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Nano-sized Mn oxide on halloysite or high surface
area montmorillonite as an efficient catalyst for water
oxidation with cerium(IV) ammonium nitrate:
Supports from natural sourcest

Mohammad Mahdi Najafpour®” and Emad Amini®

We used halloysite, a nano-sized natural mineral, and high surface area montmorillonite as supports
for nano-sized Mn oxide to synthesize efficient water-oxidising catalysts. The composites were
synthesized by an easy and simple procedure, and characterized by scanning electron microscopy,
transmission electron microscopy, X-ray photoelectron spectroscopy, Fourier transform infrared
spectroscopy, and X-ray diffraction spectrometry. Halloysite has low amounts of hydroxyl groups
on its surface, thus it causes better dispersion of Mn oxides. The water-oxidising activities of these
composites were also measured in the presence of cerium(IV) ammonium nitrate. Considering the
low-cost, environmentally friendly precursors, simple synthesis and efficiency for water oxidation,

the composites are promising catalysts in artificial photosynthetic systems.

Introduction

Electrochemical or photoelectrochemical water splitting to high
scale H, production is a promising route for the conversion of
sustainable, but intermittent energies.' Efficient light harvesting
compounds, charge separation and catalysts are necessary in this
procedure.! Among different reactions, water oxidation is a
bottleneck for water splitting into H, and O, and thus, the finding of
an efficient, cheap and environmentally friendly water-oxidising
compound is highly desirable for artificial photosynthetic systems.'
Among different compounds,” Mn complexes® are very interesting
because they are not only cheap and environmentally friendly, but
also Nature® uses a Mn oxido cluster for water oxidation. However,
a few manganese complexes have been reported as true catalyst for
water oxidation.” Many Mn complexes are decomposed, or are not
true catalysts for water oxidation in the presence of oxidants.® Mn
oxides are true catalysts in some water-oxidation reactions by Mn-
based catalysts.®

In 1968, Glikman and Shcheglova reported water-oxidising activirty
of Mn oxides in the presence of cerium(IV) ammonium nitrate
(Ce(IV)) as an oxidant.” In the next step, Morita in 1977 showed
electrochemical water oxidation by the compounds.® Then, Shilov
extended the water-oxidising activity of Mn oxides in different
conditions.” Harriman’s group in 1988 indicated that cobalt, iridium,
manganese(III) and ruthenium oxides are efficient catalysts for water
oxidation in the presence of Ce(IV) or Ru(bpy);®" as chemical
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oxidant.'” The group also reported calcination temperature and
different supports as important factors in water oxidation.'’ After
these studies, different Mn oxides were introduced as efficient
catalysts toward water oxidation."'

Gold particles on Mn oxides improve their activity towards water
oxidation.'”” Nanostructured Mn oxide clusters supported on
mesoporous silica in the presence of Ru(bpy);*” was reported by Jiao
and Frei."* Jiao and Frei also suggested that the support stabilised the
catalyst and facilitated proton transfer.

In 2013, Dismukes’ group prepared very pure -MnO,, R-MnO,, a-
MHOz, S-MDOZ, )\-MDOz, LiMH204, Mn203, and Mn304. They
reported that the Mn,O; and Mn3;0, are among the most active Mn
oxides for water oxidation."* Recently, Najafpour’s group showed
that different Mn oxide phases in the presence of Ce(IV) or in
electrochemical water oxidation convert to a layered Mn oxide after
a few hours." Such nanolayered Mn oxides have no long-range
order and could be considered as disordered Mn oxides. Self-
healing for Mn oxides were also reported.'® In the self-healing
reaction, decomposition products from Mn oxide in the water-
oxidation reaction can react or combine to remake Mn oxide and is
very important in stability of Mn oxides.'®  Mn oxide/carbon
nanotubes (CNT), graphene (G), graphene oxide (GO), Cq and
nanodiamond were shown as promising composites for water
oxidation."”

Nakmura’s group reported that the treatment by amines stabilizes
Mn(III) ions on the surface of Mn oxides and increases the water-
oxidising activity of the Mn oxides efficiently.'®!®
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As discussed by Nocera, tPe population of electrons in antibonding
orbitals of metal oxide, e, and t,, , decreases the M—O bond order
and lead to decomposition. Thus, decomposition even under acidic
conditions for early first-row transition metal oxides, such as MnO,,
is lower than the late first-row metal oxides.”® The Nocera group also
reported that the Mn oxide is stable under the water oxidation
conditions up to 4 M HCl due to self-healing..”’

The promising water oxidation and oxygen reduction catalysed by o,
B, 8-MnO, or amorphous Mn oxide were investigated systematically
in alkaline media by Suib’s group.!

New applications of natural minerals are interesting and promising
area of science. Here, we considered halloysite as a support for Mn
oxide. Halloysite has a nanostructure with a tubular shape that
facilitates its use as a support for various catalysts. The nanotubes
have typical dimensions of, 10-50 nm in outer diameter, 5-20 nm in
inner diameter with 2-40 mm in length. Halloysite can be recovered
from various deposits from China, New Zealand, America, Brazil,
and France.”” Its applications contain remediation of environmental
contaminants, the delivery of drugs and various macro molecules,
storage of molecular hydrogen and for catalytic conversion and
processing of hydrocarbons, the fabrication of high quality ceramic
white-ware, nano-templates, and support for different catalysts.?
Herein, we consider Mn oxide on halloysite and high surface area
montmorillonite as water-oxidising catalysts.

Experimental
Material and methods

Halloysite (64 m%/g) and high surface (250 m%g) montmorillonite
were purchased from Sigma-Aldrich. All reagents and solvents were
purchased from commercial sources and were used without further
purification. SEM was carried out with LEO 1430VP device. The X-
ray powder patterns were recorded with a Bruker D8 ADVANCE
diffractometer (CuK, radiation). Mn atomic absorption spectroscopy
(AAS) was performed on an Atomic Absorption Spectrometer
Varian Spectr AA 110. Prior to the analysis, the composites were
added to of concentrated nitric acid (1 mL) and H,0, (0.2 mL, 30%)
, then left at room temperature for at least 1 h to ensure that the
oxides were completely dissolved. The solutions were then diluted to
25.0 mL and analysed by AAS.

Synthesis

A simple procedure was used to synthesize the composites:

A solution of KMnO,4 (200 mg in 60 mL water) was added to 2.0 g
high surface area montmorillonite or halloysite. The mixture was
placed under hydrothermal condition at 120 °C for 12 h. The solid
was centrifuged, and washed with water to remove KMnO,. Then,
the brown solid was dried at 60 °C in air. The solid was calcined at at
the appropriate temperature for some experiments.

Water oxidation

Oxygen evolution from aqueous solutions in the presence of Ce(IV)
was investigated 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. In a typical run, the
instrument readout was calibrated against air-saturated distilled
water stirred continuously with a magnetic stirrer in the air-tight
reactor. After ensuring a constant baseline reading, water in the
reactor was replaced with Ce(IV) solution. Without the catalyst,
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Ce(IV) was stable and oxygen evolution was not observed. After
deaeration of the Ce(IV) solution with argon or nitrogen, Mn oxides
as powder were added, and oxygen evolution was recorded with the
oxygen meter under stirring (Scheme 1). The formation of oxygen
was followed and the oxygen formation rates per Mn site were
obtained from linear fits of the data by the initial rate. Water
oxidation was performed by a set up shown in Scheme S1 (ESIT).

Results and discussion

Nano-sized Mn oxide on halloysite or high surface area
montmorillonite was synthesized by a simple method using low-cost
and environmentally friendly method. The composites were
synthesized by the reaction of MnO, ions and halloysite or
montmorillonite. The details of the reaction are not known, however,
we propose that the decomposition of MnO,” occurs on the surface
of halloysite or montmorillonite under hydrothermal conditions:
4MnO, + 4H" — 4MnO, + 30, + 2H,0

It is possible that AIOH or SiOH on the surface of the supports
induces the decomposition of the MnO, ™ ion and nano-sized MnO,
precipitates slowly on the surface of the supports. These supports
are stable under the synthetic conditions and in contrast to nano
carbon structures, do not serve as sacrificial reductants in the
conversion of MnO,4 to Mn oxide.

In the FTIR spectra, a broad band at ~ 3200 - 3500 cm™ is observed
that is related to antisymmetric and symmetric O-H stretchings. H-
O-H bending from water can be observed at ~ 1630 cm™ (Fig. S1-
S6, ESIT).23 However, the peaks related to MnOg4 cores were not
observed because of low amounts of Mn oxide in the composites.
The 1040-1100 cm™ peaks are related to the stretching mode of Si-
0, and the band at 1030 cm™ was caused by the stretching vibration
of Si-O-Si. The bands at 520-540 cm™ was assigned to the vibration
of Al-O-Si.**

As previously reported, XRD is used to both characterize halloysite
and determine dehydrated or hydrated forms of the composites. The
hydrated halloysite exhibits a 10 A spacing of the layers and the
space for the dehydrated (meta-halloysite) is 7 A.>* In other words,
regarding hydration, there are two forms for halloysite: The hydrated
form is Al,Si,O5(OH),.2H,0 (10 A) with and the dehydrated form is
ALSi,Os(OH), (7 A).” The interlayer water in the hydrated form is
held weakly.”® Thus, 10 A halloysite is usually found in humid
regions, but in dry climates, 7 A halloysite is formed.”* According to
XRD, the peak at 12° (20) is related to a (001) basal spacing of 7 A
(Fig. 1).2 A peak at 8.8° (20) shows the 10 A form, which is
indicative of hydrated halloysite. As shown in Fig. 1, at 100 °C more
crystalinity is observed than for the original halloysite.”> However,
as the temperature is increased, the structure of halloysite
disintegrates due to the slow disappearance of the lattice water.
Details for XRD patterns for halloysite and montmorillonite are
reported in ESI (Fig. S7-S13, ESIf). The Mn oxides are amorphous
in these conditions, and no pattern related to Mn oxide is observed.

This journal is © The Royal Society of Chemistry 2012
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Fig. 1 Top: XRD patterns of nano-sized Mn oxide on halloysite. Halloysite
(a), nano-sized Mn oxide on halloysite calcined at 100 (b), 400 (c) and 500
°C (d). Below: XRD patterns of montmorillonite (a), and nano-sized Mn
oxide on montmorillonite calcined at 100 (b) and 500 °C (c).

Although amounts of Mn oxides on the surface of halloysite were
low, Mn oxide on the surface of halloysite could be also considered
by X-ray photoelectron spectroscopy (XPS). The Mn 2p3/, (640) and
2p1» (649) binding energy of the coating was consistent with that of
Mn(III) (Fig. 2).%°
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Fig. 2 XPS for nano-sized Mn oxide on halloysite (a,b). The related peaks for
Mn are shown by blue arrows (b).

To characterize the morphology of the prepared oxides, they were
studied by scanning electron microscopy (SEM).

SEM images are shown in Fig. 3a,b (also see Fig. S14-S17, ESI¥).
These images from halloysite show nanotube with dimension of 30-
100nm x 30-70nm x 300-500nm. In SEM images for
montmorillonite or Mn oxide on montmorillonite, sheets are
observed (Fig. 3c,d). TEM images (Fig. 3e-h) show nano-sized Mn
oxides on the surface of supports. Although, as shown in images,
amount of Mn oxides on the surface of halloysite is lower than
amount of Mn oxide on the surface of montmorillonite. This result
consists with the results of AAS, which indicates amount of Mn
oxides per gram of support is ~ 5 times more for montmorillonite.

SD  Date :17 Jun 2014
268  Time :12:27:54
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Fig. 3 SEM images of halloysite (a), nano-sized Mn oxide on halloysite (b),
montmorillonite (c) and nano-sized Mn oxide on montmorillonite (d). TEM
images from nano-sized Mn oxide on halloysite (e,f) or montmorillonite
(g:h).

In the next step, we studied the water-oxidation activity of these
composites in the presence of Ce(IV). The first, the effect of
calcination temperature on water-oxidising activity was considered
(Fig. 4a). The calcination temperature has an important effect on the
water-oxidation catalysis of the Mn oxide on halloysite and in the
range of 200-400 °C, the composites convert to an efficient water-
oxidising catalyst. However, at high calcined temperatures, water-
oxidising activity decreases. Similar effects have been observed for
other Mn oxides. With the montmorillonite, the calcination
temperature has little effect on the water-oxidation catalysis of the
Mn oxides within the range 200-400 °C.

The turnover frequencies (TOFs) for different amounts of both
catalysts are very similar. It means that the rate of oxygen evolution
increases linearly with the amounts of catalyst (Fig. 4b).

In the next step, we studied the effect of concentration of Ce(IV) on
the water-oxidation reaction. The reactions were done with different
concentrations of Ce(IV) keeping all other factors constant as shown
in Fig. 4c. The effects of Ce(IV) concentration is complicated due to
both water oxidation and catalyst decomposition at high Ce(IV)
levels. For nano-sized Mn oxide on halloysite, different water-
oxidising activities are not observed with different concentrations of
Ce(IV). However, with 0.55 M Ce(IV) greater water water-oxidising
activity is observed. On montmorillonite, the concentration of
Ce(IV) has little effect on the rate of catalytic water oxidation by
nano-sized Mn oxides.

In the water-oxidation condition without montmorillonite or
halloysite no oxygen evolution was observed (Fig. S20, ESIt).
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Fig. 4 Oxygen evolution of an aqueous solution of Ce(IV) (40 mL, 0.11 M) at
25.0 °C in the presence of nano-sized Mn oxide on halloysite (red) or high
surface area montmorillonite (blue) (a). Oxygen evolution of an aqueous
solution of Ce(IV) (40 mL, 0.11) at 25.0 °C in the presence of different
amounts of nano-sized Mn oxide on halloysite (red) or high surface area
montmorillonite (blue)  calcined at 400 and 100 °C, respectively (b).
Oxygen evolution of an aqueous solution of Ce(IV) with different
concentrations of Ce(IV) at 25.0 °C in the presence of nano-sized Mn oxide
on halloysite (red) or high surface area montmorillonite (blue) calcined at
400 and 100 °C, respectively (b).

Comparing with other Mn oxides (Table 1), nano-sized Mn oxide on
halloysite is amongst the most efficient catalysts toward water
oxidation in the presence of chemical oxidant with TOF ~ 1.5-2.8.
The nano-sized Mn oxide on high surface area montmorillonite is
also a good catalyst for water oxidation (TOF ~ 0.5). Under the
conditions used for water oxidation the Mn oxides supported on
halloysite or high surface are montmorillonite are more stable than
on carbon nanotube supports. In other words, although nano carbons
can improve electron transfer, they are less stable than nano-
Si0,/Al,0; structures. On the other hand, halloysite and

J. Name., 2012, 00, 1-3 | 5
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montmorillonite, in contrast to many nano carbons, are low-cost and
non-toxic.

Table 1 The rate of water oxidation by the various Mn based catalysts for
water oxidation in the presence of non-oxygen transfer oxidant chemical
oxidants.

Compared with other silicates such as kaolinite and
montmorillonites, halloysite has a low density of surface hydroxyl
groups. Such low densities of hydroxyl groups on the surface causes
better dispersion of Mn oxides than other silicate.”? AAS and TEM
images show that the amount of Mn oxides on the surface of
montmorillonite and halloysite are ~ 1% and 0.2 %, respectively.
Thus, Mn oxide on the surface of montmorillonite is~ 5 times more
than Mn oxides on the surface of halloysite. Such low amounts of
Mn oxide on the surface of halloysite cause smaller/thinner Mn
oxides, which are more efficient in water oxidation. On the other
hand, this higher loading effect may be due to the clay mineral being
acid activated to increase the surface is allowing larger MnO,
crystals to form on the macro-/meso-porous surface. The large
crystals, no-longer being nano-sized will be less active as catalysts,
possibly explaining the lower activity of the montmorillonite
supported catalyst. To find long-term stability of catalysts, we
analyzed amounts of Mn in a solution of Ce(IV) (0.11 M) after
different times (Fig. 5). As shown in Fig. 5, high decomposition of
Mn oxide supported on montmorillonite occurs in this condition but
lower decomposition of Mn oxide supported on halloysite was
observed in this condition.

Conclusions

We synthesized nano-sized Mn oxide on halloysite or high
surface area montmorillonite by a simple method. Nano-sized
Mn oxide on halloysite is an efficient catalyst toward water
oxidation (TOF ~ 1.5-2.8), and nano-sized Mn oxide on high
surface area montmorillonite is reasonable catalyst for this
catalytic reaction (TOF ~ 0.5). We also studied the effect of
amount of catalysts, concentration of Ce(IV) and calcination
temperatures on water-oxidation reaction of these catalysts. The
effect of amount of catalysts and the concentrations of Ce(IV)
on water-oxidising activities of these catalysts were small.
However, calcination temperature was an important factor for
the efficiency of the catalysed process with MnO, on halloysite.
In contrast to nano carbon structures, both halloysite and high
surface area montmorillonite as supports are stable under the
water-oxidising condition. Halloysite has been used as a
support for a variety of catalysts for different reactions,”>* we
suggest that the mineral is also a promising support for other
oxidation catalysts due to its stability, low cost and its being
environmentally. Halloysite has a low density of surface
hydroxyl groups, thus giving better dispersion of Mn oxides
than other silicates. The results show that supports have
important effect to improve water-oxidizing activity of Mn
oxide toward water oxidation. A challenge in future is synthesis
of stable Mn oxide on such supports.
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In water splitting systems, largescale deployment issue is very
important and even cobalt with its high importance for battery
components is now believed as a critical material in according
to its significant supply risks for largescale deployment.*®4’
Thus, efficient, environmentally friendly,
available Mn-based catalysts such as Mn oxides and supports
such as SiO, are promising in artificial photosynthesis. On the
other hand, morphologies and structures of supports are also
important to improve catalytic activity of catalyst. Such
catalysts can be used in the presence of chemical oxidant,
photochemical and electrochemical conditions.
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TOF
Compound Oxidant mmol References
O,/mol Mn.s
Nano-sized Mn oxide Ce(1V) 1.5-2.8 This work
on halloysite
Nano scale Mn oxide Ce(1V) 2.62 25
within NaY zeolite
Layered Mn-Ca oxide Ce(1V) 22 24,26
Layered Mn-Al, Zn, K,
Cd and Mg oxide Ce(IV) 0.8-2.2 27,28
Layered Ni(I) oxide Ce(IV) 0.4-0.6 29
CaMn,04.H,0 Ce(IV) 0.54 30
Amorphous Mn Ru(bpy);™’ 0.06
. 31
Oxides Ce(IV) 0.52
Nano-sized Mn oxide
on high surface (high Ce(V) 05 This work
surface)
montmorillonite
Nanolayered Mn oxide Ce(IV) 0.45 32
CaMn,04.4H,0 Ce(IV) 0.32 30
Mn oxide nanoclusters Ru(bpy);*’ 0.28 33
-MnO(OH) CAN 0.24 34
Mn oxide-coated Ce(IV) 0.22 35
montmorillonite (low
surface)
Layered Mn-Cu(1l) Ce(1V) 0.2-0.35 29
Mn;04 CAN 0.01-0.17 34
Octahedral Molecular Ru(bpy)s™ 0.11
Sieves
31
Ce(IV) 0.05
MnO; (colloid) Ce(IV) 0.09 36
(X—MIIOQ 3+
nanowires Ru(bpy)s 0.059 37
CaMn;04 Ce(IV) 0.046 38
CaMn,Og Ce(IV) 0.035 39
a-MnO, 34
nanotubes Ru(bpy)s 0.035 37
Mn,05 Ce(IV) 0.027 30
ﬁ -MnOz 3+
nanowires Ru(bpy)s 0.02 37
Ca,Mn;05 Ce(IV) 0.016 39
CaMnOs Ce(IV) 0.012 39
Nano-sized A-MnO, Ru(bpy);*’ 0.03 40
Bulk a-MnO;, Ru(bpy)s™ 0.01 37
Mn Complexes Ce(IV) 0.01-0.6 41,42
PSII Sunlight 1001‘(‘)?0 * 43,44




