL-1 conform to the
pure cryptomelane phase (JCPDS 29−1020) and K+-birnessite
phase, respectively.42,43 In comparison with literature data,
XRD patterns of OMS-2 and OL-1 show low peak intensities
and peak broadening. This indicates low crystallinity of these
samples. Amorphous manganese oxide contains three peaks of
low intensity appearing at d-spacings 7.10 Å (12.46°), 2.41 Å
(37.2°), and 1.41 Å (66.2°). A comparison of XRD patterns in
Figure 2 shows that AMO is similar to turbostratic birnessite.
Morphology studies using TEM reveal that AMO consists of

aggregates of nanoparticles (Figure 3a). A high-resolution TEM
(HRTEM) image shows nanocrystallites of AMO with highly
random orientation (Figure 3b) and crystallite sizes of less than
10 nm. The inset shows a selected area diffraction pattern
(SAED) having diffuse rings or halos thus confirming the
amorphous nature of the catalyst. OMS-2 has nanorod
morphology as seen in the TEM image in Figure 3c. A typical
HRTEM image of OMS-2 is shown in Figure 3d. The OMS-2
nanorods are 10−30 nm in width and 30−100 nm in length.
OL-1 consists of nanoparticle aggregates as seen in the TEM
image in Figure 3e. A HRTEM image of OL-1 shows a flakelike
morphology with the size of each flake being 10−50 nm
(Figure 3f).
Samples of AMO, OL-1, and OMS-2 were characterized

using Raman and FTIR spectroscopy. Raman and FTIR
spectroscopy are powerful tools to probe vibrational behavior

of lattices and hence probe structural differences and short-
range order in amorphous or poorly crystalline phases of
manganese oxides. Figure 4 presents Raman spectra of AMO,

OL-1, and OMS-2. AMO has one strong band located at 657
cm−1 (Figure 4a). OL-1 has Raman bands at 578 and 637 cm−1

(Figure 4b). OMS-2 has two prominent Raman bands located
at 578 and 650 cm−1 (Figure 4c). The Raman band positions of
OL-1 and OMS-2 are in good agreement with previous studies
on cryptomelane and birnessite, respectively.44,45

Metal−oxygen bonds are sensitive to infrared, and hence
disordered components that cannot be identified by XRD can
be elucidated by infrared analysis. FTIR data were collected for
AMO, OL-1, and OMS-2 structures (Figure 5). In the Far-IR
range, AMO exhibits two broad features at 519 and 437 cm−1

(Figure 5a). OMS-2 exhibits one band of strong intensity at
527 cm−1, other bands at 473 and 427 cm−1, and a shoulder at
560 cm−1 (Figure 5b). OL-1 exhibits three IR bands located at
516, 484, and 422 cm−1 (Figure 5c). The location of the IR

Figure 2. XRD patterns of AMO, OL-1, and OMS-2.

Figure 3. TEM images (top row): (a) AMO, (c) OMS-2, (e) OL-1.
HRTEM images (bottom row): (b) AMO (inset SAED pattern), (d)
OMS-2, (f) OL-1.

Figure 4. Raman spectra of (a) AMO, (b) OL-1, and (c) OMS-2
samples.

The Journal of Physical Chemistry C Article

dx.doi.org/10.1021/jp2120737 | J. Phys. Chem. C 2012, 116, 6474−64836477

http://pubs.acs.org/action/showImage?doi=10.1021/jp2120737&iName=master.img-002.jpg&w=239&h=187
http://pubs.acs.org/action/showImage?doi=10.1021/jp2120737&iName=master.img-003.jpg&w=239&h=168
http://pubs.acs.org/action/showImage?doi=10.1021/jp2120737&iName=master.img-004.png&w=239&h=205


bands for OMS-2 and OL-1 match with that of cryptomelane
and birnessite reported previously.46

Energy dispersive X-ray (EDX) spectroscopy was used to
analyze surface potassium to manganese ratios in the
manganese oxide catalysts. The potassium to manganese (K/
Mn) atomic weight ratio in AMO (K/Mn = 0.01) was much
lower than in OMS-2 (K/Mn = 0.11) or OL-1 (K/Mn = 0.18)
(Table 1). The compositions of the catalysts were determined

by combining ICP-AES data for manganese and potassium
content, average oxidation states of manganese, and TGA data
(Table 1). Water content was determined by weight loss in
TGA seen around 160−180 °C (Figure S1, Supporting
Information).
The average oxidation state of Mn in these samples varied

(Table 1). In AMO, the average oxidation state of Mn is 3.91.
AMO contains less than 10% Mn3+ ions in the structure. The
OL-1 sample on the other hand, has a lower average oxidation
state of 3.63 thus containing a much higher proportion of lower
oxidation state species such as Mn3+. OMS-2 has an average
manganese oxidation state of 3.79. Hence, among the three
catalysts tested, OL-1 has the highest amount of potassium in
the structure and lowest average Mn oxidation state.
Brunauer−Emmett−Teller (BET) measurements were used

to determine surface areas of the samples. The surface areas of
the three catalysts AMO, OMS-2, and OL-1 are 184, 140, and
99 m2/g, respectively (Table 1).
Water Oxidation Tests with AMO, OMS-2, and OL-1

Using CAN as an Oxidant. Water oxidation tests were
conducted in 80-mL deoxygenated aqueous solutions contain-
ing manganese oxide catalysts and cerium ammonium nitrate
(CAN) as a sacrificial electron acceptor. A Clarke-type O2

electrode (YSI 550A Yellow Springs Instrument, OH) was used
for detection of dissolved oxygen produced in these solutions.
Figure 6 shows dissolved oxygen content in reactant solutions
monitored for 30 min at room temperature. Among the

samples tested in this study, maximum oxygen evolution was
observed when AMO was used as a catalyst with a turnover
number of 290 mmol O2/mol Mn. With OMS-2 catalyst, a
turnover number of 110 mmol O2/mol Mn was achieved. OL-1
gave a turnover of 27 mmol O2/mol Mn. When commercial
MnO2 was tested in our system, a maximum turnover of 17
mmol O2/mol Mn was obtained. Initial reaction rate for oxygen
evolution using AMO was 20 times higher than the least active
sample OL-1 (Table 2).

Oxygen evolution in the CAN system was confirmed using
gas chromatographic (GC) analyses of gaseous products
collected in the headspace of the reaction mixture. In the
case of the AMO catalyst, continuous oxygen evolution was
observed for 60 min (Figure 7). In terms of total mol O2/mol
Mn, the catalytic activity followed the order: AMO > OMS-2 >
OL-1. There is an excellent correlation between the catalytic
activity trend observed for oxygen in the gas phase and the
trend observed for dissolved oxygen measurements in the same
systems (see Figure 7 and Figure 6). The total mol O2/mol Mn
in the headspace after 60 min from AMO exceeded that of the
least active sample OL-1 by a factor of 30 (Figure 7).
Mass spectrometric measurements were carried out with 18O

labeled water (10 atom % H2
18O), AMO catalyst, and CAN

oxidant. The signals of 32, 34, and 36 m/z were monitored. The
34O2:

32O2 ratio, obtained by averaging peak intensities for these
two masses, was 0.21, which is close to the theoretically
expected value of 0.22 (Figure S2, Supporting Information).
The theoretical distribution of oxygen species from the 18O-
labeled water was determined to be 81, 18, and 1% for 32O2,

Figure 5. Infrared spectra of (a) AMO, (b) OMS-2, and (c) OL-1
samples.

Table 1. Composition and Surface Areas of Catalysts Used in
This Study

catalyst composition
K/Mn ratio
by EDX AOS

BET surface
area m2/g

AMO K0.056MnO1.98·0.45H2O 0.01 3.91 184
OMS-2 K0.16MnO1.97·0.14H2O 0.11 3.79 140
OL-1 K0.5MnO1.99·1.1H2O 0.18 3.63 99

Figure 6. Dissolved oxygen measurements in aqueous solutions
containing manganese oxide catalysts and 0.25 M cerium ammonium
nitrate as an oxidant. Reactions were monitored for 30 min at room
temperature, and a Clarke-type electrode was used for O2 detection.

Table 2. Initial Rates of Dissolved Oxygen with AMO, OMS-
2, and OL-1 Catalysts Tested under Chemical (CAN
Oxidant) and Photochemical Conditions (Ru(bpy)3

2+

Oxidant)

initial rate of O2 evolution (s−1)

catalyst CAN oxidation Ru(bpy)3
2+ photochemical oxidation

AMO 5.2 × 10−4 6.3 × 10−5

OMS-2 1.1 × 10−4 5.3 × 10−5

OL-1 2.8 × 10−5 4.7 × 10−6
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34O2, and
36O2, respectively. This experiment confirms that

water was the source of dioxygen evolved in the gas phase. The
difference seen in the actual versus theoretical ratios of
34O2:

32O2 intensities might be due to slight air leaks into the
system. The same experiment was conducted with unlabeled
water and the 34O2:

32O2 signal ratio was close to zero (Figure
S2, Supporting Information).
Reusability Test with AMO and Characterization of

AMO after Reaction with CAN. The reusability of the AMO
catalyst was tested. After water oxidation test with 0.25 M
CAN, the catalyst was separated from the reaction mixture by
filtration. The catalyst was washed several times to remove any
cerium ions that might have adsorbed on the surface and
regenerated by drying at 90 °C overnight (designated as
“regenerated catalyst”). To study the possibility of adsorption
of cerium ions on the AMO catalyst after reaction, samples
were collected after 1 wash cycle and 6 wash cycles during the
washing process. EDX analyses of these samples showed that
the average atomic weight percentage of cerium decreased from
4.8% after 1 wash cycle to 1.7% after 6 wash cycles (Table S1,
Supporting Information). This indicates that the adsorbed
cerium on the catalyst could be removed by the washing
process.
The regenerated catalyst was then subjected to water

oxidation tests using fresh CAN solution (0.25 M). As before,
dissolved oxygen was measured in aqueous solution containing
the catalyst and CAN. Measurements were conducted at room
temperature using a Clarke-type electrode for O2 detection. In
this test, the regenerated AMO catalyst was reusable without
loss of catalytic activity and gave equivalent turnover numbers
as the fresh catalyst (Figure 8).
The regenerated AMO catalyst was also analyzed using FTIR

spectroscopy to check for structural changes (parts a and b of
Figure S3, Supporting Information). Comparison of IR spectra
of fresh AMO and regenerated AMO revealed that AMO did
not undergo any observable phase change after reaction. The
BET surface area of the regenerated AMO catalyst was 160 m2/
g as opposed to the fresh catalyst, which had a BET surface area
of 184 m2/g. A decrease in BET surface area after reaction
might be due to particle aggregation.
Characterization of Catalysts after Water Oxidation

Reaction with CAN. XRD was performed on all catalysts
(AMO, OMS-2, and OL-1) recovered after water oxidation

reaction with 0.25 M CAN to access structural changes (Figures
S4 and S5, Supporting Information). There was no change seen
in case of AMO (Figure S5, Supporting Information) and
OMS-2 (Figure S4, Supporting Information) catalysts. In the
case of OL-1, the intensity of the peaks of the recovered
material was too low to determine if there was any change in
the layering.
Dissolved Mn content in reactant solutions was monitored

using AAS (Table S2, Supporting Information). The reactions
were carried out in 80-mL aqueous solutions containing 0.25 M
CAN. The filtrates were analyzed after reaction. In case of
OMS-2 and OL-1, Mn ions were not detected in solution. In
case of AMO, 0.9% of the total Mn in the catalyst was found in
solution. However, the amount of O2 obtained using AMO
catalyst with CAN oxidant (Figure 6) far exceeded the amount
of dissolved Mn in solution.

Water Oxidation Tests with AMO, OMS-2, and OL-1
Using Photochemical Reaction with Ru(bpy)3

2+. Activity
of manganese oxides under photochemical oxidation conditions
was tested in buffered aqueous solutions containing catalyst,
Ru(bpy)3

2+, Na2S2O8, Na2SO4 under visible light irradiation
(Figure 9). Similar to water oxidation results in the CAN
system, the dissolved oxygen content with AMO catalyst was
the highest (84 mmol/mol Mn) among the three manganese
oxides tested (see Figure 6 for comparison). The total moles of
oxygen evolved per mol Mn followed the order: AMO (84
mmol O2/mol Mn) > OMS-2 (61 mmol O2/mol Mn) > OL-1
(10 mmol O2/mol Mn). Activity of AMO was 8 times higher
than the least active sample OL-1. In contrast, experiments
done with commercial MnO2 gave 7 mmol O2/mol Mn. Figure
9 also shows that, in the first 15 min of reaction, a higher
oxygen evolution activity is observed with OMS-2 than with
AMO. However, at 30 min of reaction time, the activity with
AMO reaches a maximum turnover of 84 mmol O2/mol Mn,
whereas with OMS-2 the maximum turnover is 61 mmol O2/
mol Mn. In photochemical water oxidation with Ru(bpy)3

2+,
initial reaction rates of oxygen evolution are a magnitude lower
than reaction rates in chemical water oxidation with CAN
(Table 2). However, a similar trend as seen in oxidation with
CAN is observed here, where the initial rate of O2 evolution

Figure 7. Gas chromatographic detection of oxygen evolved in the
headspace of reactions containing manganese oxide catalysts and 0.25
M cerium ammonium nitrate.

Figure 8. Reusability test for AMO catalyst: Dissolved oxygen
measurements in aqueous solutions containing AMO-fresh catalyst
and AMO-used catalyst. Reactions were carried out at room
temperature for 30 min using 0.25 M cerium ammonium nitrate as
an oxidant.
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using AMO catalyst is ∼13 times higher than with OL-1
catalyst.
GC studies of gas samples collected from the headspace of

the reaction mixtures confirmed the oxygen activity seen with
the three manganese oxide catalysts (Figure 10). Here again,

AMO catalyst gave the maximum turnover followed by OMS-2
and OL-1. As seen with dissolved oxygen measurements in
Figure 9, oxygen evolution from AMO begins after an induction
period which is not the case with OMS-2. Continuous oxygen
evolution was observed for 300 min in case of AMO catalyst
(Figure 10). This is unique since amorphous calcium
manganese oxides lose their activity during extended reaction
times.16

Oxygen Evolution Activity of Manganese Oxides from
Reported Literature. A direct comparison of turnover
numbers among reported heterogeneous manganese oxides
for water oxidation catalysis is difficult. Several reaction
parameters such as the nature of the sacrificial oxidant, oxidant
amount, reaction volumes, catalyst amount, and surface areas
affect water oxidation results. Another variation among
literature reports is the detection method used for measuring

the evolved oxygen gas. Turnover numbers and reaction rates
are higher in systems using CAN as the sacrificial electron
acceptor as opposed to those achieved in photochemical
oxidation with Ru(bpy)3

2+ (Table 2).16,39

In this study, we made valid comparisons by applying
uniform reaction conditions for testing several heterogeneous
manganese oxide catalysts reported in the literature. Procedures
from literature references were followed as closely as possible
for synthesizing catalysts for comparison.16−18,47,48 Catalysts
have been synthesized under our laboratory conditions, hence
deviations might occur. Nevertheless, this study provides a
good measure of catalytic activities of various manganese oxide
catalysts for oxygen evolution.
Water oxidation tests were conducted in 80-mL reaction

volume containing the oxide catalyst and 0.1 M CAN as an
oxidizing agent. Dissolved oxygen levels were monitored for 30
min using a Clarke-type oxygen electrode. Turnover numbers
are reported as mmol O2/mol Mn. The manganese amount for
each catalyst was determined using ICP-AES. The oxygen
evolution results are shown in Figure 11. A comparison of

catalytic activities reveals that amorphous manganese oxide
(AMO) catalyst gave a TON of 242 mmol O2/mol Mn
compared to α-MnO2-nanotubes (TON = 211), λ-MnO2-LT
(TON = 112), CaMn2O4 (TON = 67), KIT-6/Mn-calcined at
600 °C (TON = 41), and MnO2 (Shilov et al) (TON = 33).
These turnover numbers are lower limit values, assuming every
Mn atom is an active site.

■ DISCUSSION

This study highlights the use of amorphous manganese oxide as
an efficient water oxidation catalyst compared to tunnel type
manganese oxide OMS-2 (cryptomelane) and layered man-
ganese oxide OL-1 (birnessite), both of which are extensively
investigated materials.23,29 Among the manganese oxides tested
in this work, AMO produced the highest moles of oxygen
followed by OMS-2 and OL-1 under both chemical (with
CAN) and photochemical oxidation (with Ru(bpy)3

2+)
conditions.
Oxygen evolution activity displayed by the catalysts followed

the trend AMO > OMS-2 > OL-1 in chemical and
photochemical water oxidation (see Figures 6, 7, 9, and 10
and Table 2). For example, the TONs obtained from dissolved

Figure 9. Dissolved oxygen measurements in aqueous solutions
containing manganese oxide catalysts and Ru(bpy)3

2+ as an oxidant
under photochemical conditions. Reactions were monitored for 30
min at room temperature and a Clarke-type electrode was used for O2
detection.

Figure 10. GC detection of oxygen evolved in the headspace of
reactions containing manganese oxide catalysts and Ru(bpy)3

2+ during
photochemical water oxidation.

Figure 11. Oxygen evolution activity of AMO in comparison against
manganese oxide catalysts reported in literature.
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oxygen measurements with CAN are: AMO (290 mmol O2/
molMn) > OMS-2 (110 mmol O2/mol Mn) > OL-1 (27 mmol
O2/mol Mn) (Figure 6). Initial rates of O2 evolution in these
reactions are 5.2 × 10−4 s−1 for AMO, followed by 1.1 × 10−4

s−1 for OMS-2, and 2.8 × 10−5 s−1 for OL-1 (Table 2). In both
chemical and photochemical oxidation, the activity of AMO is a
magnitude higher than that of the least active sample OL-1.
Interestingly, despite the structural resemblance from XRD

between AMO and OL-1, the catalytic activity of AMO is
markedly different (Figure 2). Tunnel structure OMS-2
performed better than OL-1, which is layered with an open
MnO6 framework. The discussion primarily focuses on the
correlations between the catalytic activity trends and the
compositional and structural differences manifested by these
three manganese oxide catalysts, as elucidated by XRD, Raman
and FTIR spectroscopy, BET measurements, Mn AOS, and
composition experiments.
Structural Similarities and Differences between the

Mn Oxides. From XRD, the patterns of both AMO and OL-1
resemble that of turbostratic birnessite49 and are distinguished
from regular K+-birnessite where the MnO2 sheets are well
oriented along the c-axis (Figure 2).43,49 Peaks appearing at
∼2.4 Å (37° 2θ) and ∼1.4 Å (66° 2θ) are hk0 bands. These
peaks are broad and asymmetric on the higher angle side
indicating high turbostraticity in stacking. Peaks observed at ∼7
Å (∼12° 2θ) and ∼3.5 Å (∼24° 2θ) correspond to 00 L basal
reflections. Broadening of the 00 L reflections and low
intensities also indicate that stacking of the birnessite sheets
in both samples are highly random.43,50 A small number of
sheets are stacked, probably 2−3 sheets on average.22 Closer
observation reveals that the intensity and sharpness of the peak
appearing at ∼7 Å (001) in AMO are even lower as compared
to that in OL-1. The peak at 3.57 Å (002) in OL-1 is weak in
AMO. This trend indicates that the number of sheets stacked
per particle is smaller in AMO than in OL-1.43,50 The X-ray
pattern of OMS-2 shows a cryptomelane type tunnel structure.
The XRD peaks of the OMS-2 sample are broad indicating
smaller crystallite sizes.27

In manganese oxides, the Raman band occurring above 600
cm−1 is characteristic of the Mn−O symmetric stretching
vibrational mode perpendicular to the chains of MnO6
octahedra.44 This band is observed at 637 cm−1 in OL-1, shifts
to 650 cm−1 in OMS-2, and further shifts to 657 cm−1 in AMO
(Figure 4). The observed shift of this band to higher
wavenumbers correlates to lower number of edges shared per
MnO6 octahedron and decreased lattice distortion.44 Birnessite
(OL-1) has a 2-dimensional open layered structure and shares
4.8 edges per MnO6 octahedron.

51 On the other hand, a tunnel
structure like cryptomelane (OMS-2) shares 4 edges per MnO6
octahedron.51 In AMO, the further shift to 657 cm−1 indicates
less than 4 edges shared per MnO6 octahedron.

44,51 This shift
also indicates a weak interaction between adjacent MnO2
sheets.44

The Raman band appearing around 570 cm−1 is a stretching
vibration of the Mn−O bond along the chains of MnO6
octahedra. In OL-1, this band is very prominent due to the
open framework of edge sharing MnO6 octahedra.

51 This band
also occurs in tunnel structure OMS-2 at 578 cm−1 with low
intensity (Figure 4). However, in AMO this band is not seen,
hence AMO does not contain well formed extended MnO6
octahedral chains, in contrast to those seen in birnessite OL-1
or OMS-2.

Infrared characterization of AMO shows two broad features
(519 and 437 cm−1) suggesting that AMO is still a structural
variant of naturally occurring birnessite. Such a structure has
also been described as vernadite (Figure 5).52 The structure
contains a highly disordered, poorly crystalline, random packing
of MnO2 sheets up to a few layers.46 The broadness and poor
resolution of the bands in AMO (519 cm−1 and 437 cm−1)
clearly indicate a high disorder in the structure unlike in OL-1
(484 cm−1 and 516 cm−1) (Figure 5).46

Composition of Catalysts. Even though XRD and FTIR
data show that both AMO and OL-1 belong to the birnessite
family, synthesis conditions employed to generate OL-1 and
AMO helps explain the compositional differences between
them and this relates to their catalytic performances. The sheets
of birnessite are comprised of edge sharing MnO6 octahedra
and carry a negative charge. There are two reasons for charge
imbalance in birnessite sheets: (1) presence of Mn3+ ions in the
sheets and (2) cation vacancies generated by the absence of
Mn4+ ions in their octahedral sites thus creating a tetravalent
negative charge at each site.50

OL-1 was prepared under highly alkaline conditions (pH >
12). Under these preparative conditions, birnessite that forms
has a triclinic unit cell and contains (MnO2)

x− sheets in which
all octahedral sites are filled with Mn atoms. Charge imbalance
in the MnO2 sheets is due to Mn3+ ions. This is supported by
the AOS of Mn in OL-1 being 3.63, a high potassium content
(14%) as detected by ICP-AES, and a K/Mn ratio of 0.18 as
detected by EDX spectroscopy (Table 1).50 K+ ions in the
interlayer balance charge.
By changing the synthesis pH to acidic conditions, the

triclinic unit cell of birnessite transforms into a hexagonal unit
cell. Hexagonal birnessites contain octahedral cation vacancies
due to missing Mn4+ ions in the (MnO2)

x− sheets. During the
transformation from triclinic to hexagonal unit cell, Mn3+ ions
in the sheets of triclinic birnessite disproportionate into Mn4+

and Mn2+. Therefore, hexagonal birnessites contain a lower
percentage of Mn3+ than triclinic birnessite. Hexagonal
birnessites are highly disordered, poorly crystalline, and have
a Mn oxidation state close to 4.0.50 A tetravalent negative
charge is created at every cation vacancy. Structural charge in
the sheets is compensated by triple corner sharing Mn3+

octahedra in the interlayer, hydrated interlayer cations (K+)
and protons.22

This is the case in AMO, where the synthesis was carried out
at pH 6−7 with oxalic acid. The AOS of Mn equals 3.91 in
AMO (which is close to acid birnessite, δ-MnO2, or biogenic
manganese oxide) and the sample has very low potassium
content (2%) compared to OL-1 (14%). EDX analysis shows a
surface K/Mn ratio of 0.01. The structure of AMO is analogous
to hexagonal birnessites such as H+-birnessite,21,50 biogenic
layered MnO2,

22 or δ-MnO2. A figure depicting a well formed
triclinic birnessite sheet containing a well-ordered large
proportion of Mn3+ in the sheets is shown in contrast to the
poorly crystalline hexagonal birnessite sheet with vacant
octahedral sites (Figure 12).50 The Mn3+ species in triclinic
birnessites are located in the (MnO2)

x− layers. A row of Mn3+

species alternates with two rows of Mn4+ in the layers. In
hexagonal birnessites, the Mn3+ species are located in
interlayers above vacant sites.53

The BET surface area of AMO (184 m2/g) and nanoparticles
of <10 nm sizes bears similarities to biogenic manganese
oxides.21,22,50 Raman data further indicate low polymerization
of the MnO2 sheets, and hence the absence of extended MnO6
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networks. IR analysis shows that the structure is similar to
vernadite (δ-MnO2).
Comparison with Other Manganese Oxide Catalysts

from Literature. Manganese oxide catalysts reported in the
literature were also investigated (Figure 11). The BET surface
area of KIT-6/Mn (495 m2/g) was much higher than that of
AMO (184 m2/g) or α-MnO2 nanotubes (75 m

2/g) (Table 3).

However, AMO and α-MnO2 nanotubes gave higher turnover
numbers (Table 3). Second, in the case of the MnO2 catalyst

18

XRD data showed no peaks suggesting that this catalyst has an
amorphous structure; however its catalytic activity was much
lower than that of AMO or crystalline α-MnO2 nanotubes.
Catalytic Activity. The high catalytic activity of AMO is

related to its structure, which is a layered manganese oxide
analogous to hexagonal birnessite with cation vacancies in the
MnO2 sheet as described in the previous section.32,54 Cation
vacancies in AMO are influential in catalytic activity due to co-
ordinatively unsaturated oxygens that are excellent sites for
proton binding. The μ-OH units thus created at vacancy or
edge sites can undergo deprotonation and help in proton
coupled electron transfer during water oxidation catalysis.55 In
addition, smaller particle sizes (less than 10 nm) and high
surface area results in larger number of edge sites that is
available for water molecules to bind. Consequently, the surface
of AMO presents more sites for the coordination of water
molecules to the catalyst surface.22,55 In contrast, such
conditions are unavailable on a perfectly filled Mn3+/Mn4+

birnessite (OL-1) MnO2 sheet (Figure 12), and this relates to
the poor catalytic performance of OL-1.
OMS-2 is a 2 × 2 tunnel structure with nanorod lengths

going up to approximately 100 nm. In the case of tunnel
structures only edges of the tunnels may provide reactive

sites.47 Mn4O4 configurations that can form on the edges of the
tunnels of OMS-2 might lead to high activity. The Mn−Mn
vectors in OMS-2 type tunnel molecules, gives rise to a variety
of Mn4O4 geometric arrangements some of which may be
similar to the OEC complex in PS-II.31

■ CONCLUSIONS
In conclusion, manganese oxide layered and tunnel structures
were studied as water oxidation catalysts. Amorphous
manganese oxides (AMO) were found to be highly active
compared to cryptomelane-type tunnel manganese oxides
(OMS-2) or layered birnessite (OL-1) under chemical and
photochemical water oxidation conditions. AMO catalyst could
be regenerated after reaction. High turnover numbers were
obtained with AMO compared to several other manganese
oxides. GC studies showed oxygen evolution for extended time
periods. AMO is a disordered mixed valent (Mn4+/Mn3+)
manganese oxide consisting of nanoparticles of less than 10 nm
sizes, a high surface area (184 m2/g), and an average oxidation
state of Mn = 3.91. TEM images show randomly oriented
crystallites, and XRD shows a layered material resembling
turbostratic birnessite. However, major structural and composi-
tional differences are determined by Raman and FTIR
spectroscopy and compositional analysis.
The characterization data suggest that AMO is similar to H+-

birnessite or layered biogenic manganese oxides that contain
cation vacancies in the structure with hexagonal unit cells.
Raman data show low polymerization of the MnO2 sheets.
These factors are influential in catalytic activity. Hence,
amorphous manganese oxides are potential candidates for
commercial water splitting. This study provides insight for
future investigations of layered and tunnel Mn-oxide water
splitting catalysts due to their ubiquity in nature.
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Figure 12. (A) Single sheet of hexagonal birnessite vs (B) single sheet
of triclinic birnessite. (Figure adapted from reference 50).

Table 3. Turnover Numbers for Manganese Catalysts and
BET Surface Areas of Catalysts (All Catalysts Were Tested
with CAN Oxidant)

catalyst ref no.
TON (mmol O2/mol

Mn)
BET surface areaa

(m2/g)

AMO this work 242 184
α-MnO2-
nanotubes

48 211 75

λ-MnO2 −LT 47 112 42
CaMn2O4

16 67 13
KIT-6/Mn-
clusters

17 41 495

MnO2
18 33 21

aMeasured BET surface area.
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