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We synthesized nanolayered manganese oxides by the reaction of Mn(CH;COO),-4H,0 and

KMnOy, in the presence of copper(Il) or nickel(I) ions. The compounds were synthesized, and
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characterized by scanning electron microscopy, transmission electron microscopy, powder

diffractometry and atomic absorption spectroscopy. Water-oxidizing activities of these oxides
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in the presence of cerium(IV) ammonium nitrate as a non-oxo transfer oxidant are reported.

The results and proposed important factors influencing the water-oxidizing activities of these

oxides are also discussed.

Introduction

H, production on an industrial scale by water splitting is
currently much discussed as a promising route for the
conversion of sustainable but intermittent energies.! However,
the low rate of water oxidation and issues of long-term material
stability are still not completely resolved.? Different compounds
were reported as efficient catalysts toward water oxidation but
many of them are scarce and expensive.3 Among different
compounds, Mn compounds are interesting® because they are
not only low-cost and environmentally friendly, but also used
by Nature for biological water oxidation.” Photosystem II has
the unique capability to oxidize water to molecular oxygen in
Nature.’ Photosystem II is a protein complex located in the
thylakoid membrane of plants, algae, and cyanobacteria. In
Photosystem II, enzymes capture photons of light to energize
electrons that transferred through a variety of coenzymes and
The
energized electrons are replaced by oxidizing water to form

cofactors to reduce plastoquinone to plastoquinol.
hydronium and molecular oxygen. A Mn,OsCa cluster housed
in a special protein environment in Photosystem II, one calcium
and four manganese ions, are bridged by five oxygen atoms.
Four water molecules were also found in this structure® that two

of them are suggested as the substrates for water oxidation.

This journal is © The Royal Society of Chemistry 2013

In addition to Mn, Ca had been identified as an essential ion in
the water-oxidizing complex (WOC) in Photosystem II, and Sr
is the only cation, which can functionally substitute Ca in the
WOC.” A requirement for Ca for the functional assembly was
proposed. Pecoraro and Brudvig’s groups have also proposed
the specific role for Ca in ligating one of the substrate water
molecules.® In the proposed mechanism, a ligated water or
hydroxide ion forms the O-O bond of O, by attacking the
oxygen of a terminal Mn(V)=0O species in the final state of
oxygen evolution reaction.® Many Mn compounds were
reported as structural models for the WOC in Photosystem II
but a few of them are water-oxidizing catalysts toward water
oxidation.* Among these compounds, Mn oxides are good
catalysts toward water oxidation.’ The layered Mn oxide with
redox-inactive ions between their layers are promising for
applications in water oxidation.” In our previous papers, we
show that generally redox-inert ions increase the water-
oxidation activity of the Mn oxides, but the effect is not specific
and many redox-inert ions show such effect.'’ In this study, we
try to answer this important question: Do redox-active ions
such as Cu(II) or Ni(I) have any special effect on the water-
oxidizing activity of layered manganese oxides?

Experimental
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Materials

All reagents and solvents were purchased from commercial
sources and were used without further purification.

Synthesis of compounds

Solution 1: Cu(NOs),-3H,0 (see Table 1 for the amounts) or
Ni(CH;C0O0),4H,0 (see Table 1 for the amounts) and
Mn(CH;3;COO0),-4H,0 (1.41 mmol, 346 mg) were dissolved in
the smallest amount of water.

Solution 2: to a solution of KMnO, (1 mmol, 158 mg) in 30 mL
water, KOH (16.83 g) was added to obtain a hot saturated KOH
solution.

Addition of the solution 1 to the solution 2 under vigorous
stirring resulted in a dark precipitate. After 1 h, the obtained
suspension was filtered and washed using distilled water (1.0 L)
before being allowed to dry for 12 h at 60 °C in an oven. The
compounds were heated to higher temperatures (100-700 °C)
for 10 h in air to obtain a brown powder.

Table 1 Amount of Cu or Ni salts to synthesize Mn-Cu or Mn-Ni

oxides.

Compound Cu(NOs),-3H,O | Ni(CH;COO),-4H,O
(mg) for Mn-Cu | (mg) for Mn-Ni
oxide oxide

1-Cu/1-Ni 27.7 (0.11 | 28.6 (0.11 mmol)
mmol)

2-Cu/2-Ni 55.5 (0.23 | 57.3 (0.23 mmol)
mmol)

3-Cu/3-Ni 111.0 (0.46 | 114.5 (0.46 mmol)
mmol)

4-Cu/4-Ni 166.0 (0.69 | 171.6 (0.69 mmol)
mmol)

5-Cu/5-Ni 277.0 (1.15 | 286.0 (1.15 mmol)
mmol)

6-Cu/6-Ni 555.0 (2.3 | 572.0 (2.3 mmol)
mmol)

7-Cu/7-Ni 1112.0 (4.61 | 1147.0 (4.61 mmol)
mmol)

Characterization

SEM was carried out with Philips CM120. For HRTEM and
TEM, samples were placed on copper grids covered with
carbon film and examined with a 300 keV Transmission
electron microscope JEM-3010 UHR (Jeol Ltd., Japan),
equipped with a retractable high-resolution slow scan CCD-
Camera (Gatan Inc., USA) with GOS phosphorous scintillator
and lanthanum hexaboride cathode as the electron source.

The X-ray powder patterns were recorded with a Bruker, D8
ADVANCE (Germany) diffractometer (CukK,
Atomic absorption spectroscopy (AAS) was performed on an

radiation).

Atomic Absorption Spectrometer Varian Spectr AA 110 to
determine the content of manganese. Prior to each analysis, the

2| J. Name., 2012, 00, 1-3

analyzed oxide (2 mg) was added to concentrated nitric acid
and H,0,, left at room temperature to ensure that the oxides
were completely dissolved. The solutions were then diluted to
50 or 100 mL and analyzed by AAS.

Water oxidation

Oxygen evolution from aqueous solutions in the presence of
cerium(IV) ammonium nitrate, (NH4),Ce(NO3)4, (Ce(IV)) was
measured using an HQ40d portable dissolved oxygen meter
connected to an oxygen monitor with digital readout. The
reactor was maintained at 25.0 °C in a water bath (Fig. S1). In a
typical run, the instrument readout was calibrated against air-
saturated distilled water stirred continually with a magnetic
stirrer in the air-tight reactor. After ensuring a constant baseline
reading, the water in the reactor was replaced with Ce(IV)
solution. Without catalyst, Ce(IV) was stable under this
condition and oxygen evolution was not observed. After
deaeration of the Ce(IV) solution with argon, Mn oxides as
several small particles were added, and oxygen evolution was
recorded with the oxygen meter under stirring. The formation
of oxygen was followed, and oxygen formation rates per
manganese ions (detected by AAS) were obtained from linear
fits of the data.

Results and discussion

We synthesized Mn oxides by the reaction of Mn(II) and MnO,4
in concentrated KOH and in the presence of different amounts
of Cu(Il) or Ni(Il). XRD data for the layered Mn oxide with
redox-inactive ions show weak peaks at near 26 ~ 38°, observed
in all octahedrally-coordinated Mn oxide materials,'® and the
peak near 20 ~ 11° and 65°, found in most layered materials
such as birnessite. It is interesting to note that when we
synthesized Mn oxide in the presence of Cu(II) or Ni(Il), other
compounds were also formed (Fig. 1). Prepared 1-Cu-7-Cu at
60 °C are amorphous but layered Mn oxide is detectable (Fig.
S4). CuO is detectable in 7-Cu (Fig. S4). Heating of the
compounds at 200-300 °C causes a few CuMn,0O, formation
that is detectable by XRD (Fig. S4). At higher temperatures (>
500 °C), layered Mn oxide converts to KMngO,4 and CuO is
also formed. At 600 °C KMngO;4, CuO and CuMn,0O, are
detectable (Fig. S4). At 700 °C, Mn;O4 and CuMn,O, are
formed (Fig. S4). 1-Ni-7-Ni prepared at 60 °C, similar to Cu,
are amorphous. However, layered Mn oxide is detectable in all
of them (Fig. S5). Ni(OH), is detectable in 7-Ni (Fig. S5).
Heating of the compounds at 300 °C causes no fundamental
changes for the layered Mn oxide (Fig. S5). At higher
temperatures, 500-600 °C, KMngO4 and NiMnO; are formed.
At 700 °C, only NiMn,0y, is detectable (Fig. S5).

This journal is © The Royal Society of Chemistry 2012

Page 2 of 8



Page 3 of 8

Journal Name

RSC Advances

900
800-
700 4
600

Intensity [a.u.]
n
=

1 M‘WM i

v

A
WMMM%WWWWWWW

3000

LTA / | c
W Pyl w"r*f\WW'wWWﬂ‘CW i

3
1
i

2Theta [degrees]

50 60 70 80

900 a
800
700
) g
= 600 - I ,
S e st s | \ f
= SOO_WMWWMMW ot LR SO SV TSN Y STV
g i e
g 400+ )
= 300 -
. i ) c
Lot , AN it
200"
] b
IOO-WWM TR L L T v,
P SIS =
T T T T T T T T T T T T T
10 20 30 40 50 60 70 80
2Theta [degrees]
b
1600
1400
'S 1200
8
"E 1000
=
e
=
800
600
Ml
T T T T T T

10

20 30 40 50 60 70

2Theta [degrees]
c

This journal is © The Royal Society of Chemistry 2012

80

ARTICLE
3000

2500 ‘
211

2000+

1500

Intensity [a.u.]

1000

500

10 20 30 40 50 60 70 80
2Theta [degrees]

d

Fig. 1 a: XRD patterns for 3-Cu (a, black), 5-Cu (b, red) and 7-Cu (c, green).
Calcinated 4-Cu at 300 (d, blue), 500 (e, navy), 600 (f, pink) and 700 (g,
gray) °C. b: XRD patterns for 3-Ni (a, black), 5-Ni (b, red) and 7-Ni (c,
green). Calcinated 4-Ni at 300 (d, blue), 500 (e, navy), 600 (f, pink) and 700
(g, gray) °C. c: Details for XRD patterns for calcinated 4-Cu at 200 °C.
Related peaks for layered Mn oxide. d: Details for XRD patterns for
calcinated 4-Ni at 400 °C. Related peaks for NiMnOs (green) and KMnsO,¢
(orange).
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b measured interplanar distances of ~ 0.26 nm (corresponding to
[104] in NiMnOs). It is confirmed by XRD.

The calcinated 4-Cu at 200 °C contains large crystals with
round edges, apparently covered with a thin layer of amorphous
substance (Fig. 3). The presence of amorphous part makes it
difficult to follow the details of the crystalline part.

L.2,=442 48|nm

& L1 41l65nm

. » -
SEM MAG:50.00 k¢  WD: 6.347 mm VEGAWTESCAN
SEM HV: 15.00 KV Det: SE Detector 500 nm h
Date(midiy): 02/22/114 Vac: Hivac RAZI n

LS =24.99 nm

1=26.34 nm

L4 = 66.64 nm $2'231.72 nm

'3 = 78.59 nm
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d

Fig. 2 SEM images for calcinated 4-Cu at 200 °C (a), 7-Cu (b),
calcinated 4-Ni at 400 °C (c) and 7-Ni (d).

SEM images in all compounds show amorphous particles with
diameter of less than 100 nm (Fig. 2). The samples of 4-Ni
calcinated at 400 °C and 4-Cu at 200 °C comprise crystals of
30-250 nm diameters (Fig. 3a, b, Fig. S2 and S3). Fig. 3c and d
show TEM and HRTEM images of 4-Ni at 400 °C, where the
crystal lattice planes visible at the edges correspond to the

4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
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Fig. 3 TEM and HRTEM images of 4-Cu calcinated at 200 °C
(a,b) and 4-Ni at 400 °C (c,d). d shows [104] in NiMnOs.

3.2 Water oxidation

(Ce(IV)) as a non-oxo transfer agent, soluble in water, stable

and a strong one-electron oxidant is widely used as the primary
oxidant in the oxidation of water to 0xygen.9 As shown in Fig.
4, even low amounts of Cu(Il) decrease water-oxidizing activity
of the layered Mn oxide. However, Ni(Il) in low amounts has
less effect than Cu(Il) on water oxidation. In both cases, a few
increases in water oxidation were observed by increasing the
concentration of Ce(IV).
Temperature has no effect on water oxidation catalysed by 4-
Ni. However, 4-Cu shows a higher activity at 200 °C. In
consist with previously reported results,'® we found that the
surfaces of compounds have low effect on water oxidation. For
example, the surfaces of 4-Cu and 4-Ni are 118 and 26 m*/g
(Fig. S6), respectively. However, water oxidation activities of
these compounds are very similar (Fig. 4a).

This journal is © The Royal Society of Chemistry 2012
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Fig. 4 The turnover frequency (TOF, mmol O,/mol Mn.s) for water
oxidation by 1-Cu-7-Cu from Cu (blue) and Ni (red). The effect of
concentration of Ce(IV) (b) and calcination temperature (c) on TOF by
4-Cu and 4-Ni. The concentration for Ce(IV) is 0.11 M at 25 °C.

On comparison with other layered Mn oxides (Table 2) (TOF ~
0.8-3), it is clear that Cu(Il) or Ni(II) ions decreases water-
oxidizing activity of the layered Mn oxides. Among different
factors influencing water oxidation, it is also important to note

J. Name., 2012, 00, 1-3 | 5
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that layered Mn oxides intercalated with different ions show
different characteristics.

Table 2 The rate of water oxidation by the various Mn based catalysts

for water oxidation in the presence of non-oxygen transfer oxidant.

For example, Ca-Mn oxides are amorphous until ~500 °C but
similar compound containing K ions forms crystalline phase
even at ~300 °C.'%!'*1¢ I contrast to the crystaline K-Mn oxide,
anhydrous, amorphous and calcinated Ca-Mn oxide shows
efficient water oxidation. Ni(II) ions in the presence of layered
Mn oxides at 400-500 °C instead of modification of the layered
structure forms crystalline NiMnO; that is not an efficient
water-oxidizing catalyst under our experimental conditions.
Cu(Il) has similar characteristics with formation of CuMn,O,
and CuO at 400-500 °C. Such phases are present even at lower
temperatures. Under these conditions, some active Mn sites are
consumed to form such inactive phases. Thus, we concluded
that where the layered structures are stable at 300-500 °C, we
expect high water oxidation rates by Mn oxides.'® The active
catalysts have layered structure but the layers did not display
any long-range order. Using TEM and electron scattering
simulations, Chang and Spiccia indicated that the birnessite
phase with high degree of layer mis-registration, and a high
concentration of Mn vacancies are efficient catalysts toward
water oxidation.!" We also proposed that the activities may
correlate with the degree of disorder in the layered Mn oxide.
On the other hand, covering active sites on the surface of
layered Mn oxide by Cu(Il) or Ni(Il) ions can decrease water
oxidation activity. In the case of Cu(ll) or Ni(Il) ions,
perturbation in water oxidation by these redox-active ions is
also possible.

Conclusions

Layered manganese oxides were synthesized by the reaction of
Mn(CH3;COO),-4H,0 and KMnOQy in the presence of copper(1l)
or nickel(Il) ions. The compounds were characterized by SEM,
XRD, AAS and TEM. These compounds were tested as
catalysts of water oxidation in the presence of Ce(IV). In
comparison with other layered Mn oxides, we found that Cu(II)
or Ni(II) decrease the water-oxidizing activity of the layered
Mn oxides. We suggest that Ni(II) or Cu(Il) ions in the
presence of layered Mn oxides instead of modification of the
layered structure for water oxidation form other phases that are
not efficient as water-oxidizing catalysts. The results could
show that redox-active cations may decrease water-oxidizing
activity of these oxides.
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Table 2

TOF
Compound Oxidant References
mmol O,/mol Mn
Optimistic Ca-Mn oxide Ce(1V) 3.0 12
Nano scale Mn oxide Ce(IV) 2.62 13
within NaY zeolite
Layered Mn-Ca oxide Ce(1V) 2.2 14
Layered Mn-Al, Zn, K,
. Ce(1V) 0.8-2.2 15,16
Cd and Mg oxide
Layered Mn-Cu(ll) or Ce(1V) 0.4-0.6 This work
Ni(II) oxide
CaMn,04.H,O Ce(1V) 0.54 17
Amorphous Mn Ru(bpy);*’ 0.06 18
Oxides Ce(IV) 0.52
CaMn,04.4H,0 Ce(IV) 0.32 17
Mn oxide nanoclusters Ru(bpy);** 0.28 19
Mn oxide-coated Ce(1V) 0.22 20
montmorillonite
Layered Mn-Cu(ll) or Ce(1V) 0.2-0.35 This work
Ni(II) oxide
Octahedral ~ Molecular Ru(bpy);** 0.11 18
Sieves Ce(1V) 0.05
MnO, (colloid) Ce(1V) 0.09 21
a-MnO, 3
. Ru(bpy)s 0.059 22
nanowires
CaMn;0¢ Ce(1V) 0.046 23
CaMnyOg Ce(1V) 0.035 24
o-MnO, -
Ru(bpy)s” 0.035 22
nanotubes
Mn,0; Ce(IV) 0.027 17
-MnO
g 2 Ru(bpy)s** 0.02 22
nanowires
Ca,Mn;03 Ce(1V) 0.016 24
CaMnO; Ce(1V) 0.012 24
Nano-sized A-MnO, Ru(bpy);** 0.03 25
Bulk a-MnO, Ru(bpy);*’ 0.01 22
Mn Complexes Ce(1V) 0.01-0.6 26-27
PSII Sunlight 100-400 x 10° 28,29
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