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Chapter 1 Introduction

1.Background

Recently, development of metal oxide nanopartidd@s attracted enormous attention
because of their significant applications in catlyenergy storage, magnetic data storage,
sensors, and biomedical applicatithVariable oxides of manganese are known due to the
presence of Mn in different oxidation states (ll, IV, and VII). The magnetic, structural,
and transport properties of these manganese oxales of considerable interest in
understanding their unique properties from a funefatal point of view?>

Manganese oxide and oxyhydroxide nanostructurecennadt are of great importance
because of their low cost, high natural abundarce] environmental compatibilify.
Manganese oxide materials are widely applied inym@lds, such as batteries, catalysts,
electrochromic, and magnetic materiats.

Manganese forms the stable oxides M&NN30,4, a-Mn,03, and MnQ as well as the

metastable MsDs, the structural properties of these oxides atediin Table 12

Table 1. Manganese oxides structural d&ta.

Oxide MnO a-Mn ;0,4 MnsOg a-Mn,04 B-MnO,
JCPDS 71-1177 24-0734 39-1218 41-1442 43-1455
Mineral Name Mangosite Hausmannite Bixbyite Pyrolusite
Valence +2 +2, 43 +2, +4 +3 +4
Crystal Structure Cubic Tetragonal Monoclinic  Cubic Tetragonal/
Rutile-type
Space group Fm3n 14,/amd C2/m a3 PAmnm
Lattice a=4.446 a=5.7621 a=10.392 a=9.4091 a=4.3999
parameters b=9.4696 b=5.730 c=2.8740
c= 4.866,
B =109.62
Formula units/ 4 4 2 16 2
unit cell
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A more detailed overview about various manganesgedxydroxide phases including their
structure, synthesis, properties and applicatidhlv@ shown in this chapter. We will focus
also on the shortage of the reported studies amamganese oxide/hydroxide nanoparticles

that encourage us to do our research project.

1.1. Manganese oxyhydroxides (MNnOOH)
1.1.1 Structure

Oxyhydroxides of metals RIOOH can be divided into two structural groups; ¢rees
octahedral coordination and strong hydrogen bomud i@ the other M is seven-fold
coordinated without strong hydrogen bonds. In #eoad group (M = Ho, Tb, Yb, Lu, Er,
Y) there are six oxygen atoms, three of which amdrdxyl groups. These oxygen atoms will
form a trigonal coordination prism around M, and geventh O locates along a normal to a
prism face closest to the M center. Oxyhydroxidéh wctahedral arrangement around M are
existing for M* = Al, Sc, Y, V, Cr, Mn, Fe, Co, Ni, Rh, Ga, and Marious modifications

can exist for this class of oxyhydroxides, commdahelled by a Greek letter as prefi.

Three polymorphs with distorted octahedral coortimaabout MA*, groutite;o-MnOOH,
manganitey-MnOOH and feitknechtiteg}-MnOOH are well known for MNOOH. Each phase
has its own character. Manganite is composed of ®joctahedra that are edge- and corner-
shared forming a 1x1 tunnelled structure, into ¢hesinels hydrogen atoms reside. As a
result of Jahn-Teller effects the Mn octahedra are distorted; manganite crystallizes i
monoclinic system. The other forms of MNOOH ar&nOOH (groutite) and3-MnOOH
(feitknechtite), both of these are also composedViof'Og octahedra that are edge-and
corner-shared. In case of groutite connection tdleedra will result in a 2x1 tunnels whereas
feitknechtite forms an octahedral layered structfire
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Figure 1. Crystal structure of the different modifications BINOOH: a) manganite;
y-MnOOH, b) feitknechtite-MnOOH and c) groutiteg-MnOOH.

As depicted in Figure 1, Feitknechtite-NMInOOH) has a lamellar structure and is
considered to be a metastable polymorph, wiildnOOH is the most stable form of
manganese oxyhydroxidés.

Most of the published work (as we will see lateraswfocusing on the studying of
manganite synthesis and its variable applicatiqgreb@bly as a result of its structural

stability). Few reports were developed on the bakthe other two typeS:*’

1.1.2Importance and applications

A lot of valuable technological applications haveeeb reported for manganese
oxyhydroxide nanocrystals particularly manganitecause of their fabulous structural
flexibility associated with novel chemical and picgs properties® y-MnOOH was found to
have freaked adsorption capacities for scavengungemous trace elements from aquatic
environments. It has strong oxidizing abilities fatural and xenobiotic organic substances
and is considered as a model compound in understaneactivity of trivalent Mn in many
minerals.

Manganite was used as a precursor for the systoésiomplex Mn oxides such as Li-Mn-
O for lithium ion batteries as well as a precuifeorsynthesis of other manganese oxides such
as MnQ, MnzO,, Mn,Os and metastable M®s.*

A novel non-enzymatic hydrogen peroxide,(H) sensor was made depending pn
MnOOH nanowire composite film modified glass carbelactrode (GCE). The biosensor
obtained showed outstanding performance fg©J41 This unique electrode material has the
advantages of good analytical performance, low andtsimple fabrication method making it

a promising for the development of effective nomenatic hydrogen peroxide sengr.

-5-
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1.1.3.Synthesis of MNOOH nanoparticles
1.1.3.1.Synthesis ofy-MnOOH

A lot of versatile methods were reported for theparation ofy-MnOOH nanoparticles
with different sizes and morphological shapes saghods, wires, whiskers and multipods.

We will summarize them as follow:

1.1.3.1.1Hydrothermal methods

v-MnOOH nanowires with a mean diameter of about @Rand lengths of up to several
micrometers were synthesized from hydrothermalti@agerformed between KMnQand
toluene in water at 180 °C for 2412

Y. Zhang et. al®® synthesize single-crystallimeMnOOH microrods via hydrothermal
reduction of KMnQ using NHCI, the hydrothermal temperature was set at 15@ni¢ the
reaction lasts 24 h. SEM and TEM observations fdededhat the diameters of these
microrods ranging from 0.2 tol1.2 um and lengthgaigeveral tens of micrometeidolar
ratio between KMn@ and NHCI was identified as a key parameter for the préidacof
clean phase-MnOOH. The reaction temperature was a criticatdafor formation of either
clean phase-MnOOH or birnessite type manganese oxide, the d&ion of purey-MnOOH

needs high reaction temperature.

G. Xi et.al. prepareg-MnOOH nanorods by reducing KMn@vith Kl at 120 °C for 12 h.
SEM images of the as-prepared products revealdgdtbg were uniform and consisted of a
large quantity of nanorods with a diameter in raofjp0—-120 nm and tens of micrometers in
length?* y-MnOOH nanorods was then used as a precursor foduption of B-MnO,
nanorods by calcination at 250 °C for 2 h. The iotgH calcination time, temperature and

heating rate on the quality pfMnO, nanorods was studied.

1.1.3.1.2Solvothermal methods

y-MnOOH nanorods and M@, nanoparticles were prepared, respectively, throagh
solvothermal reaction of KMn{) where ethanol/water solution was used as a sblVédre
ethanol/water ratio and reaction temperature wetsd to have enormous effects on the
phase of the final product. The results indicatat tormation of single phase of My
nanoparticles needs higher reaction temperature ragler volume percent of ethanol
(>50%), whereas the formation of single phase-MfnOOH nanorods needs lower reaction
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temperature and lower volume percent of ethandl@®s). TEM investigations revealed that
MnOOH has rod-like morphology and the diametehese rods is in the range 50-500 Tim.

Single crystaly-MnOOH nanorod® were prepared through a solvothermal reaction by
reduction of KMnQ by DMF (Dimethylformamide) under temperature of012C for
different reaction time. The results showed thatrtiorphology of so obtaingdMnOOH can
be well controlled by simply controlling the reactitime. TEM images of the products which
prepared from the reactions performed at 120 °C2fdr and 4 h showed some lamellar
structures besides wire nanostructures which hamdency to curl. Whereas the product
obtained at 120 °C for 6 h comprises a large nurabeanorods with a diameter range of 5—
55 nm and lengths up to hundreds of nanometersevenwthere were some impurities in the
products. TEM analysis fo-MnOOH produced at 120 °C for 10 h indicated thabintains a
large quantity of nanorods with the average diameft® nm and length reaches hundreds of
nanometers. High-resolution TEM (HRTEM) for thetlase showed that a fringe spacing of
0.342 nm along the longitudinal axis and 0.287 nom@the latitudinal axis of the nanorod,
which correspond to those ofl{1) and (101) planes of-MnOOH. y-MnOOH nanorods
prepared by this method exhibited a high speciipacitance and good electrochemical
performance as electrode materials for supercapacit

1.1.3.1.3Surfactant-assisted methods

Facile CTAB (cetyltrimethylammonium bromide) asstst hydrothermal method for
synthesis of-MnOOH single crystalline nanorods was reportech Mydrothermal treatment
of MnSQ, and NaOH in the presence of CTAB at 200 °C fohZ0MnOOH nanorods were
obtained. Subsequently, MNOOH was heat-treatedd@t°® for 3 h to produc@-MnO..
From the TEM images wire-like nanostructures witlot 40-100 nm in diameter and tens of
microns in length have been observed for bpfMIinOOH and its annealing produft
MnO,.?’

y-MnOOH whisker§® were synthesized using Mn$8,0 and ethylamine as the alkali
source at 120 °C for 72 h in the presence of catisarfactant (CTAB). The product is
obtained under extremely low surfactant concemnatiand under basic conditiofisMnO,
whiskers were obtained by subsequent calcinatioM@®OH whiskers at 300 °C for 1 h.
XRD analysis for the product obtained showed thaside manganite whiskers few

feitknechtite (layered—type manganese oxyhydroxide is free of interlayer cations) were

-7 -
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observed. Fof-MnO, minor impurities ofy-Mn3O4 were observed as well. TEM and SEM
images for the as-synthesized sample indicateea-fike morphology, with length between
hundreds of nanometers and several micrometers daacheter ranging from several

nanometers to tens of nanometers.

A slight modifications for this method was doner#adter?® by controlling the amount of
CTAB and time of reaction, quite pure phases-MnOOH nanorods as well as piMn;0,

nanoparticles were produced.

Solid MnQ; nanoparticles (MNnOOH, M3, and MnQ) with different shapes as sphere,
wire, rod, and particf® were synthesized via a simple one-pot hydrothenmethod by
reacting Mn(NQ), and sodium dodecylbenzenesulfonate (SDBS) in vet&r0 °C for 12 h.
Surfactant concentration was the key factor thattrots phase and shape of MnOx

nanocrystals so obtained as shown in the schemegiesentation depicted in Figure 2.

@) ) M —
Va/)exchange release My~ — M

(b)
H* %84 y
N;rnn : hlgh SDBS/ .IQ‘.V. '\ln’+ mli\g:lo(s)[glilre
=
[Miosl " median SDBS paaia
TOZ

nanorod/wire

low SDBS/high Mn?*

Figure 2. Schematic illustration for controlled fabricatioof MnQ; nanostructures: (a)
represents ion exchange betweeri lad Mrf* and (b) represents surfactant assemblies and
formation of MnQ solids with various morphological shap®s.
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1.1.3.1.4Polymer assisted methods

y-MnOOH nanorods having different diameters werepared by a simple one-step
polymer-assisted hydrothermal method via the reactof Mn(NQGs), solution with
polyethylene glycol (PEG-10000). Variation of thelwme of Mn(NQ), solution was having
significant impact on the diameters of as synttesizMnOOH nanorods’ Manganite
nanorods were then used as a precursor for sysatleésboth f-MnO, and a-Mn,O3 by

calcination at 350 and 600 °C, respectively for 1 h

v-MnOOH multipods were fabricated hydrothermally wieduction of KMnQ using
PEG200. Morphological shape was significantly cleghlgy addition of the surfactant CTAB.
Addition of CTAB into the starting reactant leads formation of one-dimensional (1D)
MnOOH nanowires instead of multipods. Phase congxgberiments were achieved by
controlling the volume of PEG200. TEM and HRTEM gea of y-MnOOH multipods
showed the formation of mixtures of three-, found aix-armed multipods. The diameter of
each arm was variable, ranging from 40 to 120 nohtaey were uniform along the length
direction, the length of the arms was about 800200 nm. Fory-MnOOH nanowires, TEM
and HRTEM observations showed that the productistsnef a large number of nanowires
with a diameter in the range of 10-120 nm and kengjt tens of micrometers and no

multipods were observed.

1.1.3.1.5Comproportionation reaction

The redox reaction between KMp@nd Mn(OAc).4H,O, was utilized for synthesis of
v-MnOOH nanorods and square-like M nanoparticle via a facile hydrothermal method
coupled with variation of the pH value of the réactmedium. Variable values were used for
pH and temperature in this reaction. The influeoicthe temperature and the pH value on the
final product is shown in Table3.

Actually, this kind of reactions is a promising omat only because of their simplicity but
also because they provide versatile experimentahnpeters that are most useful for
modifying the product phase. In addition to the amotatio of Mri*/ MnO,, type of
manganese salt as well as the type of the alkalalnué the permanganate salt will have

significant influence.



Chapter 1 Introduction

Table 2. Impact of reaction temperature and the pH valutherproduct phase and its particle

size <d>¥
Reactant Temp. °C  pH Product <d>/nm
MnO, 210 1-4  y-MnOOH nanorods > 50
* 4-13 y-MnOOH and MO,
Mn?* 14 square-like MgO4 nanoparticles  30-50
180 1-4  y-MnOOH nanorods 40-60
4-14 y-MnOOH and MRO,4
150 1-14 MnOOH nanoparticles

It is apparent that both the reaction temperatacethe pH value played an important role
in influencing the crystallographic form of thedirproducts.

HRTEM image ofy-MnOOH obtained at 180 °C revealed that the narof@Ve uniform
structures and the interlayer distances are c4.1th3and 0.25 nm that are matched with the

lattice space of 111) and (111) planes of bulk-MnOOH, respectively. The results of
HRTEM and SAED ofy-MnOOH nanorods indicated a single crystal natdige growth
direction was identified along [111] crystal direct>

A slight modification was introduced to this methbg Xia Caoa et.& Instead of
performing the reaction hydrothermally, the compmipnation reaction between KMnO
and Mn(OAc).4H,O was carried out under refluxing conditions fooai12 h. SEM image
with higher magnification showed that the diametérthese nanowires is about 20 nm
whereas the length can be up to tens of micromelRTEM images indicated that the
diameter of the ultra-long nanowires is in the madg 20—25 nm, the lattice fringe spacing
was determined to be 0.26 nm which agreed withdtkalue for monoclinic MNOOH (020)
planes (0.2639 nm).

To the best of our knowledge most of the previagsorts were utilized mainly for the
preparation of manganite nanocrystals with a sipgleicle size, none of them has studied
how to manage the various experimental parameterthé purpose of modifying the average
particle size (i.e., size-selective experimentspiisgrowth for the obtained nanocrystals still
obscured.

-10 -
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1.1.3.2.Synthesis off-MnOOH

Indeed, few reports were issued for feitknechtiaaparticles>*® Limited synthetic routes
were presented for its preparation which might beoemal result of its low stability and
difficulty to obtain it in a clean form. These metls comprise the following:

A large scale synthesis of ultrath)sMnOOH nanofiber® were performed via a green

chemical method by aging a mixture of very diluggi@us solution of Mn(N§), (0.4 mmol
L™Y) and amino ethanol (0.8 mmol*Lat room temperature for 1.5 h. Alternativelycdin be
obtained by aging a mixture of very dilute aquesaisition of Mn(NQ@), (0.4 mmol ') and
sodium hydroxide (0.8 mmoll) for 24 h. The diameter of these nanowires watuated by
applying Scherrer’s formula to the strongest XR@kand was found 27 nm, which agreed
with that observed by SEM and TEM for bundles.
TEM investigations revealed that the nanofibersewariform and had an average diameter of
25 nm. High-magnification TEM and SEM images ilhas¢éd that these nanofibers were
bundles consisting of fine nanofibers of 3-5 nmdiameter and are parallel assembled
together. The HRTEM results showed as well thaseéhBbers are grown along <010>

direction. The specific surface area of thg9dnOOH nanofibers was 104°g™ %,

Evolution of the morphology and phase transitioB-¢iInOOH nanocrystals (prepared by
the same method as above) ¢f0MNOOH in water under hydrothermal conditions were
studied by X. B. Cheni-MnOOH nanowires with a diameter of 40-100 nm wav&ined. A
synchronous oriented-attachment and dissolutionystadlization mechanism was used to
interpret this transition. Subsequent annealing3#MnOOH in oxygen atmosphere for 1 h at
temperatures of 300 °C, 400 °C and 500 °C resuhetbrmation of MO, MnO, and
Mn,O3 nanofibers, respectively. These results are differfrom that is reported for
calcination of B-MnOOH under air atmosphere where 3@y, MnO, and MnOs; were
obtained at temperatures of 400 °C, 600 °C and®8)@espectively>

Obviously, modest work was reported on single phestknechtite. The previously
mentioned methods for synthesis of feitknechtitewskd a shortage in the characterization. A
single reflection in the powder pattern locates2at~ 19.2° was observed which is
unsatisfactory to relate the pattern to feitkneehtReally, further characterization methods
are necessary to identify feitknechtite.

According to the forgoing reports about manganesdydroxides, we have seen that it is

possible to prepare the other manganese oxidespeMnO,, MnsOg, Mn,O3 and MO,
-11 -
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through heat-treatment of manganese oxyhydroxidgeypsors. In particular, the thermal
decomposition of manganite under different atmosgshavill give rise to the formation of
various manganese oxides. Consequently, it is pobrance to clarify the various thermal

behaviors that manganite can adopt under differenditions.

1.1.4Thermal behavior of manganite

Thermal behavior of manganite was studied frequeaither in air or under an inert
atmosphere (Nor argon), different sequences were proposedtgothermal decomposition.
Under air conditions several mechanisms were regdtt> The most relevant one which
widely spread in literature showed that manganrtly undergoes oxidative dehydration to
pyrolusite $-MnO,) which subsequently reduced to bixbite-Mn,O3) and this finally

undergoes further reduction to hausmannit®s04).>*

4y-MnOOH +0, O [}[1~ 48-MnO,+ 2H,0 (1)
2 B-MnO, 0 [F1- a-Mn 0, + % O, )
30-Mn,0; O [F[) ~ 20-Mn 0+ % O, 3)

Heating of manganite in nitrogen fldwor under vacuuff up to 700 °C points to
completely different reaction sequences. The firsiss loss could be ascribed to the
formation of a mixture of the metastable states®y1and a-Mn3O4. MnsOg suffered a

reductive decomposition i@Mn30, in the second step.

8y-MNOOHO [J71~ Mn;O; +a-Mn O, + 4H,0 (4)

Mn;0g O [J kD3 5 Mn,0, +2 G, (5)

In another scheme it is proposed tha®inOOH decomposes directly w@Mns;O, under
argon flow. The second and third steps exhibit Emaks losses and could not be interpreted.
The residue obtained at the end of the decompogitiocess was examined by XRD analysis
which is characterized asMnzO4. Workers accounted this for some chemical chaiiggs

take place in the second and third steps. The @samg too small to be monitored by X&D.

67-MnOOH O f9f1_. 24-Mn,0,+ 3H,0 + % Q (6)

-12 -
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1.2. Manganese dioxide
1.2.1 Structure

Several polymorphs are well known for Ma® MnO, and its related oxides were
recognized as very interesting materials becausg ihssess many crystalline structures and
are rich in Mn valence. Generally, manganese dexelated materials are complex and
nonstoichiometric oxides, where foreign cationsygworbed and structural water molecules
and structural vacancies can exist within theudtires. As a result of the presence of foreign
species, the average valence of Mn generally letsvden 3 and 4. The structure of the
various MnQ related oxides is mainly based on one basic stralctinit, MnQ octahedrori?

We can summarize the structural characteristidh@imost important forms of manganese
dioxides as follow:

1.2.1.1.0ne-dimensional structures
1.2.1.1.1.Pyrolusite (3-MnO>)

The most stable form of all MnOpolymorphs has rutile-type structure with tetragon
symmetry (P4mnmY*° in which single chains made from edge-sharing Maf@ propagating
along the crystallographic ¢ axis. These chainscarmected to four neighboring chains by
corner-sharing. Mn@network forms tunnels with square cross-sectian, bne octahedron
by one octahedron, also represented by 1x1 turfRr&are 3a). The size of these tunnels is
too small to accommodate other chemical speciespsxor Li" ions.

1.2.1.1.2.Ramsdellite (R-MnQOy) and nsutite f-MnO )

Ramsdellite (R-Mn@ has a structure which is close to thatpefinO,. The difference
between them is that the single chains in pyratusite replaced by double chains in
ramsdellite. In ramsdellite the two adjacent chaharing the octahedral edges as well. The
eventual structure consists also of tunffelghich are of rectangular shape and defined with
1x2 octahedral sides (Figure 3b). This large siztuonels allows the insertion of water or
different cations such as Nar C&". Ramsdellite is a rare mineral and is isostruttwith
goethite (FeOOH), it can be prepared synthetidadiyn the spinel LiMaO,.*?

The structure ofy-MnO, (nsutite minerals) has been considered as angnotgth of
ramsdellite (R) and pyrolusite (H,i.e., as faults r in R (Figure 3c). Two parametsese
defined in the structure of nsutite i.e. Pr and Pwwas identified as the fraction of slabs r in
the structure of R. The parameter Pr is known @& Wolff defect” which denotes the
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replacement of a single chain of octahedra by doubkins. Another parameter which is
Tw** (defined later by Mt) is used to identified a gerage of “microtwinning” (a change of
ca. 60/120° in the c-axis direction). The spacaigrBbcm is used here for R and this setting
is retained for a faulted R.

Chabre and Panneti¢t, presented defects of “microtwinning”. They refed to a
possibility of continuous evolution (theoreticalopability) from ay-MnO, structure with
only De Wolff defects to ar-MnO; structure. Hexagonal symmetry arises as a result o
extreme twinning (the twinning not being dependamtthe De Wolff defects). In this case,
the double chains of R and/or single chains ofralpa to the c-axis undergo a lot of changes
in direction at ca. 60/120° upon twinning leadimga mean hexagonal structureeMnO,
(mineral name, akhtenskite) has a hexagonal vengel@acking of oxygen atoms and a

statistical distribution of MH over half of the octahedral positions (Figure 3d).

1.2.1.1.3.Hollandite (a-MnQO5)

Another MnQ structure with larger size tunnels dsMnQO,. The corresponding minerals
existing in nature are hollandite (B&ngO:6) and cryptomelane @ngOie). a-MnO; has
tetragonal symmetry (space group 14/m) with cetbpaeters: a = 9.8776 A and ¢ = 2.8654 A.
Insertion of cations distorts the structure, hema#iandite minerals usually have monoclinic
[2/m symmetry. Hollandite structures comprise deuldhains of edge-sharing MO
octahedra, forming 2x2 tunnels (0.46 nm x 0.46 tima} propagate along the c axis of the
tetragonal unit cell (Figure 3e). The tunnelledisture ofa-MnO, can stabilize by insertion
of B&" or K*, or by water molecules located in the center ef2k2 tunnel§® concomitant
with reduction of MA" to Mn** and replacement of<0by OH .

Larger tunnels Mn@frameworks can also exist in nature. The best-knewamples are
romanechite AMns010xH-O (A = B&*, K*, . . .; tunnel size 2x3) and todorokite (tunneksi
3X3).45,46

1.2.1.2.Two dimensional layered Structures
Birnessite 6-MnO )

Layered structure polymorphs of chemically modifddO, are also known and are named
“birnessite-type" compounds, after the mineral é8gite. The structure of these compounds
consists of layers (Figure 3f) with the interlaydistance about 7A. It is stabilized by
intercalation of cations such as Nar K" and significant water content. Generally, it is

extremely hard to eliminate the water from the dtite without leading to structural
-14 -
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degradation. The synthetic Na-, Mg-, and K-ricmbssites (e.g., N&n;40,7.9H,0) have a
structuré” which is closely related to that of ternary oxidesch as chalcophanite
Na,Mn3z0;.*® Na-containing birnessite almost comprises vacdrey-layers consisting of
MnOs octahedra. The substitution of Mrfor Mn*" results in a Jahn-Teller distortion which
causes a distortion of the hexagonal symmetry ®ldgers. The super cell A = 3a parameter
(a = 5.172 A) results from the neat distributionM**-rich rows parallel to [010] and are

away from each other along [100] through the eristeof two Mf* rows between thef.

1.2.1.3.Three-dimensional structures
Spinel A-MnO

A-MnO; is a metastable phase of manganese dioxide, itbeaproduced via extracting
lithium from LiMn,O, preserving its cubic spinel structtftdy either acid leachin@® or by
electrochemical delithiatiott>> The former method produces samples having the
composition of LiMnO,.>* It is ambiguous if th&-MnO, phase can be stabilized without
any lithium. The 3-D spinel structure with the abosymmetry has the general formula
A[B2]O4, where the B cations occupy the octahedral 1&d,sihe oxygen anions exist in the
32e sites, and the A cations reside in tetrahe®haites. In LiMpO,4, a cubic close-packed
array of oxide ions incorporates the Mn@ctahedron sharing two opposing corners with
LiO4 tetrahedra. It was found that the unit cell par@mgaries with the lithium content at
room temperature, and increases from a = 8.155(i) Bip,Mn,0, to a = 8.225(1) A in
Li ;Mn,0,.>*

-15 -
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€@ Wweqgle ¢t gt

Mn+3.7‘l
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Figure 3. Polyhedral presentations of the crystal structusesome manganese oxide phases;
(a) Pyrolusit, (b) Ramsdellite, (c) Nsutite, (d)hwdnskite, (e) Hollandite and (f) Birnessite.
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1.2.2.Synthesis

Manganese oxides were prepared using various mailas of KMnQ/MnSO,,>>>® and the
average oxidation state (AOS) of manganese couldgbeerned by modifying the
MnO, /Mn?* ratio>®
1.2.2.1.Hydrothermal process

a-MnO, nanorods with a diameter ranging from 25 to 40 along with tipped needlds
MnO, with a diameter of 100 nm were obtained hydrottaiyrat 150 °C for 24 h between
MnSQ, and KMnQ, using different molar ratio®.

The same reaction was performed by Guohong Qiwcanarkers>! Pyrolusite was formed
hydrothermally at 120 °C from the reaction of KMp&nd MnSQ in H,SO; (0.1 mol LY,
the molar ratios of KMn@MnSQ, were 7:18 and 8:17. A mixture of pyrolusite and
cryptomelane was obtained by increasing the maiao.rit was established that potassium
ions are playing an essential role in the formatadncryptomelane. The impact of acid
concentration on transformation of layered birnestd» the tunnelled structure manganese
oxide was studie®®® The concentration of 480, is a critical parameter in the hydrothermal
reaction of KMnQ and MnSQ. It was observed that,BO, with a low concentration (0.1
mol L) has no impact on the products whilst the KMh®InSQ, ratio was increased from
7:18 to 11:14. When the acid concentration incréase 0.2 mol [}, a mixture of
cryptomelane and pyrolusite was formed even whenratio of KMnQ/MnSQ, was 7:18.
The content of pyrolusite decreased with increasinfpe KMnQ/MnSQO, ratio. Single phase
cryptomelane was obtained when the ratios of KMNDSO, were used as 2:3 and 11:14,
which suggest that Hions might reside into the tunnel hence, suppguet ftamework and

inhibit the transformation of cryptomelane to pysite.

a-MnO, nanotubes or nanowires afeMnO, nanowires were prepared hydrothermally by
the reaction of KMn@ either with HCl or MnSQ@ respectively. They were utilized as
catalysts for water oxidation driven by visiblentgThe as-preparetMnO, nanotubes were
highly uniform; the outer and inner tube diametgese about 100 + 30 nm and 40 + 20 nm,
respectively. The length of the nanotubes rang@s30mm. The nanowires afMnO, had an
average diameter of 30 + 10 nm and length of 2 gnil An SEM image of th@-MnO,
nanowires indicated that the nanowire morphologyucs throughout this sample, a typical
length of 2 + Jum and diameter of 30 + 20 nm were fodfid.
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Xun Wang et.al. have prepared - and5-MnO, nanowires/nanorods with different aspect
ratios by hydrothermal method based on the redagtiens of MnQ and/or MiA*. §-MnO,
nanorods were obtained when pure KMn@r a high molar ratio (about 6:1) of a
KMnO4/MnSQ, mixture was hydrothermally treated at 160 °C. Whiee molar ratio of
MnO, /Mn** was set at about 2.5:1, the products were chaizeteasi-MnO, nanorods with
diameter of 20 + 80 nm and length ranging betwean®6um. When a molar ratio of about
2:3 was used, the reaction resulted3imMnO, nanorods with diameter of 40 £ 100 nm and
length of 0.5 = 1.Qum. By changing the type of the oxidant, i.e., ¥3,0s or NaClO,a, f-,
andy-MnO; nanowires/ nanorods were obtained by a liquid-plasdation method (Table
3)_55

Table 3.MnO, nanowires/nanorods obtained under different reaatonditions”®

Oxidant Exp. conditions Phase Morphology

T°C (NH4).SOy Diameter/nm Lengthem
(NH4)2S,0g 140 0 B 40-100 2.5-4.0
(NH4)2S;0s 90 0 Y 20-40 0.1-0.2
(NH4)2S;0s 140 0.02 a 5-20 5-10
(NH4)2S,08 140 0.007 B 20-30 5-10
NaClO 180 0 B 30-40 1-2
NaClO 180 2 mL HCI B 60-80 0.5-1
NaClO 180 0.02 NECI B 20-40 4-8

Layered-type manganese dioxid&-MnO,) was prepared via facile low-temperature
hydrothermal method by mixing KMnnd epoxypropane at 90 °C for 24 h. The obtained
MnO, has a layered structure with interlayer spacin@.@2 nm and long flexible bundles
assembled with nanobelts. Epoxypropane played @atrrole for the formation 08-MnO,
particles. The as-prepared oxide not only had gelaurface area of 188%ng” but also
showed good capacitive behavior and cycling stghii a neutral electrolyte system. Barrett-
Joyner-Halenda (BJH) average pore diameter of 1hi@6 confirmed the predominant
presence of mesopores in the obtained oxide wityered structure This electrode material
has promising application in supercapacitors bexaxfsits advantages of low cost, high

capacitance, and good cycling stabiffty.
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A catalytic-ion assisted hydrothermal method hanhesed for the synthesis of hierarchical
manganese dioxide nanostructures. Various shapasrairchical Mn@ (nhanorod, nanothorn
sphere and sphere) were prepared hydrothermallyixyng of MnSQ, and (NH,)>S,0s
aqueous solutions in the presence or absence’bf$ihgle phase gf-MnO, was obtained in
the absence of Al but upon addition of A as a catalytic species, a mixed phase of
akhtenskitef) and ramsdellite with little-phase was obtained. It was found that the amount
of a-phase increases with increasing Apresent in the solution. The aspect ratio of @ijn
nanorods on the nanothorn sphere was controlletebgmount of Af".%°

Nucleation Evolution Stabilization

tv
° — W1
_— —
a ,S/L‘ \,\

Absence of APP*

—_—
Low conc. of Al’)
High conc. of AI”\
® —

Figure 4. Schematic illustration of formation stage of Mn@epared in the solution with
different amount of AT during hydrothermal reactioff.

1.2.2.2.Surfactant assisted method

a-MnO, nanowires with diameters of 40-50 nm, apeMnO, hollow hierarchical
microspheres have been prepared by a sodium dotbecygenesulfonate (SDBS)-assisted
hydrothermal treatment of a mixture of MnS@ MnCkL and KMnQ, in a temperature range
160-180 °C for 6-12 A

MnO, hollow nanospheres were synthesized via liquidpmaipitation approach using
different concentrations of cationic surfactant GIAThe obtained manganese dioxide was
characterized as-MnO, and the patrticle sizes of the samples were betd66rand 300 nm.
The synthesized MnQexhibited a specific capacitance of 178 F/g atdieent density of
500 mA/g and its BET surface area was 229°&yncompared to the 126 F/g and 178 %4gm
of the MnQ prepared without surfactafit.
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Microstructures MnC@were prepared hydrothermally from manganese adasind urea
with the assistance of sodium dodecyl benzene sulglke (SDBS) and dodecyl sulfonic acid
sodium (SDS). Microplates with diameter ~2u® and thickness of 200 nm as well as 3.1
um microspheres stacked with 50 nm-thick sheets vedrained, respectively. The as-
synthesized MnC@®precursors were annealed at 400 °C for 4 h resulih formation of
mesoporous-MnO, microplates and microspheres with pore size of 4#80which retained
the initial shapes. The BET surface areas of th@regaredy-MnO, microplates and
microspheres were 52.1°mg™ and 50.2 rh g, respectively. The electrochemical property
examined over Libatteries revealed that the initial discharge cipaf y-MnO, microplates
and microspheres were 1997 mAH gnd 1533 mAh g.%*

1.2.2.3.Direct precipitation approach

Akhtenskite §-MnO,) with a globular morphology was prepared via atagled interfacial
synthesis in a U-tube using a permeable membratiedifferent pore sizes. The formation of
MnO, takes place at the interface between two aquedutians of KMnQ and Mn(OAc),
the membrane controls the rate of mixing (and floeeethe rate of precipitation). Obvious
influence of the membrane pore size on both partsite and pore size distribution was

found. Consequently, specific surface areas of 60-f g have been obtain€d.

1.2.3Applications
As electrode materials

Nanostructured Mn®has been considered as a promising candidatdeftireade materials
due to its low cost, environmentally friendly nauand special high capacify/! Moreover,
MnO, is superior to the other electrode materials, tvigbould be used in strong acidic or
alkaline electrolytes since it can be used in réw@queous electrolytéd’ This feature can

meet the requirements of a “green electrolyte’supercapacitors.

Catalysis

Porous Manganese dioxide can act as a catalystVariety of reactions. It can be used for
the decomposition of ozor®,reduction of nitric oxidé® selective oxidation of carbon
monoxide’’An even more sophisticated catalysis is the elebh&mical assisted epoxidation
of Styrene with hydrogen peroxidé.
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MnO, is known as a mild oxidant and has good stabilityacidic conditions. These
materials exhibit excellent water oxidation actniinder visible light by using Ru(b;@f/+ as a
sensitizer and N&,0s as a sacrificial electron acceptor.

Birnessite §-MnO,) was used to oxidize organic pollutants includsndpstituted aniline&
triclosan, chlorophen€, oxyteracycliné® and antibacterial agerits.Gandhe et & found
that ethyl acetate was completely oxidized by ayptlane. 2-Mercaptobenzothiazole was

effectively degraded b§-MnO, suspensiof’

Technological fields including

Energy-saving? lithium ion energy storage capacitf8syater treatmefit and sensor¥.

Due to the great and wide applicability of mangandsgxide nanoparticles in various
interesting areas, the attention to the preparatate is of significance. We have seen from
the forgoing survey about manganese dioxide natiofes that many synthetic routes were
employed, the most common ones are those perfolmdcbthermally particularly, those
employing the comproportionation reaction betweem*Mand KMnQ. Actually, this
reaction is a promising one since it presents vargynthetic parameters that can modify the
phase of the final product.

The problem with the hydrothermal reactions is slphisticated instrumentation, where
much efforts and costs are needed to prepare tlesoxinder hydrothermal conditions.
Accordingly, the necessity to modify a simple réattsystem which is valid for formation of
various manganese dioxide phases remains a problem.

We have seen also that the formation of single gha$ manganese dioxide demands the
use of versatile preparative methods. Up to noeteths no common synthetic method that
can be utilized for formation of the various mangsadioxide polymorphs.

Although, the self-template effect (by using diet MnQ, salts) could be a feasible
suggestion for such comproportionation reactioas ¢an modify the phase of the so obtained

manganese dioxide, nonetheless, it is fairly usdiddrature®
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1.3. Spinel, Mn3zO4 (Hausmannite)
1.3.1Structure

Two modifications are well known for M@,.2° Above ~1273 °C, a cubic phase (space

groudeém) exists, and below ~1273 °C, one with tetragoyairaetry exists (space group

14,/amd). The latter is named hausmannite and hastartdid spinel structure. The*Gons
form a slightly distorted close packing (16h), wehithe MA* ions occupy 1/8 of the
tetrahedral sites (4a) and the WMions occupy 1/2 of the octahedral sites (8d),hasva in

the formula; Mn*, Mn*_0O%_ _ . The unit cell with lattice constant a = 0.576 amd c =

1 4aVI5 g 4 16n
0.944 nm consists of four M@, units ™

The distribution of manganese ions is based orptimeiple of maximized self-avoidance,
so that all occupied tetrahedrons are surroundeenipty octahedrons and vice vetsZhe
structure is shown in Figure 5. The octahedrabsare tetragonally distorted as a result of the
Jahn-Teller effect (four Mn-O distances of 0.193 and two of 0.229 nmj thus, changing
the crystal structure from cubic to elongated tgdraal.

In an octahedral ligand field the two orbitals diexl towards the ligands along the x-, y-
and z-axis (& ,* and d¢°) are energetically raised to give theagbital set, while the three
orbitals in between the coordinate axeg,(d; and ¢,) are energetically reduced and give
the kg orbital set. In case of Mfy the central atom hag eélectron configuration. These are
distributed as’g €'y. If the one electron in the erbital set occupies the“brbital, the ligand
field can be stabilized by enhancement of the degdbetween the central atom and the two
ligands along the z-axis. That way, the orbitalshva z component {(§ d, and g, are
energetically lowered, while,gand ¢* ,* are raised” This is schematically shown in the

Figure 6.

The stoichiometric hausmannite may be regardedrasraal spinel ABO,. Accordingly,
the unit cell comprises 32 oxide ions, 8 Mions occupying the tetrahedral (A) sites and 16

Mn®* ions located in the octahedral (B) sitaé
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Figure 5. Crystal structure of the spinel hausmannite z®in

A A
— 1 $$

Figure 6. Schematic representation of ligand field splittifhgrS) and Jahn-Teller distortion
(JTD) for Mn(lll). Note that the five 3d orbitals the fictional spherical ligand field (left) are
energetically degenerate.

Actually, many intrinsic properties such as surfanagnetic and electrochemical properties
for the materials are function of their structutteerefore, it is significant to investigate the
materials according to their structures. In otherds, studying the defect chemistry of the

materials as a function of their particle sizefisngportance.

For hausmannite the literature overview (for lownperature modification) revealed that
hausmannite has some trends toward nonstoichiorttetsygh the formation of oxygen-rich
compounds compared to the normal Mn:O ratio in chiometric MnrO4*% These
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deviations from stoichiometry result in a defectisture and substitution of Mhfor Mn?*

result in formation of either interstitial anionsaation vacancies.

Driessend’ showed a small impact of oxygen pressure on thggex content of
hausmannite referring to some anionic defects. ©Ralation of manganese will be

equilibrated by creation of cationic vacancy.

Studying the distribution of MH cations and cationic vacancies in the hydrous
hausmannit€® obtained by the controlled oxidation of Mn(QH@vealed for the single-phase
product that it has hydroxide groups which are amd in the anionic sublattice. The single-
phase product could be then defined as hydrohausteaBased on measurements of the
integrated intensities of X-ray reflections it Hasen found that the cationic vacancies in
hydrohausmannite are mainly due to the presenastrodtural OH groups. The distribution
of vacancies on the tetrahedral and octahedrakkpationic sublattices they express in the

form:

Mn§j3x+yMngx+/ 2y B Z[Mn?ﬁ-x/ P z](OH)y 0 32y

Where, x = vacancies/unit-cell and y = hydroxydupws/unit-cell.

1.3.2.Synthesis

Several synthetic routes were utilized for prepamabf nanoscaled M)®,. Via thermal
decomposition of a manganese-benzoic acid compl8@G°C, Hosny and Dahshan prepared
spherical manganese spinel nanoparticles with gharsizes ranging from 39 to 90 nm,
depending on whether the precursor was prepared ftanganese chloride or sulfate and if it

was coordinated by one or two benzoic acid molecife

Mn3O, nanoparticles (NPs) were prepared via sonicatibnmanganese chloride in
ethanol/water solution, estimated crystallite sizes about 17 + 5 nrif?

By precipitating a manganese (II) hydroxide gelnmaimmonium hydroxide and aging the
gel at 85 °C for 12 h in aqueous solution, Baykabe obtained MgO,4 nanocrystals with an
average particle size of 32 nffi.

Wang et. al. synthesized MD, nanocrystals with a particle size of 4-5 nm inirailar
fashion. Instead of water, they used ethanol agesutl precipitated the hydroxide with KOH
and heated to 60 °C for 24 h. The obtained nantaisysiere ordered in a pattern of regular
walls and are reported to possess an unusual highteopy field and coercivit}?*
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Controlled synthesis of M, of octahedral shapes with a rhombic length of al300—
500 nm was done using the redox reaction betweenn®Mand CMC (sodium
carboxymethyl cellulose). Adjusting the experimeonditions such as molar ratio of the
reactants, reaction temperature, and the reacioe is the key for synthesis of various

manganese oxideé&>

1.3.3Applications

The biggest advantages of My compared to other metal oxides are that it is toxie,
available in large amounts and inexpensive (ab&ubfthe price of cobalt oxide). It can be
used as a redox catalyst for various reactionstféatment of air pollutions, M@, can be
used as a catalyst for decomposition of nitric egithto the elements or for the reduction of
CO, which represent effective pollutants in the dircdn be utilized as a catalyst for some

chemical changes, e.g., reduction of nitrobenzemidation of methan&%%’

In electrochemistry, manganese oxides are promisarglidates as anode materials for
lithium-ion accumulators. My®O, can also be used in the synthesis of Li-Mn—-O eidet

materials for rechargeable lithium batteri&s

Another important application of M@, is the usage as raw a material for the synthdsis o
soft magnetic materials such as manganese zintefeshich is powerful for magnetic cores

in transformers for power suppty’
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1.4. Metastable MnsOg
According to studies of Oswald et &% the crystal structure of M@®s was introduced as

112

isostructural to monoclinic GWn3Og,”“ the compositional formula of M@®s could be

written asMin3"Mn3"* Og.

MnsOg has a layer-type structure as appeared in Figurét&atructure composed of 2D
octahedral layers in bc planes formed form thedasits [Mns**Og]*, Mn** ions are located
between these layers. Obviously, one fourth of dagonic sites in the octahedral sheets
which are occupied by M ions are vacant as shown in Figure 7b, above atmiabthe
empty Mri* sites are Mf ions that coordinate to six oxygen atoms, threEmfrone
octahedral layer and three from the next, formiigphal prisms in the interlayer spate.

Many interesting applications have been suggesiediinsOsg. It has been used as ionic
conductor for fuel cells or batteries, where théeriayer and/or intralayer defects may
facilitate the ion transport at suitable conditidtisit was introduced also as a promising

catalyst*

(b)

Figure 7. Crystal structure of MsOs.

Norby et.a’® have prepared M®s (14 nm) by topotactic conversion pMnOOH under
N, flow at 400 °C. Raman scattering studies were nfadehe product, ten of eighteen
Raman-active modes (104A+ 8 B;)) were recognized and which are characteristic for
monoclinic MrOg. The most intensive Amode locates at 647 ¢mand is used for

identifying evidently the monoclinic M@s materials. Magnetic studies for M sample

- 26 -



Chapter 1 Introduction

revealed that the electronic spins are orderedeanthagnetically with Néel temperature of
133 K. Impurities of spinel were identified by casrnce of a sharp peakrin the vicinity

of ~40 K which is consistent withcTor spinel hausmannite. The effective magnetic roim
for this sample was 4.8Q8 which matches with calculated value of 4¢considering the
spin only contributions. Curie—Weiss temperaturs determined and the results indicate that
its value is located at -144 K.

M. S. Seehra et.3f> have studied the magnetic properties fors®sample(14 nm)
synthesized via the reaction of manganese nitratesadium hydroxide at pH ~12 and heating
the product at 400 °C for 3 h. Measuring the termoee variations of the magnetic
susceptibility showed antiferromagnetic orderinghviéel temperaturen~128 K, sharp peak
is observed near 40 K coinciding with df ferrimagnetic MgO..

From the previous knowledge about /g nanocrystals, we are able to identify the
following research problems:

= It is claimed that MgOg nanorods (yet, not clean according to XRPD) caprbeduced
via the calcination of manganite under nitrogemwfl®lo attention has been paid to the
importance of oxygen pressure in the formation of®} from manganite.

= Moreover, the magnetic behavior of suchsg@gnanocrystals, revealed the presence of
a significant amount of spinel impurities. In aduht the presence of such impurities
has neither quantified nor clearly interpreted.

= Structural investigations of M@gdid not receive an adequate interest.

The former works on manganese oxide/hydroxide namigfes have showed that the
various reactions that are used for their synthiesia solution are performed either in water
or organic solvent. No attention has been paidht rble of the oxygen dissolved in the
reaction solutions. Actually, none of the forgoisimidies on manganese oxides/hydroxides
has refer to or clarify the impact of dissolved gay DO (mild oxidizing agent) in the
reaction medium on the reaction pathway. Consegyenis worth to know firstly the factors
affecting the amount of DO in the solutions, reactsolvent and temperature are the most

significant parameters
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1.5. Solubility of oxygen in ethanol-water mixtures

The report of Shchukarev et.&° about the solubility of oxygen in ethanol-wateixtares
revealed that, the amount of dissolved oxygen Bagmitly affected by the content of ethanol
in water. Solutions with high ethanol contents d#solve oxygen much easier than those
with low ethanol content. The quantityOstwald distribution coefficient, i.e., the volenof
gas dissolved in a given volume of solvent) fosdiged oxygen in pure water, pure ethanol
and in a mixture of both was determined experinigntdhe distribution coefficient was
dependent on the temperature (Figure 8); the quorelng coefficients at 25 °C were found

for pure water 0.031 and 0.283 for pure ethanol.

l
425
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Figure 8. Solubility isotherms for oxygen in ethanol-wateixtores at temperatures
of 4, 12, 25, and 50 °E?®
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1.6. Motivations
According to our literature survey, we identifiezhse research problems that motivate us to

do such a research project:

* Development and manipulation of simple, economit safe synthetic route valid for the

production of versatile manganese oxides/hydroxmdgmcrystals.

» Size-selective synthesis of manganese oxide/hydeomanocrystals through variation of
the reaction parameters e.g. time, temperatur@) toinganese concentration in the

solution and the polarity of the reaction solvanoét interesting one).

» Size-dependent physical properties such as thestalallity and surface properties (surface
area, pore size distribution curves and total patame) will be studied, these properties

are of importance for various applications.

* According to the former reports onMnNOOH, it is not so obvious, why and how the
decomposition of;-MNOOH can pursue various pathways upon heatingruddferent
conditions. Hence, rationalization of the thermatdvior of manganite under air and in an

inert gas atmosphere is of significance.

* In accordance with Norby's et.al. report who stddibe magnetic properties of nc-
MnsQOg, the resultshowed that it has a high content of spinel contations. Therefore,
the present study aims to investigate the magmetperties of nearly clean phase nc-
MnsOg prepared in different ways, as well as to identifg reasons that influence the

presence of tiny impurities of spinel in its coritand trying to avoid them.

* Finally, as many intrinsic properties are functioihthe material’'s structure so detailed
studies of the defect chemistry and structuralyamlfor some selected Mp@tructures
are of significance in our project. Size-dependgnictural analyses for the hausmannite

will be studied as well.
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2.1. Materials

All reagents used in the experiments were anallgigaire these are: Permanganate salts;
KMnO4, NaMnQ, (> 97%) and CsMngX(98%) as well as Manganese salts; Mn(QA,0,
MnCl,.4H,0O or MnSQ.H,O) were purchased from Sigma-Aldrich - Sodium hydie;
NaOH (99%) and Ammonia; NH (25%) were purchased from Grussing GmbH -
Hydrochloric acid, HCI from Merk - Organic solvenEhanol and acetone were of analytical
grade and purchased from Fisher Scientific GmbH.cAémicals were used without further

purifications.

2.2. Synthesis of oxide/hydroxide nanoparticles
2.2.1.Synthesis ofy-MnOOH nanorods with smallest accessible particleize

Among wide variety of the preparative methods regmbrfor synthesis of manganite
nanorods, the most effective ones those lead tdatmeation of single phase of manganite
nanorods with smallest diameter were those inctydime production of manganite via
reduction of KMnQ either by toluene (12 nm diameteror DMF (~9 nm)? We used the
redox reaction between potassium permanganate iatent manganese salts in agueous
medium for the following reasons:

«» Economically, manganese salts are cheaper thagn@land DMF.

% Relative toxicity of toluene and DMF, inhaling tehe has potential to cause severe
neurological harmLong term toluene exposure is often associated efiifcts such as:
psychoorganic syndronfe; visual evoked potential (VEP) abnormalfty;toxic
polyneuropathy, cerebellar, cognitive, and pyrarifisfunctions*> optic atrophy; and
brain lesions. DMF has been linked to cancer in dmsn it is thought to cause birth
defects and the long-term exposure may damagévéreand kidneys.

< The reaction between MnOand Mrf* has been proved to be a promising and versatile

route since it provides many experimental pararsetemodify the reaction pathway.

Manganite nanorods prepared by two different method
» Comproportionation reaction reported before betwi€bMnO, and manganese acetate

(Mn(OAc),.4H,0) in an aqueous mediutiollowed by our size-selective experiments.

e Successfully, a new synthetic method for the prpar of manganite nanorods was
developed through performing the redox reactionwbeh KMnQ and variable

manganese salts, e.g., Mp@H,O or MnSQ.H,O. These reactions were reported
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frequently for the hydrothermal synthesis of diéier forms of MnG>*° associated with
modification of initial pH of the reaction mediurhis process leads to formationef
MnOOH nanorods.

Using manganese acetate
In a typical experimental procedures, 0.60 g (2@®ol) of Mn(CHCOO)-4H,0 and
0.075 g (0.47 mmol) of KMn@(molar ratio about 5:1) were dissolved in 150 nilpare

water to form a light brown solution, the initiaHgor this mixture was ~6. The mixture was
refluxed under constant agitation for about 17 ¢ @hen cooled to room temperature
naturally. The final precipitate was collected ®ntrifugation, washed with deionized water
for several times to remove unreacted ions, anetldn air at 60 °C. The yield of manganite

samples prepared under reflux was high approxima@i95%.

Grain growth and size control experimentsre performed afterward by variation of either
the reaction time or the total manganese concemrat the solution. Grain growth can be
managed via governing the reaction temperaturetiared For this purpos¢éhe same reaction
was repeated but this time under hydrothermal ¢mmdi (better control over the reaction
temperature). By this way, 0.075 g KMp@.47 mmol) and 0.60 g Mn(GBOQO).4H,0
(2.45 mmol) were mixed into 70 mL distilled wat&he resulting light brown solution was
transferred into a Teflon-lined stainless steebalave of 100 mL capacity. The autoclave
was maintained at 85-160 °C for 1-72 h. After tlwoelave was sealed, cooled to room
temperature naturally, the products were filteréfdand washed with de-ionized water for
several times and then dried in air at 60 °C. Loeldywas obtained under hydrothermal

conditions; around 70% manganite was produced.

Using manganese chloride or sulphate

To the best of our knowledge this is the first tithat manganite nanopatrticles are prepared
via comproportionation reaction between manganelBride/sulphate and potassium
permanganate. The same experimental procedurdsoas were used except that manganese
acetate was replaced either by manganese chloridelghate keeping the same molar ratio
of 5:1 for Mrf*/MnO, couple. Typically, 0.41 g (2.43 mmol) of Mn$8,0 (or 0.48 g, 2.43
mmol of MnCb.4H,0) and 0.075 g of KMn@were introduced in 500 mL round flask. 125
mL of distilled water was added to the mixture. Thigal pH of the aqueous solution was

about 3. In order to rise the pH to ~6-8 (optimukh yalues for formation of-MnOOH
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known from our work) NaOH (1.0 mol'l) was added. The volume of the solution was then
adjusted to 150 mL by adding distilled water. Tléter, the same steps as above were

followed for separation of-MnOOH nanorods (about 96% yields).

2.2.2. Synthesis of various manganese oxide/hydroxide phess
Synthesis ofa-, y-, &-, 6-MnO,, B-MnOOH and a-Mn30O4 nanocrystals with variable
morphological shapes was accomplished by perforrttiegformer reaction between Kin

and MnQ salts and modification of the experimental pararseas follow:

* Reaction solvent (Ethanol/water, acetone/water ungg or pure organic solvents were
used instead of pure water, keeping the total velwhthe solution at 70 mL), pure
acetone is necessary fdfeitknechtite synthesis (B-MnOOH) under solvothermal
conditions (the same procedures as mentioned hefoetone was used instead of water,
50% yield).

* Reaction temperature (room temperatyethesis ofe-MnO,, 95% vyield),

e Initial pH of the reaction medium was adjusted bwth acidic and basic media using
either HCI (1.0 mol [}) or NaOH (1.0 mol %), respectively,

« Molar ratio of the redox couple MiAMnO,

« The counter ion of manganese salt (Q& and SQ?) and

* Type of alkali metal cation of the permanganate ($amplate effect).

2.2.3.Synthesis of MrROg and g-MnO ; nanorods

MnsOg andp-MnO, nanorods were prepared by calcination of defiant®unts (~30 mg) of
manganite precursor (26 nm) in open air (isotheynadt different temperatures. The
calcination process was carried out using aluminhlotk mounted over a hot plate with
temperature controller and fitted with a thermojdeuto get the proper temperature for
calcination. Glass tubes with different sizes (ln@) = 10 or 20 cm and diameteb) =1 or
3 cm) were utilized for such calcination. We obsgelrthat the size of the tube has pronounced

impact on the calcination pathway.

For the preparation op-MnO,, the size of the tube is not significant as lorggthe
calcination process occurs at low temperature26¢265 °C (the tube maintained to 1 h). At
higher annealing temperature850 °C the size of the tube is a crucial paramétmge size

tubes are necessary for the production of singés@lof nc-Mn@
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MnsOg can be prepared by calcinationyeinOOH in a narrow tube at a temperature in the
range of 350-520 °C for 1 h. No MDgcan be obtained using a large size tube irrespeofiv
the temperature of calcination.

Non-isothermal decomposition of manganite precursas made using TGA/DSC for
purpose of comparison. TGA was run up to two déifdrtemperatures 400 °C (optimum
temperature for synthesis of MDg) and 600 °C. Calcinations for the as-prepared Maul
MnsOg were carried out in open air at a temperature tee&00 °C, the results obtained are

compared with those produced from TGA at a tempegatf 600 °C.

2.2.4Synthesis of the spinel, MgO4

In aqueous solution

All reactions were performed in 500 mL Schlenk Kis Samples were prepared by
dissolving 4.1 mmol of Mn(OAg)4 H,O in a definite volume of water. After that, 8.3 @im
of ammonia (25%) or sodium hydroxide was added gweaipitant, then water volume
adjusted to 100 mL. The molar ratio of manganepéglithe precipitant was chosen to be
about 1:2 in order to ensure quantitative predioitaof manganese(ll) hydroxide (slight
excess of the base was added). Upon addition dbdke, the color of the reaction solutions
turned from light pink to brown within seconds. Té&fter, the whole mixture was put into an
oil bath kept at a temperature of about 40 °Ceditvith a reflux condenser and stirred for
different reaction times. After cooling to room teenature the precipitate was centrifuged
(9000 rpm, 15 min) and washed with water sevenads$i. The samples were dried in an oven
at 60 °C for several hours. Hausmannite with yasound 82% was obtained using NaOH as

a precipitant whereas about 58% hausmannite yiaklproduced using ammonia.

In ethanol-water mixture

The former experimental steps were repeated, itme with replacing water partially by
ethanol. Different volume ratios of EtOH/M (v/v) were used to study the effect of such
solutions on the product phase, average grain s@eess mass and structure, keeping the
other experimental parameters unchanged.

Another set of experiments was performed to ingest the impact of the base
concentration (i.e., pH of the medium) on the pridahase and its mean particle size. The
molar ratio between manganese salt and the praoctpfNH solution or NaOH) was

increased up to 1:4 and 1:6.
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The impact of the reaction temperature and timéhercrystallite size and the phase purity
was examined; different times of 1, 6, 24 and A&elne used, various reaction temperatures
were chosen, i.e., room temperature, 40, 60 arf€80

2.3. Physical measurements
2.3.1XRD-measurement!**?

The crystals are formed mainly from periodical agement of atoms that are extending in
the three dimensions. The smallest repeated uttitarcrystal is called unit cell, which bear
all structural information of the crystal. X-rayarcbe considered as waves of electromagnetic
radiation, when they strike the atoms, diffractairx-ray waves takes place (mainly through
electrons of the atoms).

The diffracted beams can interfere constructivetydestructively, in limited specific
directions they can add constructively. These $igedirections can be seen as spots on the
diffraction pattern called reflections. Bragg idéat the condition for the constructive
interference by the following law:

2d sind = M.
Where, A is the wavelength of the X-rays, d is the distabe®veen the lattice plandsjs

the angle of the x-ray beam incident to the saraptén is a whole number.

—@® ® ° ° L o

Figure 1: Bragg reflection on adjacent lattice plangs.

XRD spectra of the bulk-materials display distipetks (reflections) locate at the anglés 2
where constructive interferences occur. For mdsemath smaller particles in the range of
nanometres, the peaks get broader. Scherrer’'sieguan be used for the calculation of the

particle sizes smaller than 100 nm as given bydtewing equation>
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<d >= K\/ B cosO
<d> is the average size of the ordered (crysédl regions, which may be smaller or
equal to the grain size. K is a dimensionless sHiaqter; its value is close to unity, typically
~0.9. This value can be changed with the actuglesb&the crystallitél is the wavelength of
X-ray. B is the line broadening at half the maximum intgn@WHM), after subtracting the
instrumental line broadening, in radians. This dixams also sometimes denoted /&&20); 0
is the Bragg angle.

Rietveld Refinement*

Rietveld refinement is a method contrived by Huget¥ld to be used in the investigation
of the crystalline materials. The results of neatemd x-ray diffraction for powder samples
appear as patterns formed from reflections (peakstensity) locate at fixed positions. The
height, width and position of these reflections afénportance for determination of several
features of the material's structure. The refindmerRietveld method is based on the least
squares approach, the refinement proceeds tillhimegahe theoretical line profile with the

measured one.

*Peak shape
There are some factors affecting the profile of gemdiffraction reflection among them the
characteristics of the beam, the experimental sedize and shape of the sample. For the
monochromatic neutron sources the sophisticatioth@fnumerous effects leads to a reflex

almost Gaussian in shape. The contribution of amgireflection to the profile;yat position
20; is then:
—41n(2)

2
k

y; = I exp (26; — 26,)°

Where H is full-width half-maximum, B¢ is the midpoint of the reflex, and Is the
calculated intensity of the reflex (obtained frohe tstructure factor, the Lorentz factor, and
multiplicity of the reflection).

At very low diffraction angles the reflections mighave an asymmetry owing to the
vertical difference of the beam. A semi-empiricatrection factor A was used to explain

such asymmetry:
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sp(mi-zek)2 ]

S
tan@k

P is the asymmetry factor and s is an integer ¢+1,) relying on the difference 0bi226y
being +ve, zero or —ve, respectively.
The profile may consist of more than one diffractjgeak located at a given position. The

intensity is merely the summation of all reflecBacontributing at the poin®2

» Peak width
At higher Bragg angles the width of the diffractipeaks is found to broaden. This angular

dependency was formulated by

2 2
Hk =Utan 9k+VtanHk+W

Where U, V and W are the half width parameters@othably refined during the fit.

* Preferred orientation
For powder samples with plate- or rod-like crystedl there is an affinity to line up
themselves laterally to the axis of a cylindricanple holder. For polycrystalline samples the
fabrication of the material may lead to larger votufraction of certain crystal orientations
(referred to as texture). Therefore, the reflexmsities will differ from those expected for a
completely random distribution. Rietveld permittést moderate cases of the previous
through presenting a correction factor:
I =1 exp(-GaZ)
corr obs
Where }s is the expected intensity for a random samples @e preferred orientation
parameter and: is the acute angle between the scattering vectdrthe normal of the

crystallites.

*Refinement

In principle Rietveld method is act to minimize thenction M which investigates the
difference between a calculated profile y(calc) #melobserved data y(obs). M can be given
by the following equation:

1
M=>W, {y?b“’ - —yf‘”“}
. c
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{ bs
Where W is the statistical weight and c is an overall e¢attor such thay " = cy’
Instrumentation
The powder XRD analyses in our work were performgdg a Philips powder X'Pert MPD
X-ray diffractometer equipped with a graphite mdmaonator (Cu K radiation,A = 0.1542
nm), operated at 40 kV and 40 mA and were usedie¢atify the phase constitutions and

crystallite sizes of the obtained products by aygpion of Scherrer’s equation.

2.3.2Infrared spectroscopy”

IR spectroscopy deals with the infrared region bé telectromagnetic spectrum. It
comprises a variety of techniques, mostly basealmorption spectroscopy. It is useful for
identification and studying of chemicals. The iné@ part of the electromagnetic spectrum
can be divided to three regions; the near-, midi - infrared (relative to the visible
spectrum). Near-IR region has a higher-energy ~240000 cm' (0.8—2.5um wavelength).
The mid-IR, locates in the range of about 4000-480" (2.5-25um) and can be used to
study the fundamental vibrations and related romad-vibrational structure. Finally, the
region of far-IR locates in the range of 400-10t(@85-1000um) and has low energy.

In IR-spectrometers the absorbance or transmissiahe infrared radiation through the
sample is measured. The obtained IR spectrum isdbgsa plot of the absorbed infrared
light (or transmited) on the vertical axis vs. fueqcy or wavelength on the horizontal axis.
The frequency used in IR spectra has a unit of ¢esbmetimes called wave numbers).

In IR spectroscopy molecules absorb particularuesgies that are characteristic of their
structure. These absorptions are result of resdinagtiencies (there is a matching between
the frequency of the absorbed radiation and thesitian energy of the bond or group that

vibrates).

Investigation of the transmitted light gives infaton about how much energy was
absorbed at each frequency (or wavelength). This lba accomplished by using a
monochromator which enable the scanning of the ieagéh range. Today usually FT-IR-
spectrometers are used where the wave numbers careletected step by step but all
wavelengths are irradiated at the same time andtréresmission is measured. In those
spectrometers a Michelson interferometer is uselde Tesulting spectrum is Fourier
transformed to a classical spectrum. This technltagethe advantage of saving time since it

IS not necessary to measure wavenumber by wavenui@basequently, the measurement
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can be repeated several times to get better speittraa better signal to noise ratio. Analysis
of the position, shape and intensity of the peakshis spectrum reveals details about the

molecular structure of the sample.

Vibrational modes

Only the vibrational modes in a molecule associat#ti changes in the dipole are "IR
active". The molecule can vibrate in several masineach is called a vibrational mode. For
linear molecules, 3N-5 degrees of vibrational maatespossible (N number of atoms in the

molecule), whereas for nonlinear molecules 3N e@reles of vibrational modes are exist.

Stretching Vibrations

Symmetric Asymmetric

Bending Vibrations

In-plane Out-of-plane
Scissoring Rocking Wagging Twisting

Figure 2: Various molecular vibration modéS$.

Instrumentation
In our work Fourier transform infrared (FT-IR) specwere recorded in the wavenumber
range 4000—400 cirwith a TENSOR 37 (Bruker Optics) spectrometer.
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2.3.3Raman spectroscopy/

Basically, in Raman spectroscopy the sample is @gbdo intense laser beams in the UV-
visible region 1), the scattered light is ordinarily seen in theediion at right angles to the
incident beam. The scattered light comprises twmesy one, named Rayleigh scattering
(strong) which has the identical frequency as tloedent beamy). The other, called Raman
scattering, (very weak about 10f the incident beam) has frequenocigs vy, Wherev, is a
vibrational frequency of a molecule. Thg- vy, andv, + vy lines are termed the Stokes and
anti-Stokes lines, respectively. Consequently, @mmBn spectroscopy, we determine the
vibrational frequencyv,) as a shift from the incident beam frequengy. (

Compare to IR spectra, Raman spectra are detattbe iUV-visible region since both the

excitation and Raman lines appear.

Raman spectrometerconsists of the following components:
(1) Excitation source, which is a continuous-wa®\) laser
(2) Sample illumination and collection system
(3) Wavelength selector

(4) Detection and computer control/processing syste

A Raman spectrumcan be represented by a plot of the intensityugeRBaman shiftA v =

Vo £ V). Av is often written as for brevity.

As shown in the energy level diagram (Figuré®3, molecule at relaxation exists in the
ground vibrational and electronic states. The eneof the system is raised for an
instantaneous by the electric field of the laserctvinduces a polarization in the chemical
species. The polarized state is not a true eneagy and is commonly called a “virtual state”.
Decay from the virtual state happens almost imntelyiaand predominantly back to the
initial ground state. This process leads to thel&gly scattering. Decay to the first excited
vibrational level gives rise to a Stokes-Ramantshihe energy of Stokes-Raman shift
scattering is lower (longer wavelength) comparedhtd of the laser light. For the systems
possess a small population in the excited vibratisiate, decay to the ground state is
probable, resulting in a scattering of higher epdstorter wavelength) compared to the laser

light. This form of scattering is named anti-Stolman scattering.
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Electronic Excited State
Vibrational Levels

Virtual V
State \ . . )
A A AN Electronic level 10

Rayleigh Stock: Anti-stock

Electronic Ground State

Cav 1Y v — Vibrational Levels

IR Absorption
& Emissior

Figure 3. Energy-level diagram showing the states involveBaman signaf®

The vibrational states explored by Raman spectms@we similar to those included in
infrared spectroscopy. Both Raman spectroscopy Foutier transform infrared (FT-IR)
spectroscopic technique are very similar. In fdu, two vibrational spectroscopy techniques
are complementary. The strong vibrations in anaigfdl spectrum (those resulting in strong
dipole moments) are usually weak in a Raman spact&imilarly, vibrations of non-polar
functional group that provide very strong Ramandsaasually gives rise to weak infrared

signals.

Vibrational spectroscopy affords significant data the structure of the molecules. For
instance, the position and intensity are usefutinly the molecular structure or to define the
chemical identity of the sample.

By noticing the positions and intensity of the Rantends, it is possible to identify the
chemical compounds or to study intermolecular axtgons.

Instrumentation

Raman spectra for the manganite samples were neebssing a LabRAM HR 800 system
equipped with a He—Ne laser. The wavelength ofldser beam is 632.8 nm and the light
power 5 mW. Long-working distance 50xobjective lemss used (working distance = 50

mm).

-51 -



Chapter 2 Experimental

2.3.4.Scanning electron microscope (SEM)

Scanning electron microscopes permits surface imgagf particles too small for
conventional light microscopes. Instead of elecagnetic radiation, these microscopes rely
on electrons accelerated to several KeV with venglswavelengths to make structures on
the submicrometer scale visible. A beam of eleaiisremitted by a tungsten or Lagathode
and focused by electromagnetic lenses. To avoidhtkeaction of the beam with atoms other
than the sample, the measurement is performed waseium. The interaction of electrons
with matter is divided into elastic and inelasteatering. Electrons scattered inelastically
loose energy in favor of excitation of electronrcvdbrational states in the sample depending
on the energy of the incident electron. If the ggeas large enough, secondary electrons can
be ejected due to ionization. Electrons ejectedurjace atoms can be detected. The narrow
beam of electrons in the microscope scans the saniple image is then obtained by
recording the secondary electron current of mthgam position’’

Instrumentation

Scanning electron microscopy was carried out usinf=OL JSM-7500F field emission

scanning electron microscope at an acceleratingagel of 2-5 kV. All samples were

sputtered with platinum prior to observation.

2.3.5Transmission electron microscopy (TEM)

For microstructural analysis, TEM is the most comiyioused method. It necessitates
electron transparent samples, less than 100 ni thibigh energy electron beam (100-1000
keV) is focused on the specimen by electromagrietises similar to SEM. Whereas the
scanning electron microscope generates an image dtastically backscattered electrons, in
TEM the intensity of transmitted electrons is meaduThe intensity is inversely proportional
to the atomic number, and so discriminating betwdiffierent elements present in different
microdomains. Another contribution to image cortres diffraction, highly sensitive to
changes in the orientation of crystals, when latptans are close to Bragg orientation. If the
microscope is adequately equipped, selected areetrah diffraction (SAED) can be
performed on individual crystallites. Unlike SAEDX:ray diffraction of powders always
shows an average diffractogram of crystallites jpbgsof different sizes, shapes and
composition. High resolution TEM (HRTEM) allows fogsolution of columns of individual

atoms. Columns are the result of interference batvirecident and scattered electron waves.

-52 -



Chapter 2 Experimental

Instrumentation

The transmission electron micrographs were pickedusing, JEM-3010 of JEOL. The
samples were suspended in ethanolic solution. &ftere a small portion of this suspension
was mounted with a pipette to a copper grid (3.0®) nthen the grid should be left for while
till evaporates the ethanol.

2.3.6 Energy dispersive X-ray spectroscopy (EDX)

EDX device usually coupled to SEM machines andseful for elemental analysis. In EDX
the high energy electron beam is used to ionizeatioy removing core level electrons. The
resulting ions are highly unstable and decay wittii*~102 s. The electron deficiency in
the core orbital is compensated by an electron femmupper level. Excessive energy is
emitted as an X-ray photon and/or auger electrére photon energy is equivalent to the
energy difference of the electronic states of thedition. These energies are characteristic for
every element therefore allows a qualitative analgéthe sample.

The radiation is converted into electrical signafsenergy proportional to the X-ray
photons via a semiconductor detector. This tectenallows the elements from Be to U to be
measured simultaneously. The quantity of an elem&ndetermined by comparison of
intensities of the sample and a reference. Linatato EDX is the resolution of about 140 eV
in energy. Also the accuracy of quantification estvizeen 1% and 10% depending on the
applied correction procedures. With decreasing mtammbers elements are increasingly

difficult to determine quantitatively due to mateffect™®

Instrumentation

EDX measurements for the samples were done usif@amScan scanning electron
microscope equipped with EDX system from Noranrimeents. The samples were mounted
on a holder coated with a carbon film; quantitatmeasurements for the constituents of the
sample were done by single point measurement. Sleverasurements were done thereafter.
For each constituent atom the average of the measunts was then estimated. Either atomic

percent or elemental percent for the atomic carestiis can be determined.
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2.3.7 Adsorption-desorption properties?®

Adsorption is defined as the selective accumulation and curaton of certain molecules
within a vapor or gas flow onto the solid surfacBserefore, the adsorbed vapors or gases are
referred to as adsorbates and the solid surfaeesatied adsorbent.

There are two types of adsorption, physical adgmrgelectrostatic attraction between the
adsorbate and adsorbent via weak forces, e.g.,déaiWaals forces). Chemical adsorption
(chemisorption) in which electrons are transferpetiveen the adsorbent and the adsorbate
giving rise to formation of chemical bonds throughchemical reaction resulting in an
adhesion of the adsorbate molecules.

Porosity: The word pore has a Greek origin; it originatesr‘poros’, which means
passage. A pore represents a pathway betweentdraaxand the internal surfaces of a solid,
through which materials like gases and vapoursiefunx into, through or out of the solid.
Pores are small cavities exist in the solids all@wapours and gases to pass. Porosity is a
comprehensive term for these pores and their ditwtan the structure of a solid.

Table 1. Comparison between physical and chemical adsorftio

Physical adsorption Chemical adsorption
Heat of adsorption / kJmidl | 20 - 40 > 80 c.f. bulk-phase
c.f. heats of liquefaction chemical reactions
Rate of adsorption (at 273 K) Fast Slow
Temperature dependence |ddecreases Increases
uptake (with Increasing T)
Desorption Easy- by reduced pressurd®ifficult - high temperature
or increased temperature required to break bonds
Desorbed species Adsorbate unchanged May be different to origina
adsorptive
Specificity Non-specific Very specific
Monolayer coverage Mono or multilayer Monolayer

condition dependent

-54 -



Chapter 2 Experimental

There are four types of porésee Figure 4):

= Open pore: is a pore associated with the exteundhee of a solid and permits the
adsorbate to pass through the solid.

= Closed pore: an isolated void into the solid whechot linked to the external surface.

= Transport pores: these acts to link the inner rpigrosity to the various parts of the
external surface of the solid.

= Blind pores: these are linked to the transport parighout leading to any other pore or
surface.

Internal and external surfaces can be explained as:
= Internal surface: consists of the area surroundmegclosed pores along with all
cracks which permeate intensely into the internflthe adsorbent which are
profounder than they are wide, and
= External surface: composed of the protrusions apersicial cracks which in this

case are wider than they are deep.

7 o V7 0- Open pores
A : c- Closed pores
f : 1

t- Transport pores

b- Blind pores

Figure 4. Different types of porosify.

Classification of pores

¢ According to IUPAC pores are classified relativetteir width as follows?
0 Micropores: <2 nm
0 Mesopores: 2 - 50 nm
0 Macropores: > 50 nm

¢ Microporosity may be subdivided into three categsft
o0 Ultramicropores: < 0.5 nm
0 Micropores: 0.5-1.4 nm

0 Supermicropores: 1.4 - 2.0 nm
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Classification of adsorption isotherms (see Figurg)**
Six types of adsorption isotherms are known inelgdi

Type | isotherm. This is characteristic of the adsorbents havingnastly microporous
structure, since the most of the filling for sucltmpore occurs at relative pressures less than
0.1. At a partial pressure of ~0.5 normally theaag8on process complete. As an example for

this type the adsorption of nitrogen on carbon7aK7and ammonia on charcoal at 273 K.

Type Il isotherm. This type represents the case of the physicalrptiso of gases over the
surfaces of non-porous solids. Coverage of the mageo occurs at first thereafter at high
relative pressures coverage with multilayers ocsutssequently, e.g., adsorption on carbons
having mixed micro- and meso-porosity.

I II
8
/[ III Iv
T
v
Q
)
o] 8
2]
T
T
&
g \Y VI

Relative pressure —

Figure 5. Diagrammatic representation of isotherm typés.

Type lll isotherm. The obtained plot is cambered to the relativequmesaxis. This type is
typical for weak adsorbate-adsorbent interacfivasd is widely related to both non-porous
and microporous adsorbents. Low uptakes at lowivelgressures will be the result of the
weak interactions between the adsorbate and treelsatd. Nevertheless, after the adsorption
of a molecule on the primary sites, the adsorbdsesdate interaction (much stronger) gets
the driving force of the adsorption process. Counsatly, acceleration of the uptakes will

occur at higher relative pressure. At high parpatssures this complementary type of

-56 -



Chapter 2 Experimental

adsorption represents a cluster, e.g., the adsarpfiwater molecules over carbon where the

primary adsorption sites are oxygen based.

Type IV isotherm. This type is characterized by presence of a hgsierdoop, which is
usually connected with the presence of mesoporosltig shape of which is unique to each
adsorption system, hysteresis loop is a resul@fcapillary condensatidii.As well as these
isotherms show a limited uptake at high relativespures. Figure 6 demonstrates the various

shapes of hysteresis loops that can be seen whtisitype of isotherm.

\ A / A A A A A
H1 H2 H3 H4
a a a a
P/P() = P/P() =9 P/P() = P/P() >

Figure 6. Hysteresis loops in type IV isotherms accordinth@®lUPAC classificatioR®

Hysteresis loop: two reverse procedures are included in the adsorpprocess, i.e.,
condensation and evaporation of condensed gamdmbres, evaporation of the condensed
gas does not happen as readily as its condens@tiais a result of the higher possibility of
re-condensing a molecule evaporating from a highigved meniscus than one evaporating

from a plane surface. There are four different sypehysteresié?

Type H1 loops characterize the porous materials known to corapagglomerates or
compacts of almost uniform spheres in totally ragakray. Therefore, they will have narrow
distributions of pore size.

Type H2 loopscan be represented by some corpuscular systegps gdica gels), the
distribution of pore size and shape is not welkted. Really, the H2 loop is principally
difficult to interpret. In the past it was ascrib&al the divergence in the mechanism of
condensation and evaporation processes taking plaperes possessing narrow necks and
wide bodies (normally referred to as 'ink bottletgs). However, now it is realized that this
gives an over-simplified picture and the role ofwwrk impacts must be taken into account.

Type H3 loopsthese types do not show any limiting adsorptiohigh p/p°. They can be
seen with aggregates of plate-like particles legtinslit-shaped pores.

-57 -



Chapter 2 Experimental

Type H4 loopsare associated with narrow slit-like pores, howewdéhese cases the Type |

isotherm character is indicative of microporosity.

Type V isotherm. This characterize also weak adsorbate-adsorbéataitions™ The
isotherms are convex to the relative pressure akiese isotherms are suggestive of
microporous or mesoporous solids. The shape ofcthss of isotherms can be explained on
the basis of the same reasons as those for Typadican also exemplify by water adsorption

on carbon.

Type VI isotherm. This type presented firstly as a hypotheticalhisaoin. The shape of
which arises from the complete coverage of monooutde layers prior to the evolution to a
subsequent layer. It has been suggested, by Hdlsbgt the isotherms originate from the
adsorption on tremendously homogeneous, non-poswfaces where the monolayer
capacity relates to the step height. The only examgzrognized for this type is the adsorption
of krypton on carbon black (graphitized at 3000aK»0 K?®

Measurement of surface are#’

The Brunauer-Emmett-Teller (BET) gas adsorptiorhtéue has come to be the most
commonly used standard procedure for the deterramaf the surface area of finely-divided
and porous materials, despite the oversimplificatid the model on which the theory is
based. It is customary to apply the BET equatiotiénlinear form

p____1 . (CDp
n* (p°—-p) npn'C  npCp°

Where n? is the amount adsorbed at the relative pressyrg pﬂﬁ1 is the monolayer

capacity and C is the BET constant.

The BET equation requires a linear relation betwegh (p°—p) and p/p° (i.e., the BET
plot). The range of linearity is restricted to miled part of the isotherm, usually not outside
the p/p° range of 0.05—0.30. The second stagedrafiplication of the BET method is the
calculation of the surface area (often termed tB& Brea) from the monolayer capacity. This
requires knowledge of the average arga(maolecular cross-sectional area), occupied by the

adsorbate molecule in the complete monolayer. Thus

A, (BET) = n2-L-a,,
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and
as (BET) = A, (BET) /m

where A (BET) and a (BET) are the total and specific surface areaspeaetively, of the

adsorbent (of mass m) and L is the Avogadro cohstan

Instrumentation

All BET measurements in our work were performed arMicromeritics ASAP 2020
automated system. After degasing of the samplesguai mixture of M-He gases for
appropriate time and under suitable temperatutegogen adsorption-desorption behaviors

were studied.

Densities of the pre-weighted materials were measwsing Micromeritics AccuPyc Il
1340. He gas was employed for this purpose.

2.3.8Thermal analysis”

Thermal Analysis (TA) represents techniques in Whibe properties of materials are
studied as a function of temperature. Thermal amlgan be classified according to the
property that changes with temperature to:

* Thermogravimetric analysis (TGA): mass

» Differential thermal analysis (DTA): temperaturdfelience

» Differential scanning calorimetry (DSC): heat diface

* Pressurized TGA (PTGA): mass changes as functiqgmessure

* Thermo mechanical analysis (TMA): deformations dimdension

* Dilatometry (DIL): volume

* Evolved gas analysis (EGA): gaseous decompositiodyzts

In TGA mass changes are recorded as a functioengberature. The measured thermogram
gives information on changes in sample compositioermal stability and kinetic parameters
for chemical reactions in the sample. Mass changede monitored with some process, e.g.,
physically; gas adsorption, gas desorption andghasisitions (vaporization or sublimation)
or chemically; decomposition, break down reactiges reactions and chemisorption. TGA
can be used for determination of thermal stabittgterial purity and humidity, as well as for

corrosion studies and for examination of gasifmafprocesses.
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The temperature at which the decomposition of thempde occurs can be affected by
heating rate and sample size, whereas, the progfedse reaction can be influenced by
particle size of sample, packing, crucible shapkgas flow rate.

In DTA the temperature difference between sampteraference material is recorded as a
function of temperature or time. Thermogram in Déénsists of peaks that appear as exo-
thermic or endothermic ones.

The processes give rise to changes in heat / taypercan be physical process such as
adsorption (exothermic), desorption (endothermacthange in crystal structure (endo — or
exothermic), crystallization (exothermic), melti(f@hdothermic), vaporization (endothermic)
and sublimation (endothermic). Chemical phenomarzh sas oxidation, reduction, break
down reactions (endo — or exothermic), chemisonpfexothermic) and solid state reactions
(endo — or exothermic) can be studied with DTA.

Coupled techniques such as (TGA-DTA) give rise tmmprehensive study of a materials
thermal behavior.

The idea of DSC is similar to that of DTA, the diftnce between them is that DTA
measures a difference in temperature while DSCwalléor the direct measurement of a
change in enthalpy. DTA as mentioned before meagheevariation in temperature between
the sample and reference (which suffers no phaaages) as the furnace goes through a
computer controlled temperature program. Firstiyg temperatures of both the sample and
reference material change (increase or decrea#eynly till the sample reaches a point that
it undergoes a phase change, which is either eadutb or exothermic. Secondly, the
difference in temperature is recorded. Althoughwlsaformation is gained using DTA, there
are several drawbacks to the technique which resufhaking it difficult to quantify the
results and obtain information regarding the emthabdf the sample transitiorlS. These
difficulties were overcome with the development@$C. DSC is defined as a technique
where the heat flow rate difference into a sampkkra@ference material is measured.

Instrumentation

TGA/DTA were carried out using NETZSCH-TGA/ STA 40@D device, under air
atmosphere as well as under Argon flow from ambientperature to 1000 °C and 800 °C,
respectively, at heating rate of 5 K/min. The segeeof decomposition under both conditions
was elucidated by running the chemical analysierdéirmination of the TG analysis at the

end of each mass loss.
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2.3.9Magnetism’*

Magnetism arises mainly from the orbital and spiotions of electrons and the way how
these electrons interact with one another.

The magnetic behavior of materials can be claskifieo five major groups; diamagnetism,

paramagnetism, ferromagnetism, ferrimagnetism atiteeromagnetism.

Vo L O O O O A
O I I A O O
rrrtetrrrtt

Paramagnet Ferromagnet

Anti-ferromagnet

Figure 7. A graphical summary of the different types of nesigmphenomen#

Diamagnetic substancesonsist of atoms which have no net magnetic mosn@tfit orbital
are fully occupied and no unpaired electrons casteXNevertheless, when subjected to a
field, a negative magnetization is created andefioee the susceptibility is negative. From the
plot M vs H, we can see:

Ml\
+ M=H %
%<0
- T -
H ~+ = constant
Sooslope=y e

Diamagnetism®
Note that the magnetization is zero when the a@giedd is zero. In diamagnetic materials
the susceptibility does not depend on the temperatu

Paramagnetism:as a result of the presence of unpaired electropartially filled orbitals,
some of the atoms or ions in the material possess amagnetic moment. Nevertheless, the

discrete magnetic moments do not exhibit magnetieraction. In the absence of external
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field the magnetization is zero. As the field isplgd, a partial alignment of the atomic
magnetic moments arises in the direction of thie fieesulting in a net positive magnetization
and positive susceptibility. Moreover, the efficamfythe field in aligning the moments is
counteracted by the randomizing impacts of tempesatThis leads to a temperature
dependent susceptibility (Curie Law).

The paramagnetic susceptibility is small at norteaiperatures and in moderate fields (but
larger than the diamagnetic contribution). Exceptthe cases at which either the temperature
is very low (<<100 K) or the field is very high, neaagnetic susceptibility is independent of
the applied field.

M, e A
+ ~"slope=y x R
H
» >
M=y H T
- x>0

Paramagnetism**

Ferromagnetism: in these materials the atomic moments are intergetery strongly. The
interactions arise from electronic exchange foraes lead to a parallel or antiparallel
alignment of atomic moments. Exchange forces aoeneous, comparable to a field in order
of 1000 Tesla, or just about a 100 million times #rength of the earth's field. The exchange
force (quantum mechanical phenomenon) arises flanrdlative orientation of the spins of
two electrons. Ferromagnetic materials show pdralignment of moments causing a large

net magnetization even in the lack of a magnegicfi

Ferromagnetic materials are characterized by poeseithree distinguished features:
(1) Spontaneous magnetization,
(2) Existence of magnetic ordering temperature and
(3) Hysteresis
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Spontaneous magnetization

Spontaneous magnetization represents the net meagioen that occurs into a uniformly
magnetized microscopic volume in the lack of adfieAt 0 K, the magnitude of this
magnetization is depending on the spin magnetic emdsnof electrons.

parallel alignment

A A A A

O OO ¢

A A A A

O OO ¢

Ferromagnetism®!

Saturation magnetization

Represents the maximum induced magnetic momenhtcdmbe produced in a magnetic
field (Hsat); no further increase in magnetizatioocurs beyond this field. Saturation
magnetization is a substantial property, does epedd on the particle size and depend on

temperature.

Hysteresis
After the removal of the applied field ferromagness preserve some of it, this behavior is
termed hysteresis. The plot of the relation of ttagiation of magnetization versus the

magnetic field is called a hysteresis loop.

=

/ Magnetization

o
o

4

jast
-

/ Magnetic Field

Hysteresis |oop™!
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Saturation magnetization (Ms) can be measured by applying a magnetic bélkry high

strength, which is generally adequate to saturatgt magnetic minerals.

When the field is removed, the magnetization doetsfall to zero but keep it up as a

saturation remanence (Mr) By decreasing the field, the induced magnetiradiecreases.

Coercivity (Hc), represents the field where the induced magnetizas zero. Further

decrease of the field results in saturation agatrirbothe negative direction.

Coercivity of remanence (Hr): This is the reverse field which, when applied &hen

removed, reduces the saturation remanence to alevays Hr >Hc).

The initial susceptibility (yo) represents the magnetization detected in lowldiehs low as
of the earth's field (50-100 uT).

The different hysteresis parameters are not mengliynsic properties; they depend on the

grain size, domain state, stresses, and temperature

Curie temperature®3*

Curie temperature (Tc), or Curie point, is the temafure where a material's permanent
magnetism changes to induced magnetism or thealrifioint where a material's intrinsic
magnetic moments change direction.

For low levels of magnetization, the magnetizatdrparamagnets follows what is known
as Curie's law, at least approximately. This lavdidates that the susceptibility of
paramagnetic materials is inversely proportionathiir temperature, i.e., materials become

more magnetic at lower temperatures. The matheal@&xpression is:
M=yH < H
:X  e—
T

M : The resulting magnetization

¥ : Magnetic susceptibility

H : Auxiliary magnetic field, measured in amperefen
T : Absolute temperature, measured in kelvin

C: A material-specific Curie constant

For a paramagnetic ion with non-interacting magnetoments with angular momentum J,

the Curie constant is related the individual ienagnetic moments,
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N
C= 3kA Her Wherg = gugyI(J3+ 1)
B

Leff IS interpreted as the effective magnetic momentpaeamagnetic ion. NAvogadro's
number, k Boltzmann’s constantis the Bohr Magneton and g is the Landé g-factor.

When orbital angular momentum contributions tortiegnetic moment are small, as occurs
for most organic radicals or for octahedral traosimetal complexes with®ar high-spin d

configurations, the effective magnetic moment takesform (g = 2.0023.% 2),

Heg = 24/ S(S+ g =/n(N+ 2,

Where n is the number of unpaired electrons aisdtl® spin quantum number.

Curie's law is valid under the commonly encounter@aditions of low magnetizatiopgH
< kgT), but does not apply in the high-field/low-temgkere regime where saturation of
magnetization occurgigH = kgT) and magnetic dipoles are all aligned with thpliegl field.
When the dipoles are aligned, increasing the eatefield will not increase the total
magnetization since there can be no further aligrime

The Curie point is seen as a phase transition legtaderromagnet and a ‘paramagnet’. The
word paramagnet now merely refers to the linegparse of the system to an applied field,
the temperature dependence of which requires amdedeversion of Curie's law, known as

the Curie-Weiss law

M = LH
T-9

0 describes the exchange interaction that is predbait overcome by thermal motion. The
sign of6 depends on whether ferro- or antiferromagnetieradtions dominate and it is
seldom exactly zero, except in the dilute, isolatasks.

Ferrimagnetism: The moments are aligned oppositely (in the absesfcan applied
magnetic field) and have different magnitudes doebéing made up of two different
paramagnetic ions. Materials are only ferrimagnéwow their materials corresponding

Curie temperature.

Antiferromagnetism: The moments are aligned oppositely and have dheesnagnitudes
resulting in a zero magnetic moment and a net niegnef zero at all temperatures below
the Néel temperature. Materials are only antifeageatic below their corresponding Néel
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temperature. This is similar to the Curie tempertas above the Néel temperature the

material undergoes a phase transition and becoarampgnetic.

»~
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Figure 8. Magnetic susceptibility as a function of temperatior different types of magnetic
material >

Instrumentation
The magnetic measurements were performed on thdB@ldgnetometer using Quantum
Design MPMS and generally carried out in a tempeeatange of 5-350 K and field strengths

from 50 to 20,000 Oersted.
For the field-dependent measurements, a definiteuamof the sample is fixed between

two Scotch-tape strips. To determine the magnetiment a greater amount of sample (up to
100 mg) was transferred into a gelatine capsulelaen measured magnetically.

All the magnetic measurements were done by CleReizonka.
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Chapter 3 Results & Discussion

3. Introduction

One of the most significant problems associated with the synthesis of manganese oxide/
hydroxide nanoparticles is the phase control over the final product. This problem arises
mainly from the presence of various oxidation states for manganese, hence, many
oxide/hydroxide phases are available. Diverse structural arrangements of the basic unitsin the
structure of such oxides will result in various polymorphs. These polymorphs can be
distinguished simply by denoting the oxide/hydroxide phase Greek letters, i.e., a-, B-, y-, 6-, &-
and 1.}?

Although, numerous reports were issued for the synthesis and applications of manganite
nanoparticles (y-form manganese oxyhydroxide), nevertheless, few work was reported for
feitkenchtite (B-form). Actually, limited synthetic routes were presented for the preparation of
feitknechtite.>*

Accordingly, our research study in this chapter will focus on how to manage a simple and
reliable reaction for synthesis of various manganese oxyhydroxide polymorphs, particularly,

feitknechtite and manganite.

As previously mentioned in chapter 1 many preparative methods were reported for the
synthesis of single-size manganite nanoparticles. Yet, there is no method described for the
achievement of a systematic variation of their particle size.

Consequently, size-selective experiments will be accomplished here with the purpose of
synthesis of manganite nanocrystals with variable grain size by carrying out the
comproportionation reaction between Mn?* and MnO, in aqueous media. The molar ratio will
be chosen as 5:1, a slight excess of Mn?* salt will be used (in comparison with the following

equation) to ensure the formation of single phase of manganite.
AMn? +MnQO; +6H,0 - 5y-MnOOH + 7H*

So far, no study reveals the impact of the anion of manganese salt on the morphol ogical
shape of the so obtained manganite nanorods. In this chapter we will display how the usage of
different manganese salts can affect the rod shapes of as-prepared manganite. In our work and
for the first time (to the best of our knowledge) ultra-long manganite nanorods are synthesized
from the comproportionation reaction of either manganese chloride or sulphate with KMnOs.

Crystallographic data for manganese oxyhydroxide polymorphs are shown in Table 1.
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Table 1.Crystallographic data of manganese oxyhydroxidgrporphs.

Compound | Mineral name Crystal system Z Cell paragtst/ A Features
y-MnOOH |Manganite Monoclinic 4 a=5.304 1x1 tunnels
P2/c b=5.277
c =5.304
B =114.38°
a-MnOOH |Groutite Orthorhombic 4 a = 10.667 1x2 tunnels
Pnma b=2871
c=4.554
pS-MnNOOH |Feitknechtite  Hexagonal 1 a=3.32 1xo layers
P3mil c=4.71
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3.1. Sample characterization
3.1.1XRD analysis

The obtainedy-MnOOH nanoparticles were examined preliminary bgams of XRPD
analysis. XRD pattern (Figure 1) of the sample Sivdpared by method 1 (see experimental
part) from Mn(OAc) under reflux conditions for 17 h indicates thak mdflections as
compared to ICSD-84949 are well indexed to x-raygle phase manganite. The lattice
parameters for this sample a = 5.309(1) A, b = @2%) A, ¢ = 5.319(1) A ang=
114.424(4)° are consistent with those found imditere as a = 5.304(1) A, b =5.277(1) A, c =
5.304(1) A andd = 114.38(2)%. From the pattern it can be seen that the reflestare sharp
and intense, reflecting high crystallinity for thbtained product. The mean particle size was
calculated from the full width at half maximum (FWH and line positions (@ using
Scherrer’s equation. Reflection (11-1), (020), (2&0d (131) were used for calculation of the
mean particle size <d> which was found to be 215 Tio the best of our knowledge this is
the first time that ng-MnOOH are synthesized utilizing methodttough modification of
the initial pH of the reaction (bsefluxing of either MnCJ] or MnSQ and KMnQ in aqueous
medium and modifying the reaction pH to 6 using NdVianganite samples SM2 (prepared
using MnC}) and SM3 (prepared using MngQwvere checked also by XRD. The patterns
(Figure 2) indicate that pristine manganite sampliess obtained, with average particle size

<d> of ~24 nm.

—— Observed

—— Calculated

—— Difference
| Reflection

111

-

T L T
15 30 45 60 75
20/[°]

Figure 1. Rietveld refinement and Laue indices jMnOOH sample (SM1) obtained by
refluxing Mn(OAc).4H,0O and KMnQ (5:1) in aqueous medium for 17 h at 110 °C, tddal
concn. of 13 mmoltwas used. <d>=21.5 nm.
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(b)

20/[°]

Figure 2. XRD patterns of-MnOOH samples obtained by refluxing a) Mp@H,O (SM2) or
b) MnSQ.H,0 (SM3) with KMnQ@ (5:1) in aqueous medium (17 h, 110 °C, total Mnaro of
13 mmol [* and pH ~8). <d> = 24 nm.

3.1.2IR spectroscopy

The samples of-MnOOH were further characterized by means of IRcspscopy. IR
spectra (Figures 3&4) show two sets of bands betwi@®-700 and 1000-1200 &mwhich
are assigned to Mn-O stretching vibrations and ©eHding modesy{OH, 5-2-OH, 5-1-OH),
respectively. The broad bands at 2550 - 2680 care attributed to OH stretching vibration
weakened due to hydrogen bonds O—H...O, whereas dhk lpcated in the range 2065-
2075 cmt* could be considered as a combination band of thestB#iching mode at 2550-
2680 cnt (f,) and the excited lattice mode at 5897c(fb). Thus, by f = f— f; i.e., 2661 —
589 = 2072 cil, the value obtained is close to the reported 2660 by Kohler and

coworkers!

IR spectrum of SM1 shows tiny absorption bandthrange of 1350-1670 émThese
can be assigned to symmetric and asymmetric carbsingtching vibrations of residual
acetate groups.This observation can be attributed to the presesfcsubtle excess of
unreacted manganese acetate adsorbed over theeswfamanganite nanocrystals. IR
spectrum of the sample SM2 displays a sharp alisorpand locates at ~3400 ¢mThis
band is attributed to OH stretching vibration o tesidual NaOH used for pH modificatibn.

Comparison of the IR data for the obtained mangas@mples with those found in literature
was done and the data are placed in Table 2. Gopement between both is obvidtiEhe
remarkable shifts in Mn-O and O-H stretching vilmas from that shown in literature are

attributed to the nano-size effect.
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Figure 3. IR spectrum of-MnOOH (SM1) prepared by redox reaction between®A&x)
and KMnQ.
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Figure 4. IR spectra ofy-MNnOOH samples (SM2 and SM3) prepared via redoxtiea
between MnGlor MNnSQ and KMnQ.

Table 2. Comparison of IR vibrations of manganite sampléh ¥hose found in literature.

_ Peak position (crif)
Assignment
sSM1 SM2 SM3 Literature®
Mn-O str. 437,477,589 441, 480, 588 440, 470, 588 446, 383,
O—H...O bending {1083, 1116, 11521083, 1117, 11521083, 1117, 11531085, 1119, 1152
OH str. 2661 2659 2659 2680
f=fl-1f2 2072 2071 2071 2083
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3.1.3Raman spectroscopy

Further confirmation for the phase purity of soaéd manganite samples was done using
Raman spectroscopy. From Raman spectrum of SMlhwkishown in Figure 5, about nine
Raman scattering modes located at 149, 220, 260,380, 389, 530, 558, and 623 tire
clearly seen and are matching with those founienaiture®*°

y-MnOOH crystallizes in the monoclinic’g-P2/c space group and contains four MNOOH
formula units per unit cell. All atoms occupy pasiis with Wyckoff site 4e having site
symmetry G. The relation between the; Gite group and the 4 factor group produces 45
optical phonons (after subtracting the K = 0 adeusiodes) of symmetry 124 11 A, +12
By + 10 B. Practically, not all expected Raman-active mdd@sAg+12 By) can be seen for
polycrystalline samples because of low polariztibdias well as spectral overlap of motfes.

Moreover, some of the Raman modes might have tib®ifitensity to be observéd.

750 4

500 -

Intensity (a.u.)

N

a

o
1

200 400 600 800
Wavenumber (cm'1)

Figure 5. Raman spectrum gfMnOOH (SM1) sample.

3.1.4Morphology investigation
3.1.4.1.Scanning electron microscopy (SEM)

Morphological shape of the as-prepared manganigks was investigated by SEM. From
SEM images (Figure 6) a rod-like structure is idfiet for the samples. It can be seen that
the nanorods of SM2 (Figure 6¢c-d) are much thieket longer than those of SM1 (Figure 6a-
b). The estimated aspect ratio of SM1 sample theénrange 10-20 which is smaller than that
of SM2 falling in the range of 40-60. This meanatthltra-long nanorods are produced via
the second preparative method. The fibrous morgyolof the products suggests an
anisotropic growth behavior under present expertalaronditions. High magnification SEM

(Figure 6f) for the manganite sample prepared fiyximg MnSQ, with KMnQO, in aqueous
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medium via pH adjustment revealed that it has also rod-like morphology. These rods are
uniform throughout their entire length and are longer in length and thicker in diameter than
those of SM1. It isworth to mention that SEM is not accurate method for the determination of
the diameter of the nanorods. Most of the rods are stacked together and are difficult to be seen

separately under the scanning electron microscope, for such purpose TEM is most relevant.

Figure 6. SEM images of »-MnOOH samples. a-b) low and high magnification SEM of SM1,
c-d) low and high magnification SEM of SM2 and e-f) low and high magnification SEM of
SM3.

3.1.4.2. Transmission electron microscopy (TEM)

Detailed morphological investigation was carried out using TEM and HRTEM. TEM image
of the sample SM1 (Figure 7a) reveals a rod-like structure. TEM observations revea that the
nanorods have typical diameters ranging from 5 to 30 nm and lengths of hundreds of
nanometers. The average diameter of these nanorods was estimated from size-distribution
curve and it isfound to be ca. 17 nm. It is apparent from TEM image that manganite nanorods
have essentially a uniform diameter throughout their entire lengths. TEM image of SM3
(Figure 7b) shows also a rod-like morphology. From the size distribution curve the average
diameter of these nanorods is ~25 nm. Table 3 shows a comparison of the mean particle sizes
of SM1 and SM3 estimated from XRD reflections mentioned before with their sizes estimated
from the reflection (11-1) and the mean diameters of their rods obtained from TEM analyses.

This comparison reveas that the average diameters obtained from TEM analyses are
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consistent with the sizes estimated from the réflac(11-1), which corresponds to the
growth direction of the diameter of manganite nadsr Figure 7c depicts HRTEM image of
a singley-MnOOH nanorod from SM3 (aspect ratio ~50) implyiitg monocrystalline
structure. It has a uniform structure with a peigddnge spacing of 0.346 nm parallel to the
longitudinal axis of the nanorod, which correspotmighe interplanar spacing between the
(11-1) planes of the monoclinieMnOOH. Therefore, the longitudinal axis of the rganite
nanorods corresponds to the b axis of the mongalinit cell.

Figure 7. TEM images of a) SM1 and b) SM3 samples, thesiraet their size distribution
curves for the rod diameters. ¢c) HRTEM of SM3 sampl

Table 3. Mean particle sizes of SM1 and SM3 samples estidhftom XRD versus the mean
diameters of their rods obtained from TEM.

Sample| Mean size estimated Size estimated from Average diameter|
from XRD <d>/nm (11-1) reflection / nm from TEM / nm

SM1 21.5 15 17
SM3 24 22 25

3.1.5Energy-dispersive X-ray analysis

Compositional analyses were performed for mangasat@ples which confirm that the
structure of nanorods is composed of O and Mn @rlyot detectable by EDX). As proven
from EDX graphs (not shown here) no correspondiegkp indicating the presence of either
Na or K cations. This means that there is no Ni& mrcorporated into the 1x1 tunnelled (0.24
nm x 0.24 nm) structure g(MnOOH. The size of these tunnels is too smalldooammodate
the large size Na and K cations (K from permangasatt and Na from sodium hydroxide
used for pH modification). For SM2 sample tiny ambaf Na cations exists (Table 4) as a

result of presence of residual NaOH accumulated theesurface of this sample. Comparison
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between the average values obtained for atomic hvgagrcent of O and Mn with those
calculated via molecular weight consideration wased We can notice from Table 4 an
agreement between the obtained and theoreticakvalmplying phase purity of the as-

prepared samples.

Table 4. Elemental analysis data obtained for SM1 and SM2psas (from EDX analysis)
and their comparison with theoretical values madeorling to atomic weight percent,

standard deviations are shown in parentheses.

Element %Found %Theoretical
SM1 SM2

Mn 64(6) 61(7) 62.50

@) 36(5) 38(5) 36.36

Na - 0.73) | —

3.2. Studying the effect of experimental parameters

The influence of variation of various experimenparameters such as time, temperature,
manganese concentration, molar ratio of“MvinO,, pH of the reaction medium and
reaction solvent on phase purity, morphologicalpghand grain size of the so obtained
manganese oxide/hydroxide nanocrystals was stutbedthe redox reaction between
Mn(OAc), and KMnQ.

3.2.1Effect of reflux time
3.2.1.1.0n phase purity

The impact of the reflux time on the reaction of (@Ac), and KMnQ, performed in
aqueous medium (molar ratio of KfiMnO, about 5:1, total Mn concn. of 13 mmof land
temperature of 110 °C) was studied. After 1 h, dasgnounts of trivalent manganese are
formed in the solution, precipitating in form of ydwdroxide ¢-MnOOH). Some impurities
of tetravalent manganese (Mg)@oexist. It is seen from XRD pattern shown inukeg8; few

and less intense reflections appeartat 29, 22 and 24°. These are assigned to MnO

This observation is confirmed by IR analysis. IR&Epum depicted in Figure 9 shows the
absorption bands related to manganese oxyhydrastideture except those located at 761
and 1036 crl which are assigned to the presence of MHWhen the reaction mixture is

refluxed for a time of 3 h, all manganese is priéaipd from solution ag-MnOOH, as
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indicated by XRD patterns. The final pH of the &t solution measured after the separation
of the product was found to be ~4.6 (the initial pdlue ~6) which is matched with the
release of acetic acid as shown in equation 3.

At a reaction time of 3 h, the half redox reacti¢h} and (2) are expected to occur. The
standard electrode potentials are given.

MnO, +5H" + 4€ - y-MnOOH+ 2H,0 (1) E°=151V
Mn® +2H,0 - y-MnOOH+ 3H' + € (2) E°=-151V
The overall reaction is accordingly:
4AMn* +MnQ,, + 6H,0 ~ 5-MnOOH+ 7H' (3)
27 h

T T N
Th  xx f & M’\' . A n

0 20 3 40 50 60 70
20/[°]
Figure 8. XRD patterns of the samples obtained from the reaaf Mn(OAc) with KMnQ,
(~5:1) in aqueous medium at 110 °C, total Mn corafril3 mmol [* was used. The reaction
mixture was refluxed for different times of 1, 3da&7 h, <d> = 12, 16 and 23 nm,

respectively. Starg-MnO..

100
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Figure 9. IR spectrum of the sample (mixture eMnNnOOH+Mn(Q,) obtained at lower
reaction time of 1 h.
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SEM investigation for the as-prepared sample at {Figure 10) indicates rod-like
morphology with few cones present together withséhnanorods. The obtained nanorods are
too short and thin compared to those of mangaaitgpge prepared at higher reaction time as

shown before (Figure 6b).

B % \
= 200 NM

Figure 10. SEM image of the sample obtained after 1 h.

3.2.1.2. Ongrain size

Starting the redox reaction at a time (reflux tireeitable for the formation of single phase
manganite samples further increase in the readtioa leads to grain growth. The other
experimental conditions are kept unchanged (tenyeraf 110 °C and molar ratio of about
5:1 for Mrt/MnO,). Larger size manganite samples are produced ¢ieiar from XRD
patterns (Figure 8) that the reflections correspuntb the manganite obtained at shorter time
are broad and less intense and get narrower angeshaith increasing time. Undeniably
grain growth is a time-dependent process, enlargerot the crystallite size occurs via
prolongation of the reflux time resulting in mangarsamples with larger particle size (i.e.,

thicker in diameter).

The same effect occurs by variation of the totedoentration of manganese in the reaction
solution whilst time and temperature of the reactwoe kept unchanged. From Figure 11 we
can observe that two parameters affect the parside; reflux time and total manganese
concentration in the aqueous solution. Indeed, dgh@wvth process is affected by the
concentration of the reactants, a lot of nucleilsarfiormed in this case that can be aggregated
readily hence, accelerating the rate of growth l@ading to the formation of products with

larger size.
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Figure 11. Variation of the mean particle size <d> (estimafedm XRD) of manganite with
reflux time and total Mn concentration. The samplese prepared from the redox reaction
between Mn(OAg)and KMnQ ( 5:1) using the same temperature of 110 °C, mhffetimes
of 1, 3, 8, 17 and 27 h were used. Various totalddncentrations of 1) 5, II) 13, Ill) 39, 1V)
78 and 1V) 156 mmoltwere employed.

Table 5. Impact of time and total Mn concentration on theam particle size <d> of

manganite samples.

Time / h Total Mn concn. / mmol [}

5 13 39 78 156
1 11 12 14 16 18
3 14. 16 1¢ 20 22
8 17 19 22 23F 25
17 19 21F 24 255 08
27 20 23 26 27 2g

Through control of the time and total Mn concendratin the solution, single phase
manganite samples with lower particle size of 14(tirh, 39 mmol [}) are obtained, as well
as manganite samples with larger size of 29 nmh(266 mmol ') are produced (Table 5).
The power law fit applied to the data obtainedtfa variation of the mean particle size <d>
with time showed that, manganite particles growhwviitne t (whilst the other parameters are
held at constant) according to the equation:

<d> = k(t+af"

where <d>: the average patrticle size, t: the reactime, k: temperature-dependent time
constant, a: additional parameter, correspondirie@uotient g/k with dy as particle size at
time t = 0 and n: the order of growth of particlegh time (ranging from ~6-9). The fit

parameters are shown in Table 6.
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Table 6. Fit parameters of the data (according to powerflawetion) obtained for variation

of the mean particle size of manganite with timegsarious total Mn Concn.

n k do

I 7.95 8.72E+08 10.30
I 6.68 4.69E+08 11.20
I |8.07 9.24E+09 12.69
IV |8.41 45E+10 14.46
vV 1915 9.61E+11 16.44

TEM was used to investigate the influence of timetlee morphological shape for the as-
prepared manganite samples. From TEM images (Fig@je picked for two manganite
samples prepared under reflux for two differentesnof 3 and 27 h, it can be noticed that
changing the time does not result in a changeemibrphological shape. The same rod-like
structure persists by rising the time instead ameiase in the diameter of these nanorods
occurs with increasing of the time. An agreemerivben the average particle size estimated
from XRD and the mean diameter obtained from TEMbusious for both manganite samples
(Table 7). In the same way, increasing of the tbtalconcentration in the reaction solution
results in an increase of the mean diameter chshgrepared manganite nanorods.

50 nm

S

Figure 12. TEM images of two manganite samples prepared usiad Mn concentration of
13 mmol * and the same molar ratio of ¥i#MnQO, at two different times of (a) 3 h and (b)
27 h, respectively. Insets represent size distidbuturves for the diameters of their rods.
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Table 7. Comparison of the mean patrticle size <d> (estichdtem XRD) of manganite

nanorods prepared at two different times with thedan diameters obtained from TEM.

Time / h | Mean size estimated Size estimated from Average diameter
from XRD <d>/nm (11-1) reflection/nm from TEM/nm

3 16 13 17
27 23 22 25

3.2.2Influence of reaction temperature

In order to enable a wide range variation of thectien temperature, the redox reaction
between Mn(OAg) and KMnQ was carried out under hydrothermal conditions kagphe
same molar ratio for Mi/MnO, . The impact of temperature on phase purity, gs&@e and

morphological shape was studied.

3.2.2.1.0n phase purity

Starting the reaction at very low temperature of60vhile keeping the other experimental
parameters unchanged (time of 3 h, molar ratio: bf& Mr?*/MnO, and total Mn concn. of
41.8 mmol ) results in reduction of MnOto Mn** and oxidation of Mfi"to Mn*® leading
to formation of a mixture of MnPand MnO, (Figure 13). By rising the temperature up to 80
°C, manganese oxyhydroxide precipitates as a nphj@se and minors of MnpQ@re present as

contaminants. Sufficiently high temperature85 °C) of the reaction results in a single phase

of y-MnOOH.

NI VOS Y, WN
._.-'.AJ\-.J\IJ\/\..-NM.

% *
i’ it ® o ”g * ® * *%
lw N I N v I v I v 1

1
20 30 40 50 60 70
20/[]

(o}

T 30

1t

Figure 13. Effect of temperature on the products of the rescttf Mn(OAc) and KMnQ
(5:1) performed hydrothermally for 3 h at differ@atnperatures of a) 60 °C, b) 80 °C; <d> =
11 nm, c) 85 °C; <d> = 15 nm and d) 140 °C; <d> 5 2Zim. Stars refer tp-MnO, and
circles represent M§O,.
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Two parameters control the precipitation of manganexide/hydroxide nanocrystals, i.e.,
the redox potential of the corresponding redox temi@and the solubility product of the
precipitated oxide/hydroxide phase. Both of cowase affected by variation of the reaction
temperature. Table 8 shows the influence of thetiatemperature on the lattice parameters
of three manganite samples obtained at differesttien temperatures. Enlargements of the

monoclinic unit cell take place with decreasingha reaction temperature.

Table 8. Variation of the lattice parameters of mangargtegles with temperature.

80 °C 85 °C 115 °C 140 °C ICSD-84949
a/A [5.329(6) 5.3194) 5.315(2) 5.311(1)  5.304(1)
b/A |53094)  5.302(3) 5.2951(9) 5.2889(6) 5.277(1)
c/A |5.336(3) 5.328(2) 5.3215(8) 5.318(1)  5.304(1)
plo  |114.67(4) 114.62(3) 114.44(1) 114.423(6) 114.38(2)

Discussion:
s At lower reaction temperature the half redox reangi(4) and (5) are expected to take

place. The standard electrode potentials are peovit

MnO, +4H"+3€ - MnQ,+ 2H, C (4) E°=170V
3Mn* +4H,0 -~ Mn,O,+ 8H + 2¢ (5) E°=-1.82V
The overall reaction after balancing the numbeheflost and gained electrons will be
9Mn?* +2MnQ, + 8H,0- 3Mn, Q+ 2MnQ+ 16H (6)

% By increasing the reaction temperature a differeattion seems to be run that can be

expressed by the following half redox reactions:

MnO, +4H"+3€ - MnQ,+ 2H, C (7) E°=170V
Mn# +2H,0 - y-MnOOH+ 3H" + € (8) E°=-151V
The overall reaction will be

3Mn?* + MnO; + 4H,0 - 3/-MnOOH+ MnO, + 5H' (9)

At a temperature of 85 °C, the reaction correspatlh the formation of x-ray single phase

of y-MnOOH can be represented by equation (3).
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IR analysis was used as a tool to prove the foamsumptions. At a temperature of 60 °C a
mixture of MO, and MnQ is formed. For this sample the absorption bandatéd in the
range of 400-600 cthare assigned to Mn-O stretching vibrations of bmtide phases that
are overlapped in this region. The most charatietignds are located at 730 and 945'cm
which are related tg-MnO,.'* As we have seen by increasing the temperaturé toC8a
mixture ofy-MnOOH (main product and so most of absorption Bacmincide with those of

y-MnOOH), y-MnO, (characteristics band at 945 ¢his produced as we can see from Figure
14.
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Figure 14. IR spectra of the samples prepared hydrothermailltha same time of 3 h and
different reaction temperatures of 60 °C and 80 °C.

3.2.2.2.0n grain size

The relationship between reaction time and par8cde at constant reaction temperature is
shown in Figure 15. Increasing time at fixed reactemperature results in an increase in the
size of manganite particles. Similarly, rising tleaction temperature at fixed reaction time
leads to the same result (Table 9). According &opbwer law fit applied to the data obtained
for the variation of the particle size as a functaf time, it is found that manganite particles
grow with time t (whilst the reaction temperatuspkunchanged) according to the equation:

<d> = k(t+a}"

where, <d>: the average patrticle size, t: the r@adime, k: temperature-dependent time
constant, a: additional parameter, correspondirtjeamuotient g/k with dy as particle size at
time t = 0 and n: the order of growth of particlegh time (ranging from ~6-9). The fit
parameters are shown in Table 10.
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Different case exists at much higher temperaturesrgv no further growth takes place;

instead, a dissolution process commences resuttidgop in the particle size.

Power Law fit

0 10 20 30 40 50 60 70
t/h

Figure 15. Change of particle size with time and temperatune rfc-manganite prepared
hydrothermally from redox reaction between Mn(QAar)d KMnQ of given molar ratio of
Mn**/MnO, and total Mn concentration @f1.8 mmol L%,

Table 9. Variation of the mean particle size of mangana@mgles with temperature and time.

Time/h Temperature /°C
8t 9t 11t 14C

1 12 14 2C 23
3 15 1¢ 22 25
17 19 24 27 31
25 22 25 29 33
5C 24 28 31 36
72 26 29 32 36

Table 10. Fit parameters of the data obtained for variatdbrthe mean particle size of

manganite with reaction time at various reactiongeratures.

Temp./°C | n k 0

85 5.48 7.59E+06 8.30
95 8.02 7.74E+09 12.56
115 8.30 4.70E+10 16.67
140 9.92 459E+13 22.64
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The effect of temperature on the grain growth psead nc-manganite was investigated by
TEM analysis. TEM images captured for two mangarsiéenples prepared at different
temperatures while the other synthetic parameteli ¢donstant revealed that with increasing
reaction temperature an increase in the diameteraofganite nanorods takes place. It is clear
from Figure 16a-b that manganite nanorods preparé&b °C are thinner (mean diameter of
19 nm) compared to those obtained at higher teryperaf 140 °C (mean diameter of 37
nm). Size distribution curves were constructedtfmse samples (Figure 16c-d). Obviously,
the mean diameters of the manganite nanorods diifgrificantly as a function of reaction
temperature. Matching between the average partides calculated from XRD and the
average rod diameters obtained from TEM for botmgaaite samples is noticeable as one

can see from Table 11.

Figure 16. a-b) TEM images of two manganite samples prepasettothermally using two
different reaction temperatures of 85 °C and 14Q fP€spectively, at 25 h. Figures c-d)
represent the corresponding size distribution carfag the diameters of nanorods.

Table 11.Comparison of the mean particle sizes <d> of mamgaanorods prepared at two
different temperatures with their mean diametetsiobd from TEM.

Temp. / °C| Mean size estimated Size estimated from Average diamete
from XRD <d>/nm (11-1) reflection/ nm from TEM/nm

85 21 19 19
140 36 39 37
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3.2.3Type of alkali metal cation of the permanganate sal

The impact of alkali metal cation on phase, patgize and morphological shape of the as-
obtained product was studied. The redox reactidwdmn manganese acetate and different
permangante salts, i.e., KMgNaMnQ,and CsMnQ was carried out, 5:1 molar ratio for the
redox couple MA/MnO, was used (SM1, SM4 and SM5 samples, respectiv€lyanging
the alkali metal cation does not affect the proguidhis molar ratio, all products are assigned
to pure phases of manganite. These observations ebmariance to use of a higher molar
ratio of 1:1 for MA"/MnO, at which different phases of MaQre obtained using various
permangante salts (see chapter 5).

Elemental analyses were performed for such matgaamples (SM1, SM4 and SM5,
respectively) to ensure that there is no excesheofilkali metal cations adsorbed over their
surfaces, also to investigate the posssibilty eirtaccommodation into 1x1 tunnels (0.24 nm
x 0.24 nm) of the manganite structure. Hence, nyodif the reaction path toward the
formation of different phases of manganese oxythyide Although N has low ionic radius
of about 0.102 nm (Na—O distance of ~0.242 riit9the tunnels can not accommodate Na
ions insertion. This is confirmed by EDX analysis the sample SM4 (see Table 12) where
there is no peak corresponding to its presenchdrEDX graph (not shown here). For large
Cs" cations (sample SM5) that have an ionic radiu®.a67 nnT the insertion into 1x1
tunnels is not expected as confirmed by EDX anslylsideed, the small size tunnels are

occupied with small size hydrogen atoms with O—tHdbkngth 0.098 nrh.

Table 12. Atomic weight percent values obtained from EDXlgs@s fory-MnOOH samples
prepared using different permanganate salts.

Sample %Atomic weight

Mn @) X
SM4 61(4)  39(5) 0.15(5)
SM5 67(1)  33(1) 0.0
Expected | 62.5 36.36 0.0

a; X=Naandb; X=Cs
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IR spectra for these samples are shown in Figuréenlwhich all absorptions occur as
typical fory-MnOOH (see Figure 3). No impact on the peak pams#iin IR spectra could be
seen. Merely, a slight increase in the intensitiethe absorption bands is observed and this

could relate to some difference in particle sizéhefprepared manganite samples.

100
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80 804

60 -
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Transmittance (%)

40 -

—CsMnO4 —NaMnOA
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Figure 17. IR spectra of-MnOOH samples prepared from the reaction betweaQAc)
and NaMnQ (SM4) or CsMn@(SM5) under reflux for 17 h.

We have seen that manganite nanocrystals (X-rajesphases) are produced regardless of
the type of parmanganate salts. These resultsdesnenstrated by IR analyses. Nevertheless,
SEM investigations for such products revealed ast wrapact of alkali metal cations on the
morphological shape a@fc-manganite. Different images were taken for eshple. For SM4
sample we can see a rod-like morphology (Figurg.I8s nanorods are thicker than those of
SM1, some nanoparticles coexist beside nanorodsselTbeem to be deformed in shape or
nanorods at intial stage of formation. The samesMadion can be seen for the sample SM5

but in this case much of these nanoparticles aeadmpver the nanorods (Figure 18b).

We can conclude from these results that Na and &g mmder the uniform growth of
manganite nanorods. They are not appropriate cateidor formation of manganite samples
with well shaped and uniform rod-like morphology.
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| mmmm 200 nm
Figure 18.SEM pictures of ng-MnOOH: a) SM4 and b) SM5.

3.2.4Solvent effect

It was established that solvents with differentgpities and tendencies to participate in a
side reaction with the reactans have an influemcéhe product phase as well as on its grain
size®'" In the current study, we will implement this findiras an alternative approach in
order to achieve a control over the size and plusthe so obtained manganse oxide/
hydroxide nanocrystals.

For such purpose the comproportionation reactiomvéen Mn(OAc) and KMnQ was
performed solvothermally at 160 °C for 3 h. Wateaswnixed partially with ethanol in an
attempt to understand the influence of solventniglan the reaction product as well as its
grain size. The other experimental conditions weept constant (molar ratio of 5:1 for
Mn%*/MnO, and total Mn concn. of 41.8 mmot'). Starting from pure water to pure ethanol,

the products of such reaction were characterized®yD as shown in Figure 19.

—100 %
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_20‘;0
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Figure 19.Impact of %EtOH on the reaction of Mn(OAend KMnQ, 70 mL solution was
used, reaction temperature holded at 160 °C for 3 h
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Chapter 3 Results & Discussion

In pure water,y-MNnOOH with a particle size of 27 nm is producecepRcing water
partially with 10% EtOH,y-MnOOH is still formed as the prevalent producteTéwverage
grain size <d> for this sample drops to 24 nm. Whttreasing of EtOH content up to 20% a
new phase appears, the powder pattern for the pretiows additional reflections that can be
indexed to the spinek-MnzO,.

This result can be explained by taking into consitiens that part of KMn@Qis involved
in a side redox reaction with ethanol which conssirm@me of KMn@ hence reducing its
concentration. Actually, the product of the redoctiof KMnQO, by ethanol could not be
established. It may be reducedt®nOOH or MgO,, the product phase depends on the
experimental parametetsTiny impurties ofy-MnOOH are present in case of 40 and 60%

EtOH with formation of spinel as a major product.

Clean phase My, is obtained when 80% EtOH is used, since the amotulKMnQO,
remaining after consumption in the side reactiothwthanol is merely enough for oxidation
of Mn?* to MngO,. The calculated average particle size for thismars ~26 nm (estimated
from band broadening and line positions using Selnsrformula).The lattice parameters of
this sample are a = 5.7658(1) A and ¢ = 9.4573(5) A

Further increase in the EtOH content results imrnkage of the particle size of MD,
samples. Spinel with average particle size of 9ismbtained utilizing 100% EtOH. The
calculated lattice parameters for this sample are 2767(7) A and ¢ = 9.47(1) A. By
increasing of %EtOH (shrinkage in grain size) ebttign of the unit cell occurs in the ¢

direction.
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IR analysis was done for the sample obtained ire mihanol (Figure 20), the spectrum
shows three absorption peakes at 399, 478 and B89 which are assigned to Mn-O
strectching vibrations in the spinel, 0y.'® Additional absorption bands are located at 3362

and 1634 cil, these bands are attributed to stretching andibgndbrations of the —OH
group of absorbed and/or crystallization water males™®
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Figure 20.IR spectrum of spinel sample M (<d> = 9 nm) prepared in pure ethanol.

TEM investigations for the two spinel samples afedi using 80% and 100% EtOH (Figure
21a-b) reveal nearely sphere-like morphologies, (8Bape-isotropic particles) with average

diamters of 26 nm and 8 nm, respectively. Theseltgescoincide with those obtained from
XRD calculation.

Figure 21. TEM images of two M@, samples prepared using different ethanol contemks:
80% EtOH and b) 100% EtOH.

In a conclusion, ethanol has a significant inflleeran the grain size of the obtained
manganite and spinel nanocrystals. The remarkablleffthe particle size with increasing the

content of ethanol can be explained as follow: &thas a less polar solvent than water, thus
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the solvation energy of the oxide/hydroxide phaskewer than in pure water. This leads to a
higher initial energy of the oxide/hydroxide befamecleation, so decreasing the energy
barrier that has to be overcome for crystallizaffb@onsequently, the nucleation rate is
higher in ethanol-rich solutions, so the availablanganese oxide is consumed quickly,
which prevents the growth of bigger crystallites.

The main influence of ethanol on the reaction potslcomes from its role as a reducing
agent participating in a side redox reaction henoasuming part of KMn@thus, leading to

formation of a product with lower oxidation state,, MNOOH or MRO,.

3.2.5Synthesis and characterization of feitknechtite g-MnOOH)

A survey about feitknechtite revealed that modesrkwhas been dorfé?* Limited
preparative methods were reported for feitkneclsytehesis.

The relative structural instability of the layerswlucture feitknechtite (with a lamellar
structure) compared to that of manganite placendeu the risk of structural modification

toward the most stable polymorph manganite with tixthels®?°

Much efforts are necessary
for synthesis of single phase feitknechtite, thosild be the reason for the limitations of

feitknechtite synthesis in literature.

Here, a novel method is developed for the preparaif feitkenchtite based on the former
aspect of the influence of the solvent on the cap@rtionation reaction between manganese
acetate and KMng Pure acetone is used as a solvent instead afia@t(@5 °C, 1 h and 70
mL acetone). Actually, the oxidation of acetonenat as readily as that of ethanol. It is
oxidized hardly by KMnQ@, the oxidation occurs essentially via C-C bondtuep under
vigrous conditions resulting in formation of a mise¢ of formic acid and acetic add.
Therefore, a slight amount of permangante is coesuim the side reaction with acetone
(relative to that consumed by ethanol).

The results obtained whilst solvents of differealgpties were used, i.e., water, ethanol and
acetone showed a change in the reaction produpurie water the product is identifiedas
MnOOH and in pure ethanol as spinel (Figure 19)enshs the product obtained in pure
acetone is characterized as feitknechft&inOOH (Figure 22f> The average particle size

for this sample is ~39 nm. Feitknechtite has aotred symmetry (space groﬁ%ml(164))
with cell parameters as a = 3.428(3) A, ¢ = 4.918(Andp = 120°. Peak list for this sample

is shown in Table 13.
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Indeed, the Mineralienatlas database for feitkrischéported 4 reflections that can be seen

at d-spacing = 4.62, 2.64, 2.36 and 96hese reflections match well with our pattern of
feitknechtite for which the reflections are seeml-a&pacings 4.60, 2.69, 2.38, 2.06, 1.85 and

1.58, taking into account that we have shifts i plositions of the lines as a result of using

Co-radiation. Indexation of the powder pattern luk tfeitknechtite sample is not possible,

specially with appreciable shifts in peak positievisich can be ascribed to some structural

changes.

B-MnOOH

10

20 30 40 50 60 70
20/ [°] (Co-Ka)

80 90 100

Figure 22.Diffractograms of-MnOOH (<d> = 19 nm, 3 h) an@#-MnOOH (<d> = 39 nm,
1 h) samples prepared in pure water and pure acesmiutions, respectively.

Table 13.Peak list of feitknechtite sample.

Peak No.| Pos. [°2Th.] d-spacing [A] FWHM [°2Th.]
1 22.45: 4.5978¢ 0.4009:
2 38.9¢ 2.6856:. 0.307
3 41.159¢ 2.5465 0.61¢
4 44.200: 2.379: 0.307
5 51.560:¢ 2.0581¢ 0.307
6 58.024t 1.8456¢ 0.307
7 69.286¢ 1.5735! 0.499:
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IR analysis for feitknechtite sample (Figure 23)e@ed two sets of absorption peaks. In
the range of 400-700 chthe absorption peaks are related to Mn-O stregchiirations. The
other set locates at 745, 947 and 1070'@nd are assigned to O—H...O deformation
vibrations of3-MnOOH 28

It is clear that IR spectrum of feitknechtite difefrom that of manganite (see Table 14)
although both have basically the same constitumhia bonds. This can be ascribed to the
divergence in the structural arrangement of NMn&tahedral. In manganite they are
connected in away, so 1x1 tunnels are produced hichwH atoms are residing. In
feitknechtite the octahedral Mg@re arranged in layers and H atoms locate inrttezlayer
spacing (4.7 Af?
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Figure 23.IR spectrum of-MnOOH sample prepared solvothermally in pure agetat 95
°C, 1h.

Table 14 shows the comparison between Mn-O and O-©Hvibrations for both
manganite and feitknechtite. The most significabsesvation is that O—H...O bending
modes of manganite are more energetic which caexipdained by a stronger hydrogen
bonding in manganite structure compared to th&itknechtite structure.

Table 14. Comparison of the positions of the absorption kaolotained from IR spectra of

manganite and feitknechtite.

Sample Mn-O OH bending OH str.
Manganite |436 476 587 | 1082 1116 1153 2660
Feitknechtite| 414 465 597 | 745 947 1068 1865
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Density measurements for this sample revealeditthais a density of ~3.7 g/éwhich is
consistent with the calculated one of 3.8 g/éhi"* This result reflects that we have a clean
phase feitknechtite by all indications. The synihed feitknechtite sample was repeated
twice using the same conditions. Density measurénerere done for the as-prepared
samples, density values in the range of 3.69-3 &2 iound.

EDX analysis for this sample revealed that the ncamstituent atoms are Mn and O. TEM
investigation for the as-prepared feitknechtite glenshowed that this sample has a rod-like

morphology (Figure 24) with average diameter of nfr@

Figure 24. TEM image offi-MnOOH sample prepared in pure acetone.

In conclusion we can accentuate that a novel patiparmethod for sythesis of the spinel,
with controllable grain size has been settled inwark via accomplishment of the reaction
between manganese acetate and KMmOethanol-water solutions. Sample with smallest
crystallite size is obtained in pure ethanol. Femthore, an innovative preparative method is
developed for synthesis of feitknechtite using acetas a reaction solvent.

-99 -



Chapter 3 Results & Discussion

3.2.6Molar ratio of Mn %/ MnO4

The influence of the molar ratio of Mhsalt to KMnQ was studied using 2.5 mmol of
manganese salt and different mmoles of KMni@., 6.3x10, 0.19, 0.41, 0.63 and 2.5 mmol.
The corresponding molar ratios are 39:1, 13:1, @:1, and 1:1, respectively. The other
experimental parameters are kept unchanged,ime, temperature and the volume of water
(225 mL). The solid products were then charactdriby XRD analysis. The XRPD
diffractograms are shown in Figure 25. It is obwdbat the ratio has a significant impact on
the product, indicating that the relative amounKdfnO, is a curcial parameter for formation

of various manganese oxide/hydroxide phases.

—d v
v v
v M v

e
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*
* * % * H -
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20/[]

Figure 25. Impact of variation of Mfi/ MnO;, ratio on the purity of the obtained products
prepared via refluxing the mixture for 3 h in 22% H,0O. The corresponding molar ratios of
Mn?*/ MnO, are a) 39:1, b) 13:1, ¢) 6:1, d) 4:1 and e) 1:1a18: a-MnzO,, closed circlesy-
MnOOH, heartsy-MnO, and diamondsd-MnO..

At very high molar ratio of 39:1 a low concenteatiof KMnQ, is involved into the redox
reaction, therefore full oxidation of all Mhexisting in the reaction medium to Knby
KMnO, can not take place. The relatively high concemiratof Mrf* salt (acting as a
reducing agent) has the ability to reduce the loncentration of KMn@to manganese oxide
with lowest possible oxidation state. As a resh# spinel, MO, with average oxidation
state of 2.67 is produced as a major phaddnOOH (oxidation state of 3+) is formed as a

minor phase (Figure 25a).

Lowering the molar ratio to 13:1 (higher concetitra of KMnQO, is included into the
redox reaction) has an impact on the capabilitykMnO, to oxidize MA* to Mnr*".
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Simultaneously reduction of KMnQo Mnr®* takes placey-MnOOH is obtained as a single
phase. The same process occurs when the molarafatibn®"/ MnO; is adjusted to 6:1
(Figure 25b-c).

With molar ratio of 4:1, KMn@is able to oxidize Mfi to Mr**, precipitated as-MnO..
Minors of Mr* are still formed in the form of-MnOOH. Finally, using a very low molar
ratio of 1:1 results i-MnO, (K-birnessite) due to presence of excedscncentration (K-
template effect). Low quality powder pattern (Fig@5e) is obtained with considerably broad
reflections which may indicate the turbostraticoditer in the birnessite structure, i.e., each

layer is translated and/or rotated randomly intiefeto adjacent layers.

The forgoing study was subsequently followed bytleo study of the influence of the
reaction time on the product phase. The resultavetiothat the most distinct effect is
observed when molar ratio of 1:1 is used. Carrgingthe reaction under reflux for 3 h leads
to formation of5-MnO, (layered type Mng). By extending the reflux time to 17 h, the layers
are collapsed to 2x2 tunnels=MnO, (2x2 tunnelled structure) is produced (Figure Fer
the molar ratios of 13:1 and 6:1 characterized twymftion of manganite nanocrystals,

extending the reaction time leads to enlargemettietrystallite size.

17 h

3h

10 20 30 40 50 60 70

26/[°]

Figure 26. Effect of reaction time on the product phase whenrbolar ratio of 1:1 is used
for the redox couple M/ MnQ; . 6-MnQ, (<d> = 8 nm) isproduced at 3 h and-MnQ,
(<d> =14 nm) is obtained at 17 h.
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3.2.7 Variation of the reaction pH

The pH value is a decisive parameter that can feigntly alter the reaction pathway. In
order to investigate the impact of variation of thaction pH, a set of hydrothermal reactions
was performed between manganese acetate and KiinlOw temperature of 95 °C for 3 h.
The reaction was done in aqueous medium using 7@istlled water, the pH was about 6.
Formation of single phageMnOOH is prevailing in this case. Manganite carfdrened in a
pH range of 6-8, the reaction proceeds accordiregito 3. The final pH value of the reaction
solution measured after the separation of mangarateapproximately 4.5. XRD patterns of
the products obtained by pH modifications are shawrkigure 27. Table 15 shows the

various products formed as a function of variatbthe initial pH of the reaction medium.

10 20 ' 30 ' 40 ' 50 60 70 80
20/[°]
Figure 27. Impact ofvariation of pH of the medium on the products of tleaction of
Mn(OAc) with KMnQ, performed under hydrothermal conditions at 95 6€3 h. a) pH ~2;
y-MnQO,, b) pH ~4;y-MnO,, c) pH ~6;y»-MnOOH, d) pH ~9;-MnOOH + MO, and e) pH
~11; MngOs.

Table 15. Influence of the change of the reaction pH on tleelpct phase and its grain size.

pH; ~2 ~4 ~6 ~9 ~11
Phase v-MnO; y-MnO,; y-MNnOOH y-MnOOH + MnsO4 Mnz04
<d>/nm 12.0 12.7 19.0 — 21.0
pH 1.4 2.2 45 8.5 10.5
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The initial pH of the medium was then lowered byliad drops of HCI solution (0.1 mol
LY preserving the total volume of the reaction dotuat 70 mL. At pH ~2, nsutite;MnO,
(ICSD-78331) is formed. By raising the pH up tdhkre is no change in the reaction product,
l.e.,y-MnO; is still formed. These results reflect the fadtthsutite is preferably formed in
acidic media. Nevertheless, these findings comeasiince to what is reportétwhere at
low pH values of ~1-4 and temperatures of 150-2C0-MnOOH is formed. This has an
indication that in combination with the pH chandlee reaction temperature is a crucial
parameter for variation of the reaction pathwayerridydrothermal conditions. Formation of
nsutite in acidic medium can be represented byethmtion:

2MnO, +3Mn?* +2H, 0~ 5MnQ +4H (10)

In basic medium, by addition of NaOH solution (Grbl L™) variation of the reaction
product is apparent. At pH ~9, a mixtureyeInOOH and MnRO, is produced while raising
the pH up to ~11 results in formation of single gdhapinel, MgO,. In comparison to what is
reported®™ we are able to prepare the spinel at lower tentperaof 95 °C (spinel was
obtained at higher hydrothermal temperature of 2@). According to the report the
estimated particle size for the spinel sample wé8-50 nm which is larger than that we
obtained (21 nm) by the same method at lower hiératal temperature. Formation of
Mn3O, in basic medium can be represented by the follgwiuation:

2MnO, +13Mrf* +240H- 5Mp Q + 125 (11)

Variation of the product phase with the reactionqaf be explained on two bases: firstly,
the redox potentials for the corresponding redecss which change significantly with the
variation of pH; secondly, the solubility productf dhe precipitated manganese

oxide/hydroxide phases which changes also withig¢hetion pH.

For nsutite, SEM images (Figure 28a) showed thditag a plate-like morphology. The
plates are shapeless with plate thickness of 1@hith matchs with the average particle size
estimated by Scherrer’s formula. For the spinelMTE the best analysis tool for the
morphology where SEM does not give detailed infdromaabout the shape. From TEM
picture shown in Figure 28b one can see that theekparticles have octahedron shapes in

most cases, some deformed octahedrons can be seemrlla The shorter axis for these
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octahedrons has a diameter in the range of 20-4@/meneas the longer one is approximately

40-60 nm large.

Figure 28. Morphological investigations of the products obtd via pH modification: a)
SEM image of-MnO, sample and b) TEM image of theMnzO, sample.
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3.3. Size dependent physical properties
3.3.1Vibrational properties
IR spectroscopy

To study the effect of particle size variation be fbsorption properties, IR analyses were
performed of three manganite samples with diffegmgs (Figure 29). It is obvious from IR
spectra that the particle size affects only thensity of the absorption bands, where the
intensity increases with increasing particle sMagnifications for two spectral ranges 400-
700 and 1000-1200 chwere done (inset of Figure 29) to see the infleeot size on the
intensity of Mn-O stretching bands as well as arstéhcorresponding to OH bending modes.
It is clear from IR spectra that the size has mmificant effect on the peak position; non
appreciable shifts take place with increasing d\te.excess mass can exist over the surface
of manganite samples (even for manganite with dhesst particle size), since no absorption
bands characteristic to presence of water can é&e. Jde corresponding peak positions are

listed in Table 16 that depicts a little or no &hih the location of absorption bands.

Table 16. Comparison of the positions of the absorption lsamistained from IR spectra for

three manganite samples with different sizes.

<d>/nm Mn-O OH bending OH str.

16 438 476 588 | 1081 1115 1154 2656
23 436 476 587 | 1082 1116 1153 2660
28 437 478 589 | 1083 1116 1151 2656
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Figure 29.IR spectra of three manganite samples of diffepanticle sizes.
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3.3.2Thermal stability

Thermogravimetric analysis was used to identify tthermal behavior of-MnOOH under
air atmosphere from ambient temperature to 1000TH&. corresponding TGA curves are
illustrated in Figure 30, four steps of mass losesobserved within the temperature range.
The first mass loss corresponds to loss of adsonzer over the surface of manganite. The
second step corresponds to a dehydration coupléd axidation ofy-MnOOH to B-MnO;
(rutile type structure) which has a similar tunedlistructure ag-MnOOH except that the
tunnels are vacant in casefMnO, and occupied with H atoms in caseyd¥InOOH. In the
third step the weight loss indicates the decompmosiof B-MnO, to a-Mn,O3 (Bixbyite)
which undergoes a subsequent decomposition iratitestep ta-Mnz;O, (Hausmannite).

100

5 K/min
M T M T L 1 M 1 S 1
0 200 400 600 800 1000

Temperature (°C)

84

Figure 30. TGA of three manganite samples with differentssmerformed under air flow.

This scheme of decomposition was elucidated by rnveans; firstly by comparing weight
loss of each decomposition step with that calcdldfeable 17), secondly by XRD analysis

(Figure 31) of the products obtained at the englach decomposition step.

Table 17. Mass losses for three manganite samples withrdiffesizes compared to the

calculated mass changes and assignment of phases.

Step |I5nm 25nm 31 nm Assignment Calcd.
I 2.0 0.9 0.6 H,0O -

11 1.8 1.2 1.4 B-MnO, 1.1

I 7.9 8.4 8.4 a-Mn,03 9.1

Ii4 2.8 3.0 3.0 a-Mn304 3.4
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20/[°]

Figure 31. XRD analysis of manganite sample and its decortippgiroducts under air: a)
»-MnOOH, b) 400 °Cp-Mn0O,, ¢) 600 °C;a-Mn,0O3 and d) 1000 °Cy-Mn3zO,.

From the forgoing results, the proposed sequehdeapmposition will be as follow#

4y-MnOOH +0, - 4B-MnO,+ 2H,0 (12)
30-Mn,0; - 2a-Mn0O,+% 0, (13)
2B-MnO, - a-Mn,0;+ % 0, (14)

The effect of grain size on the kinetics of decosifpen was investigated by studying the
decomposition of three manganite samples of diftergize under the same conditions
(heating rate 5 K/min, 25-1000 °C and under aiwjloFrom TG curves (Figure 30) one can
see that the inflection points at which the decaositpm starts T (initial temperature of
decomposition) are markedly affected by grain sizé it is obvious that these temperatures
shift toward higher values with increasing of graire. We can conclude that increasing the
particle size results in a more stable MNOOH ag MalO.

This can be explained depending on two baseslyfirsinaller nanoparticles with larger
surface-to-volume ratio usually exhibit higher sigg energy. Therefore, they require less
enthalpy for lattice distortions, resulting in demsed phase transition temperatdtes.
Secondly, with the decrease of the particle sihesratio of the number of surface atoms to
the total number of atoms increases raptdlyhese atoms are in general chemically more
active and possess high diffusion mobility at eledatemperatures. To observe how the
particles size affects the stability of MNOOH anch®, plots of T vs. particle size were

constructed for %, 2"¢ and & decomposition steps and shown in Figure 32.
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Figure 32.Influence of mean patrticle size on the initial temgture of decomposition ;jTof
manganite and its decomposition products as welthas effect of size on the amount of
adsorbed water on manganite surface.

3.3.3Surface area and pore size distribution

Nitrogen adsorption-desorption isotherms (Figurg \88re monitored for four manganite
samples of different average particle size to sty impact of mean patrticle size on the
surface area and pore size distribution. Theséesots correspond to type IV characterized
by distinct hysteresis loops indicating mesoporgus 50 nm) structure$. The loops follow
H3 type isotherms, which do not exhibit any limgiadsorption at high p/p°. This type is
characteristic to slit-shaped porédt is derived from these isotherms that the surfae=
decreases with increasing patrticle size. The cporeding Barrett—Joyner—Halenda (BJH)
pore size distribution curvese shown in Figure 34. The average pore widthhfersamples
is found as ~10-12 which is indicative for mesop@ratructure. The values of surface area
and average pore width are listed along with theesponding particle size in Table 18.
Figure 35displays the relationship between the specificasurfarea &1 and the inverse of

the average patrticle size 1/<d>.
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Table 18. Surface areas, average pore width and total poheme for four manganite

samples with different sizes.

<d>/nm!| Seer  Average pore Total pore
(m’g)  width/nm  volume / cni/g
15 47.6 10.9 0.13
22 23.3 11.7 0.068
26 15.6 12.1 0.047
29 13.0 10.3 0.037
120
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m@ @ Desorption 100+ I )
5150- 804 !
3
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Figure 33. Nitrogen adsorption-desorption isotherms for foangples of manganite with

different particle size: 1) 15 nm, 1l) 22 nm, IR nm and IV) 29 nm.
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Figure 34. Pore width-pore volume and pore width-pore arelatienships constructed for
four different size-MnOOH samples: ) 15 nm, II) 22 nm, Ill) 26 nm dRgl 29 nm.
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Figure 35.BET surface area as a function of the grain sizeMnOOH samples.
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3.4. Summary and conclusions
¢ Size-selective experiments ¢fMnOOH nanorods were carried out by modifying the
experimental parameters (time, temperature antlMrtaconcentration in the solution),
as a resulf-MnOOH samples with average grain size <d> as ls\w4anm and as large

as 36 nm are produced.

¢ The pH of the reaction medium, time, temperaturevel as the molar ratio of My
MnO, are crucial parameters in the reaction that chahgeeaction pathway giving

rise to formation of various manganese oxide/hyidi®phases.

4 Significant impact of the anion of the manganede (&Ac”, SQ,;2 and CI) on the
morphological shape of the as-prepared manganmeraods is established by SEM
investigations. For the first time ultra-longMnOOH nanorods are prepared in this
work via the redox reaction of either Mp@r MnSQ, with KMnQO,4 through modifying

the pH of the reaction medium.

4 The alkali metal cation of the permanganate saltN&K and Cs) was proven to have an
enormous influence on the morphology of as-syngeesimanganite nanorods. The
results showed that usage of KMn@ads to formation of regular shape manganite
nanorods. However, Na or Cs permanganate hindersuttiform growth of such
nanorods, consequently, manganite samples withrrdefb rod-like morphology are

obtained.

¢ Reaction solvent is an important parameter thatreamlt in varying both of the reaction

pathway and the grain size of the so obtained nreeggaoxide/hydroxide phases.

+« In Pure water single phase manganite (1x1 tunnstetture) are synthesized from
the redox reaction between manganese acetate amDKM

“ A new synthetic route is developed for feitkne@synthesis (layer type manganese
oxidehydroxide) for the first time on the basisreplacement of water entirely by
acetone.

% Using pure ethanol, manganese spinel (lower oxidagtate) is formed as a result of
consumption of part of KMngn a side redox reaction with ethanol.

« Size-control over the synthesized manganese oxidekide nanoparticles is
achieved by replacement of water partially withaetbl. Shrinkage of the size takes

place by increasing of ethanol content in water.

-111 -



Chapter 3 Summary & Conclusions

¢ The results showed that many important physicgbgnies are size-dependent:

« Significantly, the thermal stability of the mang&nnanoparticles (as well as its
decomposition products) increases with increadisgarticle size. This feature is
important for application purposes.

¢ Surface properties were studied, the results redethlat the surface area increases

with decreasing grain size which is important fargose of catalysis.
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Chapter 4 Results & Discussion

4.Introduction

Manganite was frequently used as a precursor fathsgis of other manganese oxides, i.e.,
B-MnO;, MnsOg, Mn,O3; and MnO,. The corresponding oxides can be obtained via
calcination of the precursor under different atnhesps’>

Many reports have discussed the thermal behavianarfiganite, several decomposition
sequences were proposed under different atmospliefesording to these reports, it is not
so obvious, why and how the decomposition-0nOOH can pursue various pathways upon
heating under different conditions. Therefore, wik pvesent in this chapter a clarification of
the thermal behavior of manganite in air and igeg atmosphere.

Focusing on MgOg andp-MnO,, the effect of calcination parameters on the dexsition
of manganite and subsequent formation of such mtsdwill be studied. Especially, the
influence of calcination temperature and accessilmf oxygen to the manganite (in terms of
the size of the glass tube in which calcinatiorcpes takes place) will be examined. For this
purpose manganite will be heat-treated isothernaally non-isothermally.

According to the work of Norby et.dl.it is claimed that MgDs nanorods (yet, not clean
according to XRPD) can be produced via calcinabbmanganite under nitrogen flow. No
attention has been paid to the importance of oxygeasure in the formation of MDg from
manganite. Moreover, the magnetic behavior of sMiOg nanocrystals revealed the
presence of a significant amount of spinel impesitiin addition, the presence of such

impurities has not been clearly interpreted.

In our work we will present a modified preparatiorethod of MgOg by calcination of
manganite just in air, with a rationalization oétformation of minute spinel impurities. X-
ray single phase Mg nanoparticles are accessible by the described anetiMagnetic
behaviour for different MgOg samples will be studied in more details. Detaflthe structure

of MnsOg will be discussed in this chapter.
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4.1.1sothermal heat treatment of manganite

Initially, the solid product obtained from refluxyjrof Mn(OAc), and KMnQ in aqueous
medium for 27 h was identified by means of XRD gs@l as shown in Figure 1. All observed
reflections are consistently indexed to single pha®InOOH with monoclinic unit cell and
space group RZ. The lattice parameters are a = 5.3130(3) A52842(2) A, ¢ = 5.3059(3)
A and p = 114.404(3)°. Estimation of the mean particleesimm band broadening using

Scherrer’s formula was done. An approximate greie sf 28 nm was found.

111
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Figure 1. Rietveld refinement for the as-preparedMnOOH precursor (~28 nm), Laue
indices are shown.

The precursor was then investigated using IR arsalys the IR spectrum (previously
shown in chapter 3) two groups of bands, located/den 400-700 and 1000-1200 Enare
pronounced which are assigned to Mn-O stretchibgations and OH bending modes@H,
§-2-OH, 5-1-OH), respectively.The wide band at 2656 ¢htan be ascribed to OH stretching
vibration due to hydrogen bond O—H...O, whereas thedblocated at 2072 c¢his
considered as a combination band of the OH-stregchiode at 2656 cm(fl) and the
excited lattice mode at 589 €nff2). Thus, by f = f1 — f2; i.e., 2656 — 589 = Z06mi*. The
value obtained is close to the reported 2063 byKohler et.aP

Calculation of SOF (Site Occupancy Factor) of*ffiom Rietveld analysis done for the
precursor (Figure 1) indicates that all Wyckofesitontaining M are occupied which refer
to idealy-MnOOH structure without any recognizable defeth®e (efinement data are listed
in Table 1&2). The refinement was based on therapsion that all oxygen sites are fully
occupied. This observation was further confirmedTI&A analysis, where excess mass of

about 0.5% was found. This mass is essentiallijpated to water. Density measurements for
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the precursor revealed that it has a density 09(8.85) g/cm compared to 4.31 g/cn

calculated from Rietveld refinement, indicatinganfdefected manganite structure.

Table 1.Refinement data of manganite precursor preparddrueflux, <d> ~28 nm (refined

according to 84949-ICSD).

Manganite | Literature’
Space group (No.) P 2/c (14) P 2c (14)
alA 5.3127(2) | 5.2983(3)
b/A 5.2846(2) | 5.2782(2)
c/A 5.3064(4) | 5.3067(3)
ple° 114.410(3) | 114.401(2)
V/ 106 pm3 135.664 135.148(12
p | glen? 4.31 4.32
Z 4 4
R (expected) / % 1.377
R (profile) / % 1.033
R (weighted profile) / % | 1.316
R (Bragg) / % 0.971
GOF 0.914

Radiation iSCuKa and the type of profile fit is Pseudo-Voigt

Table 2. Wyckoff positions, atomic fractional coordinatesdaisotropic displacement

parameters B of manganite precursor refined acegrii 84949-ICSD.

Atom | Wyck. X y z B/ 10 pm?
Mnl | 4e 0.248(3) 0.5150(5)0.243(3) 0.87(3)

o1 4e 0.161(5) 0.110(3) 0.385(5) 1.37(3)
02 de 0.632(4) 0.366(3) 0.390(4) 0.94(3)
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Isothermal heat treatment was performed by cdicnaf the manganite precursor in air at
varied calcination temperatures. A calcination twh& h was chosen. Using the same amount
of the precursor (~30 mg) and the same size forgthes tube (lengtht = 10 cm and
diameter ¢) = 1 cm) in which the calcination process was qrenked, distinctive products
were obtained. XRD analyses were made for the sporeding calcination products, the
results are shown in Figure 2. Table 3 lists theous decomposition products of manganite

and their corresponding average particle sizes <d>.

[ JMnOOH
[ J200°C
[J225°C
[]265°C
[]300°C
[]350°C
[J400°C
[]520°C
[]560°C

10 20 30 40 50 60 70 80
2° Theta

Figure 2. XRD patterns of-MnOOH and its annealing products obtained viahsotal heat
treatment (t = 1 h) at various calcination tempenas. At 200 °C; a mixture of MNOOIA+
MnO,, 225-265 °Ci3-MnQ,, 300 °C; mixture of-MnO, + MnsOsg, 350-520 °C; MgOg and
560 °C;a-Mn;O3. The same amounts of the precursor (~30 mg) weed,calcination occurs
in the same size glass tubes each Withl0 cm and® = 1 cm.

Table 3. Decomposition products produced by calcinatiomahganite precursor at different

temperatures along with their particle sizes edtohasing Scherrer’s equation.

Temp./°C | 225-265 350-520 560 1000
Product B-MnO,  MnsOg a-Mny0O3  a-Mn3zO4
<d>/nm 23-24 16-19 30 44
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From 3D representation of XRD patterns we can $e¢, by calcination at 200 °C
manganite transforms to pyrolusifeNInO,). Minor impurities related t9-MnOOH could be
recognized which implies that some of manganitestii un-decomposed at this low
temperature. XRD-cleaf-MnO; (space group P.An n m (136)) is obtained by rising the
temperature up to 225 °C (equation 1). The lap@emeters for thi-MnO, sample are a =
4.4030(2) A and ¢ = 2.8742(1) A that match withsiadound in literature (a = 4.3983(3) A
and c = 2.8730(3) AYMoreover, a single phase §MnO; is still obtained by increasing the
calcination temperature up to 265 °C. By elevathyannealing temperature to about 300 °C

manganite transforms directly to M, though minute impurities ¢F-MnO, coexist.
4vy-MNnOOH+ 0O, - 4MnO,+ 2H O (2)

XRD single phase My©s samples (monoclinic, space group C 1 2/m 1 (1&)adbtained
by heating the precursor in a temperature rang856f °C - 520 °C. This process can be

described by the following equation:
20y-MNnOOH+ 0O, - 4Mn,Q + 10H O (2)

Heat treatment of the precursor at 560 °C leadboimation of bixbyite,a-Mn,O3. By

calcination of manganite at 1000 °C, hausmanndensO, is produced (Figure 3).
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—— Calculated
—— Diffrence
Reflection
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da A -

- m e an's - e
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T T T T T T —

20 40 60 80
20/[]

Figure 3. Rietveld refinement of the calcination product-dinOOH precursor obtained at
1000 °C in open air, My©, (refined according to ICSD-31094).

It is noteworthy that the former results do notresgnt decomposition sequences for
manganite; the whole approach can be describeddwyd4 which means that manganite is
used as starting material for the synthesis ofctireesponding manganese oxides depending

on the calcination temperature.
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Figure 4. Schematic representation of the calcination prdslucf manganite by rising
calcination temperature.

The former results were further confirmed by IRIgs@s performed for the decomposition
products obtained at different calcination tempeed. The magnified sections for the IR
spectra of the products in the range of 400-1200 are shown in Figure 5. The positions of
the absorption bands taken from IR spectra amdlist Table 4 along with their assignments.
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Figure 5. IR spectra of the calcination productsy@MnOOH magnified in the range of 400-
1200 cni; 200 °C; f-MnO, + p»-MnOOH, 225 °C-MnO,, 300 °C; MrOg + -MnO,, 350-
520 °C; MnyOg, 560 °C;a-Mn,0s.
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Table 4. IR absorption bands for manganite and its decoitippsproducts, positions and

assignments.

»(Mn—-0) /cmi* OH bending /crit  OH str./ cnit
»-MnOOH | 437, 476 and 587 1082, 1116 and 1152 2667
B-MnO, | 409, 499 and 722 - -

Mn_O, 417, 488, 550, 600 and 634 - -

a-Mn_ O, |562, 598 and 666 - -

Interestingly, three absorption bands are deteatdéite IR spectrum of the sample obtained
by calcination at 200 °C situated in 1000-1200'aange (Figure 5), these can be assigned to
O-H---O bending modes pMnOOH (-OH, §-2-OH ands-1-OH)? implying the presence
of v-MnOOH as impurities admixed to tfieMnO, sample. Three absorption peaks at 722,
499 and 409 cthare observable in the IR spectrum of the sam@pared by calcination of
the precursor at 225 °C which are typical for snghasg-MnO, and arising from the Mn-O
stretching, bending and wagging modes, respectfirely

The spectrum of the sample obtained by annealir@@t°C exhibits an absorption peak
located at 720 cthwhich is ascribed to the presence of impuritidateel top-MnO,. IR
spectra for the samples obtained at temperatur@®H20 °C are typical ones for Mg
and match very well with those reported before Novs0s.*° The absorption bands for the
sample produced by calcination at 560 °C coincidéh Win-O stretching modes foa-
Mn,05.'°
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4.2. Non-isother mal heat treatment of manganite
Non-isothermal heat treatment was made by runni@g/DSC for manganite precursor

(~28 nm) from ambient temperature to 1000 °C usdteitow (Figure 6).
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Figure 6. TGA/DSC of y-MnOOH (~28 nm) under ambient air flow, heating rate of 5 K/min
was used.

From the TG curve depicted in Figure 6 and accgrdm the theoretical expectations
manganite loses adsorbed water firstly at ~130 @& second mass loss at ~275 °C is
ascribed to decomposition of manganite giving ts€ormation of B-MnO,. In the third
decomposition step occurs at ~575 °C pyrolusiteeduced to bixbyitep-Mn,Oz which
finally undergoes further reduction at 920 °C taudmannite. These expectancies were
evidenced by comparison of the calculated and fouass losses. The results are presented in
Table 5. Moreover, XRD analyses (Figure 7) were eniad the products obtained at the end
of each decomposition step revealing that we hheesequence as proposed which is in

accordance with that reported befére.

Table 5. Calculated, found mass losses and their assigisnoérihe decomposition products

of manganite under air flow.

Mass loss step I [ [ IV
Calcd. / % - 1.1 9.2 3.4
Found/ % 0.5 1.2 8.3 3.0
Assignment H.O B-MnO,;  a-Mny0O3  a-Mn3zO4
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10 20 30 40 50 60 70 80
20/

Figure 7. XRD patterns 0j-MnOOH and its decomposition products obtainednhat ¢nd of
each mass loss extracted from thermogravimetridyaig a)y-MnOOH, b) 400 °CS-MnO,,
¢) 600 °C;a-Mn,0O3 and d) 1000 °Cg-Mn30,.

We have submitted such results of TGA in this wimtktwo purposes: firstly to show the
consistency of our results with those reportediterdture* and secondly to depict the

difference between isothermal and non-isothermat treatments for manganite.

4.3. I sothermal and non-isothermal heat treatment of g-MnO, and MnsOg

Non-isothermal analysis was carried out feMnO, sample (~20 nm) via TGA from room
temperature up to 400 °C and repeated once agaghelgiting the temperature up to 600 °C
under air flow. The isothermal annealing (1 h) wame utilizing the same amount of
pyrolusite (~30 mg) in the same size glass tubdevatdifferent temperatures near to 400 and
600 °C. These studies were implemented to subatanivhether or not Mg could be
produced as an intermediate betw@eMnO, ando-Mn,0s.*? The products obtained in both

cases at various temperatures were examined by afRlysis (Figure 8 and 9).

0 20 30 40 50 60 70 80

20/[°]
Figure 8. XRD patterns of ap-MnO, sample (prepared by calcination of manganite & 26
°C, ~20 nm) and its heating products obtained b A& b) 400 °Cp-MnO, persists and c)
600 °C;a-Mn,03) using heating rate of 5 K/min.
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20/°]

Figure 9. XRD patterns of g§-MnO, and its annealing products obtained by isotherhest
treatment for 1 h in air at b) 375 °@:MnO, persists and c¢) 560 °@-Mn,Os.

Seemingly, neither isothermal nor non-isothermadthesatment of-MnO, (at 400 °C)
leads to formation of MyDs in contrast to what was reported beftrénstead, enlargement
of the grain size of-MnO, sample from 20 to 25 nm takes place in both cd$egrading the
temperature of annealing up to 600 °C leads to atemlu of B-MnO, to o-MnyOs.
Consequently, we can infer that Oy is not an intermediate product in such processdssan
formed right away from manganite by annealing irero@ir atmosphere under conditions

which enable low accessibility of oxygen to theqomsor.

MnsOg sample was then heat-treated under either isotlemnmon-isothermal conditions at
480 and 560 °C in air. At a temperature of ~480n¥phase transition is observed whereas
annealing of MgOg at 560 °C gives rise to formation afMn,O3; as evidenced b¥RD

results illustrated in Figure 10.

A A MW M A
T L T L T L] T L T L] T L] T L 1
10 20 30 40 50 60 70 80
20/[°]

Figure 10. XRD diffractograms of a) M@g prepared by calcination of the manganite
precursor at 350 °C for 1 h and its annealing produobtained (isothermal heat treatment
for 1 h) at b) 480 °C; MsOg persists and c) 560 °G-Mn,Os.
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The above results came at variance to what is reghdreforet? According to that report,
MnsOg is considered as an intermediate product betwe®dmO, and a-Mn,O3 through
heating at or above 300 °C. It was considered that coexistence of somg-MnO,
intergrown with MROg as an evidence for the production of /@s from 3-MnO,. A possible
interpretation for this formation is by taking infee account the amount of oxygen in contact
with manganite that influences unequivocally thedaton pathway, leading to a variety of
oxidation products.

The following sequences for both isothermal and -isothermal heat treatment of
manganite depending on the accessibility of oxygesm constructed on the basis of the

presented results.

Non-isothermal

v-MnOOH | =— =— =—»| B-MnO. — == =P | g Mn,O;

225-265°C
I— — - " B. MnOZ e e e |
| |
\ 4
+-MnOOH Isothermal a-Mn0;
1
I 350-520 °C 1
Narrow tube

Figure 11. Schematic representation for the different patlsvagdopted during the
decomposition 0f-MnOOH under isothermal and non-isothermal heaatingent at various
temperatures.
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In spite of the fact that both of these processesewperformed under air atmosphere
however, there is a pronounced difference betweemt The question now arises what is the
provenance of this divergence between isothermdl ram-isothermal heat treatment of
MnOOH? In order to answer this question very simgtperiments were carried out. Two
parallel calcinations for manganite precursor at$hme temperature of 400 °C and for the
same time of 1 h were performed using two glassedulf different sizes; one is shorter in
length and narrower in diametdr£ 10 cm,® = 1 cm) and the second is wider and londer (

=20 cm,® = 3 cm). XRD was used to examine the productsimdda(Figure 12).

—— Large tube
—— Small tube
——vy-MnOOH

]

10 20 30

6I0 ' 7I0 ' 8I0

20/[°]
Figure 12. XRD diffractograms of-MnOOH and its products obtained by isothermal heat
treatment at 400 °C for 1 h, using small size glagse (MROsg) and large size tubes{

MnO,).

Seemingly, calcination in narrow tubes leads tonfation of MnOg and that performed in a
wide tube results in formation $¢tMnO,. This can be explained by taking into the account
that the amount of oxygen accessible to the preciumghe narrow tube is much less than that
for the wide one. Taking into consideration equaid and 2ve can realize that each one
mole of manganite needs 1/20 mole oxygen to protdg®g whereas 1/4 mole of oxygen is
necessary for production of-MnO,. Non-isothermal heat treatment of manganite
unequivocally results in formation of Ma@here a stream of air rich in oxygen flows over
manganiteprecursor implying a higher partial oxygen pressexerted over the surface of
manganite. So we can draw the conclusion that dntiappressure of oxygen is the key factor
that governs these transformation, higher pressirexerted in case of air flow rich in
oxygen, the case of non-isothermal heat treatmemtedl as for isothermal conditions using
large size glass tubes.
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4.4. Thermal stability of pyrolusite and MnsOg
Comparison of the thermal stability of M nanocrystals (~18 nm) with that pfMnO,

nanocrystals (~20 nm) was achieved by means of DS&analyses (Figure 13).
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Figure 13. TGA/DSC of-MnO, and MnOg under air flow (heating rate of 5 K/min).

TG curves reveal that the inflection point locasd86 °C in the TG curve gEMnO, may
be taken as a characteristic temperatyrat which the decomposition process takes place.
For MnsOg the point of inflection for decomposition is mon#d at about 558 °C. These
results indicate that M@g is more stable thap-MnO,. Taking into account that both, MDs
andp-MnO,, can be considered as metastable states relativ@hOOH anda-Mn,0O;3, yet
no clear evidence was reported for the metastibtyMnsOg. DSC resultsshow that
endothermic peaks are recognized in both cases.tHeordecomposition of M@s the
enthalpy change is found ~22.1 kJ/mole whereag3#vinO, the enthalpy change is 24.5
kJ/mole. Mass losses in both cases are listed lneT& along with their grain sizes and the

values of T.

Table 6. Calculated, found mass losses and their assigisnoérihe decomposition products
of B-MnO; (<d> ~20 nm) and MyDg (<d> ~18 nm), Tvalues are taken from TGA/DSC
performed under air flow.

Sample | Calcd./% Found/% ;T°C assignment
S-MnO, |9.19 7.95 486 a-Mn,03

MnsOsg 1.98 1.73 558 a-MnxO3
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4.5. Thermal behaviour of manganite under argon atmosphe
As it is apparent from TG curve shown in Figure TGA/DSC analysis for manganite

under argon flow revealed that manganite decompgses heating in a two-step process.

100 +

84

0 100 200 300 400 500 600 700 800
Temperature / °C

Figure 14. TGA/DSC of-MnOOH under argon flow, heating rate of 5 K/minsxesed.

The interpretation of these mass losses is notoolsvby taking into account equation {3).
Accordingly, the first mass loss is expected td8£22% (found 11.9%) and the second mass
loss should be 10.12% (found 1.4%) in contrast hatwve detected. This difference reflects
the fact that the decomposition of manganite uratgon does not proceed according to
equation (3). Therefore, we suggest a revised imadcheme for the decomposition of
manganite which can be represented by the equatians 5.

8y-MNOOH — Mn,O; +0-Mn O, + 4H,0 3)
20y-MnOOH - Mn,O, +50-Mn O, + 10H,0+ O, (4)

According to equation (4), the estimated mass tdsbe f' step is 12.05% (evolved as a
mixture of water vapour and oxygen gas), whicmis igood agreement with the found value
(11.9%). The second mass loss corresponds alscha&b @quation (5) predicts. Results of
TGA/DTA are listed in Table 7 which reflects the totang between found and calculated
mass losses according to our suggestion. This hgpst was further proven by XRD
measurements (Figure 15) for the products obtaatetie end of each decomposition step
which revealed the presence of a mixture of boths®4 and a-MnzO, (end of ' step).
Rietveld refinement for such product was made (feédib) taking into account that we have a

mixture of two oxides, i.eMnsOg and MryO,. Estimation of the content of each component
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was done from TGA and compared to that extractedh frefinement; the results showed a
very good agreement between them as observed ie Bahdicating that our suggestion was

correct. See Table 9 for refinement data.

Table 7. Calculated and found mass losses for decompospi@ducts ofy-MnOOH

extracted from TGA/DSC performed under argon atrhesp

Step | Calcd./% Found/% Assignment

15‘ 12.05 11.90 MnsOg+5 MO,

2“" 1.38 1.40 MnzO,
——800°C
—320°C
—230°C

ol

10 20 30 40 50 60 70 80
20/

Figure 15. XRD patterns of-MnOOH and its decomposition products obtainechateénd of
each decomposition step via TGA (Ar, 5 K/min).

Iobs.

Icalcd.
—— Difference
| Mn508
| Mn,O,

MWMWWWW,
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20/

Figure 16. Rietveld analysis for the residue obtained at ¢hd of first mass loss, 320 °C
from thermal decomposition ¢fMNOOH via TGA under argon flow using heating rafe
5 K/min.
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Table 8. Estimation of MgOg anda-Mn3zO4 contents for the residue obtained at the endef th
first mass loss, derived from TGA ofMnOOH under argon atmosphere and Rietveld
analysis for XRD data of that residue.

Wt% /TGA Wt %/ XRD

Mn_O 26.0 26
58

Mn_O 74.0 74
374

Table 9. Measurement parameters, structure and refinematat for the residual product
obtained at the end of the first mass loss whiginOOH is heat-treated under Ar (5 K/min).

MnsOsg Mn30O,
Z 2 4
Formula mass / g/mol 805.37 915.25
Space group (No.) C12/m1(12) I 4damd (141)
alA 10.388(7) 5.7645(8)
b/A 5.743(4) 5.7645(8)
clA 4.878(3) 9.456(2)
al® 90 90
pl° 109.55(4) 90
yl° 90 90
V/ 106 pm3 274.214 314.199
p | glen? 4.88 4.84
\Y 0.6(3) 2.8(1)
w 0.5(2) -0.02(3)
R (expected) / % 1.259 1.259
R (profile) / % 1.129 1.129
R (weighted profile) / % | 1.431 1.431
R (Bragg) / % 1.293 0.938
GOF 1.394 1.293
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4.6.Rationalization of thermal behaviour of manganite

From the previous results of the heat treatmentnahganite we can conclude that the
relative vapour pressure of oxygen gas in contath wanganite precursor is a crucial
parameter that prompts such transformations. A3 aglfor an inert gas which contains
contaminants of oxygen, the quantity of oxygen asuaiito it is a decisive factor for such
reactions. Quantification of the impact of oxygencaint on transformations ¢iMNnOOH to
various manganese oxides was established via amgeadanganite under nitrogen gas
containing a well-defined amount of oxygen (5%)eThasults of XRD analyses for the heat-
treated manganite precursors under different flates of nitrogen, i.e., 3.5 and 1.0 mL/min

are shown in Figure 17.

—1.5 mL/ min

10 20 30 40 50 60 70 80

——3.5 mL/min

10 20 30 40 50 60 70 80
20/[°]

Figure 17. XRD diffractograms for the decomposition produmigained by annealing of
MnOOH under nitrogen flow (contains 5% oxygen) gdiifferent flow rates, closed circles
represent MgOs.

A very careful insight for the XRD patterns revetiat at higher flow rate where much
oxygen is flowing over the precursor, x-ray singtase3-MnO- is formed. In contrast, lower
flow rate implicates low oxygen stream passing aber precursor but not low enough for
formation of clean MgOs. In this case a mixture of both Mdg andp-MnO; is produced. The
content of MBQOg is very low at this condition which is evidencey the existence of tiny
peaks in the powder pattern of the product thateleged to the presence of MOz as minors
admixed tg3-MnO,.
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4.7.Microstructural analysis

Microstructural analysis of manganite precursor aitel calcination products was
implemented via scanning electron microscopy. SEMige of manganite (Figure 18a)
indicates that it has a rod-like morphology. Thes#s are uniform throughout and have a
mean diameter of 30 nm and average length up tonlwith an aspect ratio up to 30.
Actually, this fibrous-like structure is an indigat for anisotropic growth of-MnOOH
nanocrystals. Obviously, manganite transforms tagiataly at lower temperature or in the
presence of higher oxygen amount to pyrolusite itifarit the original rod-like morphology.
The diameter o3-MnO, nanorods in this case is thinner than that of raaitg as it is
manifested by the SEM image shown in Figure 18keéedent discussion have pointed out
that such topotactic conversion fromMnOOH to B-MnO, is mainly an ordinary
consequence of elimination of hydrogen rather tinflow of oxygen? Seemingly, as it is
apparent from SEM observations, manganite trangoamhigher annealing temperatures
(350-520 °C) and in the presence of extremely lowoant of oxygen to MsOg that preserves
the initial rod-like morphology. Investigations 8EM pictures indicate that heat treatment of
either B-MnO, or MnsOg results in production o&i-Mn,O3 with conservation of shape:-

Mn>Os; maintains the fibrous structure in this case.

Figure 18. SEM images of MnOOH and its calcination produesy-MnOOH, b)A-MnO,,
¢) MnsOg and d)a-Mn,Os.
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4.8. Structural analysis of MnsOg

Rietveld analysis of the XRPD was made to ascedaine structural manifestation of the
so obtained MgDg sample (prepared by calcination of manganite & ®%5 ~16 nm). The
calculated and the experimental patterns along e difference pattern extracted from

Rietveld refinement are shown in Figure 19.

Observed
—— Calculated
—— Difference

I Reflection

T
30 60 90 120
20/[°]

Figure 19. Rietveld analysis results deduced from XRD data of MnsOg, <d> ~16 nm.

Obviously, the fitting between both patterns aslveal the absence of any additional
reflection are good signs inferring that we hav@ngle phase My©g sample. Reasonable R
values were obtained (Table 10). The SOF valuestioatoms occupying various Wyckoff
sites are all equal to 1 which implies that we haven-deficient MgDg structure. No excess
mass is existing over the surface of thissMyisample as established by TG curve shown in
Figure 13.

The measured density for this sample was 4.69(0gd& which matches with the
calculated one from Rietveld refinement (4.89 glcrithe difference between them may be

due to an error occurs as a result of using ingefit amount for the measurement (~18 mg).

MnsOg structure has monoclinic symmetry with space gréup 2/m 1** The calculated
lattice parameters are in a good accordance witkettiound in literatur& non-appreciable
difference (< 2 pm) can be seen as shown in TaBleAlomic fractional coordinates and

isotropic displacement parameters are illustratebable 11.
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Table 10. Measurement parameters, structure and refinemaat af MnOg (prepared by
calcination at 350 °C).

MnsOg 16956-ICSD®
Z 2 2
Space group (No.) Cl1l2/m1(12)] C12/m1(12
alA 10.398(1) 10.347
b/A 5.7322(5) 5.724
clA 4.8715(5) 4.852
Bl° 109.520(5) 109.41
V/ 106 pm3 273.680 273.033
p | glen? 4.89 4.93
\% 0.18 —
W 0.25 -
R (expected) / % 1.174 -
R (profile) / % 1.071 -
R (weighted profile) / %| 1.386 -
R (Bragg) / % 0.774 -
GOF 1.394 -

Table 11. Wyckoff positions, atomic fractional coordinateadaisotropic displacement

parameters B of MyOs.

Atom Wyck. X y z B / 0pnt
Mn1 2c 0.0 0.0 05 15(1)
Mn2 49 0.0 0.2663(5) 0.0 0.61(7)
Mn3 4i 0.7186(3) 0.0 0.6504(8) 1.89(7)
o1 8j 0.1084(6) 0.229(1) 0.386(2)  1.93(9)
02 4i 0.108(1) 0.0 0.925(3)  1.93(9)
03 4i 0613(1) 0.0 0910(3)  1.93(9)

- 138 -



Chapter 4 Results & Discussion

It is obvious from the data obtained and shown in Table 12 that MnsOg can adopt the
formulaMn3'Mn3 Og. The crystal structure of MnsOg (Figure 20) consists of octahedral

sheets in bc planes, Mn'Y atoms are occupying two different Wyckoff sites, i.e., Mnl and
Mn2. The octahedrons formed around Mnl atoms are distorted and consisting of four equal
Mn-O bonds that are shorter (192.9 pm) than the other two (199.7 pm) which are equa as
well. All Mn-O distances are elongated compared to those of the bulk MnsOg (Table 12).*2

The octahedral coordination of Mn2 exhibits three equal sets of Mn-O bonds that are
different in length (Mn-O distances are 185.3, 192.8 and 200 pm). All sets are increased in
length if compared to bulk MnsOg.*® One- fourth of the octahedral sites is vacant, above and
below the empty sites Mn'" are located (Mn3). Mn3 (oxidation state I1) exhibits a rare trigonal
presimatic coordination of oxygen atoms with two equal sets of Mn-O bonds (209.7 and 228.2
pm) and the other two Mn-O have different lengths (193 and 224.6). The distances between
Mn and O in the trigona prisms get shorten relative to those of the bulk material (Table 12).
The estimated average interatomic Mn-O distances show differences from those of bulk
MnsOg (the difference for Mn'V-O is ~5-9 pm and Mn'"-O is ~15 pm). Furthermore,
comparison of these distances with those of other manganese oxide/hydroxide phases
(different oxidation states, Table 13) reveals that Mn1-O and Mn2-O have distances located
between those of Mn'V-O and Mn"'-O. Similarly, Mn3-O has a distance located between that
of Mn"-0 and Mn""-O. This finding indicates that we may have a partly charge-disordered

MnsOg structure, trivalent Mn might be present. The way how these Mn™ atoms are

distributed within MnsOg structure is not obvious, extensive study is needed for this purpose.

Figure 20. Crystal structure of MnsOg projected along [ 100] .
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Table 12.Coordination of atoms and bond distances of®4n

Atom Coordination  Distance Literature™®  Number
Mn1l 01 192.47) 185.2¢ 4x
02 199.7(1.2) 187.9 2%
Mn2 287.5(2) 4x
Mn3 324.5(4) %
02 335.0(2) 2x
03 346.6(7) 4x
Mn2 01 185.7) 184.9: 2x
03 192.8(1.1)  189.34 2%
02 200.0(9) 191.89 2%
Mn2 268.0(4) 1x
Mn1 287.5(2) ox
Mn2 305.3(4) 1x
Mn3 323.5(3) ox
o1 338.4(7) 2x
o1 342.8(7) 2x
Mn3 349.1(3) 2%
Mn3 03 193.(1.6) 204.6¢ 1x
01 209.7(7) 216.66 2X
02 224.6(1.0) 228.26 1x
o1 228.2(7) 231.44 2%
Mn2 323.5(3) 2x
Mn1 324.5(4) 1x
Mn3 338.0(3) 1x
03 340.3(1.4) 1x
Mn2 349.1(3) 2x

Table 13. Interatomic Mn-O distances of manganese oxidefwide phases with various

oxidation states.

Oxidn. state  Mn-O distance / pm No. of Mn-O  ICSD No
MnO Il 222.2 6X 43459
y-MnOOH | Il 188.1, 189.3, 197.7, 84949
198.2, 221.3, 233.7
S-MnO, v 187.9 4x 393
189.8 2X
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4.9. Magnetic behaviour of MnsOg

Magnetic studies of MyOg samples were conducted using a SQUID magnetometer.
Temperature-dependent measurements of the magdrmtizaere performed. Figure 21
demonstrates the temperature-dependent magnettepdimslity y of MnsOg (sample 1,
prepared by calcination of carefully washed premuet 350 °C for 1 h) measured using

various field strengths under field-cooled (FC) aedb field-cooled (ZFC) conditions.
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Figure 21. Temperature-dependent magnetic susceptibility ofQ¥l (samplel, 16 nm)
measured under FC (a) and ZFC (b) conditions utijzvariable field strength.

Distinctly, two peaks are notable in tpd plot. The £ sharp one locates jnnear to 42 K
which perfectly coincides with the Curie temperatof the hausmannite, M@, (exists as
tiny impurities), the electronic spins in My order ferrimagntically. The existence of the
spinel admixed to MgDg sample (<d> ~16 nm) could not be monitored by X&@mination.
The 2" peak observed ig-T plot sets iny near 128 K and is attributed to antiferromagnetic
ordering of the electronic spins in k.

The inversy versus T graph (Figure 22) was used to find oet thlue of effective
magnetic momenies, a value of 4.7l was obtained fope, which is in good accordance
with the estimated value 4.8@ for charge ordered M@s structure. The difference between
both pet values may indicate the presence of subtle dedgres&urtural disorder. Assuming

spin—only contributions, thg.+ can be calculated by the formula:

o [T S [T
Heff. (Mn.0,)5 \'5L " M’ | 5[ Mnav)

Where,uMn m= 5.916“5 and UmMn(v) = 3.873}15
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Curie-Weiss temperaturddy) was detected from the invegsT plot (Figure 22) by
extrapolation of the fitted line for the data tj = 0, -116 K was found fofcw. Field-
dependent measurements illustrated in Figure 23biexiho hysteresis even at very low

temperature of 5 K that emphasizes the antiferromatg ordering for MgOs.
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Figure 22. Inverse magnetic susceptibility versus temperapliotted for MaOg (samplel).

Solid line is the fitting according to Curie-Welasy.
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Figure 23. Field-dependent magnetization of #Dg (samplel) measured at a temperature of
5 K.

The presence of tiny impurities @fMn30,4 could be explained on the basis of the presence
of some unreacted manganese acetate adsorbedheveurface of the manganite precursor

which in turn by annealing manganite at 350 °C poed the spinet-MnzO,.
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To substantiate our point of view, another samplmanganite was prepared by the same
way and separated this time without further washihgs expected that more manganese
acetate is accumulated over the surface of thaumec Manganite sample was then checked
by XRD analysis which indicates a single phase raaitg. Afterward, the sample was tested
by IR analysis. The IR spectrum demonstrated imf@@4 shows absorption bands located in
the range of 1350-1670 ¢mThey are attributed to symmetric and asymmetsitbanyl
stretching vibrations of acetate grotip.

Transmittance %

1200 800 400 — Washed sample
----Unwashed sample

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber / cm™

Figure 24. 1R spectra of two manganite precursors one calgfubshed and the other is the
unwashed one. The insight is their magnificatienge range of 400-1200 €m

Thereafter, the manganite sample was heat-tredted tamperature of 350 °C and the
calcination product was characterized via XRD asialf{Figure 25). From XRD patterns
depicted in Figure 25 an additional reflection ascat ® ~45° which is related to the (220)
lattice plane ofa-Mn3O,4. This result indicates that we have 4@ sample (sample 2)
contaminated with appreciable amount of spinel. Mg measurements were performed for
such MrOg sample. Fromy-T plot (Figure 26) we can observe that no satonafor the

magnetic spins takes place even at extremely hedgh $trength, reflecting a high contribution

of the spinel spins to such sample.

It is noteworthy to demonstrate that calcinationneinganite precursor under the certain
conditions established before (i.e., 350-520 °Csnmall size tubes), leads to formation of
MnsOg. Impurities of spinel exist even with a very catefvashing for the precursor. We

found that it is not possible to remove entirelg #dsorbed and unreacted manganese acetate
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over the manganite surface (main reason for the spinel formation) via repeated ultrasonic
washing.

* Mn,;0,

(b) *

(a)

10 20 30 40 50 60 70 80
20/1[°]

Figure 25. XRD patterns of MyDg samples prepared via a) calcination of washed raaitg
precursor at 400 °C using small size glass tube lndalcination of unwashed manganite
precursor using the same conditions.
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Figure 26. Temperature dependent magnetic susceptibility ndQyl (sample2, obtained

from unwashed precursor) measured using highed fetength under FC and ZFC, inset
represents the low field measurements.

Assessment of the amount of spinel impurities admixed to MnsOg samples was carried out
by comparing the value of saturation magnetization of each sample with that of pure spinel
sample (Figure 27). The results spell out that subtle amount of a-MnzO,4 about 0.4-0.6% is
coexisting within the MnsOg samples prepared from carefully washed precursor. Wheress,

MnsOg sample prepared from unwashed precursor exhibits much spinel in content exceeding
13%.
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Figure 27. Evaluation of saturation magnetization from fieldpendent magnetization
measurements for three WOy samples prepared by calcination of 1) washeddnOOH
precursor at 350 °C (blue) and 400 °C (green) anduBwashed)-MnOOH precursor by
calcination at 350 °C (Red). As well as for pureVingO, (black), measurements were
performed at a temperature of 5 K.
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4.10.Summary and conclusions

We can summarize our results as follow:

X/
o

The amount of oxygen accessible (i.e., oxygen gagressure) to the manganite
precursor is a crucial parameter for the transftionaoward manganese oxides with
different oxidation states either in air or in Aor(N;) atmosphere containing some
oxygen.

Formation of single phase M®Dg (in air) demands a high calcination temperature of
350-520 °C and low oxygen pressure, whergédnO, is formed irrespective of the
calcination temperature provided that a high amoointoxygen is accessible to
manganite.

v-MnOOH transforms topotactically @MnO, which has the same rutile-type structure
and isomorphously towards MDs. Both of them are decomposed isomorphousky-to
Mn,O3 preserving the same rod-like structure.

Structural analysis of Mj®©g sample (~16 nm) showed a non-deficient structunehv

Is established by Rietveld refinement, density messent and TGA.

The estimated average interatomic Mn-O distancesvetl differences from those of
bulk MnsOs (the difference for Mi-O ~5-9 pm and MhO ~15 pm). This divergence
indicates that we may have a partly charge-disedd®énsOg structure. Trivalent Mn
might be present as well.

MnsOg orders antiferromagnetically with Néel temperatoiré28 K andcw of -116 K,
the effective magnetic momends is 4.71ug which is in accordance with the estimated
value 4.8Qus for charge-ordered M@s assuming only contributions from the spin.
Impurities of a-Mn3O, which detected in the M@g samples can be ascribed to the
presence of some unreacted manganese acetateheveurface of the precursor. The
adsorbed manganese acetate cannot be removed telgnpia repeated washing for

the precursor even by under sonication.
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Chapter 5 Results & Discussion

5.Introduction
Due to their unique physical properties and teobgiobl prominence, manganese dioxides
have attracted extraordinary attention in technoklg applications, e.g., selective

heterogeneous catalysts, battery materials antt@&emical capacitors.

Various structural forms of MnQoccur in nature, e.ga, B, v, anddé-type. All are built
from the same structural units Mgp©Octahedraa, B, y-MnO; (cryptomelane, pyrolusite and
nsutite) consist of Mngchains that are attached together in a way that Px1 and 1x2 1D
channels are formed, respectivdiytype (birnessite) has a layer structure, compasedige-
sharing MnQ octahedr&.

A lot of approaches were developed for the synghekithe various forms of manganese
dioxide®* Yet, no single approach has been developed fosyhéhesis of all manganese
dioxide polymorphs. The frequently reported comprtipnation reaction between Kfhand
MnO, has been used for the synthesis.0f, y, ands-type (frequently under hydrothermal
conditionsf”’ but not fore and not for birnessite with various intercalatatians (e.g., Cs-

birnessite).

Intercalation of templates to the reaction systeith warkedly sophisticate the synthetic
method, and raises the production cost, hencegases the difficulty for scale-up fabrication
of nanostructures with 1D tunnels. Consequentlys ivorth to discover further techniques

without involving templates (the same problemseafts the hydrothermal reactions).

The effect of using of different permanganatess@itaMnQ, KMnO, and CsMnQ) as a
self-template for the synthesis of different forsfsmanganese dioxide has been stuflied.
Under pH control (the medium acidified using eitterffer solution or nitric acid), either

single phase of cryptomelane or mixtures of mangmogides were produced.

In this chapter, a simple and self-template apgroawsed for the synthesis of the various
polymorphs of manganese dioxide (single phases), d, y, € and é-types, merely from
aqueous medium and under simple reflux processc&uration of K cations (of KMng)
acts as a template for the productioruof ands-types (by changing the Mt MnO, ratio).
Variation of the reaction temperature is the kegapgeter for the formation aftype.

To the best of our knowledge, Cs-birnessite igtmgized for the first time in this work.

Template effect of the alkali metal cation of therrpanganate salts associated with the

- 151 -



Chapter 5 Results & Discussion

variation of the reaction pH (different Kfhsalts will be used for this purpose) is of
importance for this purpose.

Crystallographic data regarding Mp@nd its structurally related compounds are shown i
Table 1.

Table 1. Crystallographic data of MnCand its structurally related compounds.

Compound| Mineral name Crystal system Cell parameters pearyres  Intercalated/
/A Substituted species

S-MnO, Pyrolusite Tetragonal a=4.39 1x1 tunnels -
(P4, / mnm) c=2.87

y-MnO, Nsutite Orthorhombic a =9.32 1x1+1x2 e.g., OHor H,0
(Pnam) b=4.46 tunnels
c=2.850
R-MnO, Ramsdellite Orthorhombic a =4.53 1x2 tunnels e.g., OHor H,0
(Pbnm b=09.27
c=2.87
&-MnO, Akhtenskite Hexagonal a=2.786 No tunnels -

P&/ mmc c=4.412

a-MnO, Crytomelane  Tetragonal a=9.96 2x2 tunnels e.g., K, Ba, OHor
(I4/ m) c=2.85 H,O

0-MnO, Birnessite Hexagonal a=2.384 1xo layers e.g., Na, K, OHor
P&/ mmc c=14.64 H,O
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5.1. Effect of molar ratio of Mn%*/ MnO,
XRD analysis

Comproportionation reaction between KMn@nd MnC} was carried out in aqueous
medium (100 mL) using three different molar rafiosMn®*/ MnOy, i.e., 5:1, 1:1 and 1:3, at
the same experimental time of 17 h and under reftugonditions (pH of the medium ~4, 6

and 9, respectively). Different forms of mangangis&ide are produced (Figure 1).

M = el N ~

T N O R |

10 20 30 40 5 60 70 80
20/[°]
Figure 1. XRD patterns of the samples prepared by refluNvCl.4H,0 and KMnQ in
aqueous medium (100 mL) for 17 h. Different mogios for Mrf*/ MnO, were used; 1, 7-

MnGO; ; 1:1, a-MnO;, and 1:3,6-MnO..

With low molar ratios, 1D tunnelled structures at#ained. When a molar ratio of 5:1 is
used, nsutite is produced (a = 9.393(3) A, b =8082) A and ¢ = 4.419(2) A). Nsutite, i.e.,
v-MnO,, is the result of the intergrowth between ram#ége(R-form) with 1x2 tunnels and

pyrolusite $-form) with 1x1 tunnelled structure, space groug/faénc.

Increase in the tunnel size to 2x2 occurs whemtbkar ratio is increased to 1:d-MnO,
namely, cryptomelane is obtained which is stabiliby insertion of small amounts of K
cations into its tunnels (a = 9.794(1) A and c 8426(3) A). Using molar ratio of 3:1, the
tunnelled structures disappear and a new layectsteis-MnO, is formed (mineral name;
birnessite). The XRD patterns shown in Figure 1 iadexed to x-ray single phases of
MnO,, a-MnO; ands-MnO,, respectively. Reference patterns for these phaseshown in
Figure 2. Much broader reflections in the powdeitgra of birnessite are associated with
turbostratic disordered structures, i.e., eachrlageranslated and/or rotated randomly in

relation to adjacent layeps.
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Figure 2. Reference patterns ¢iMnO,, a-MnO, ando-MnO..

It is know from the standard electrode potentihlt KMnQ;, can oxidize Clto Ch gas. A
parallel reaction of KMn@® with HCI at pH values of ~5 and ~2 was done toestigate
whether or not at the given experimental conditjdtginO, is able to oxidize Cions (Mn
salt) and be reduced to MpOActually, no precipitation of Mn© occurs under these
conditions which indicates that there is no redeaction occurs. No side reaction of KMnO
with CI ions occurs.

The mean particle size for all products was catedlausing Scherrer's equation. The
estimated particle size for-MnO, is ~13 nm (calculated using the reflections at =2
22.4°(101), 35.15° (301), 37.2° (210) and 42.6°1j21Reflections at@= 12.88° (110) and
18.21° (020) were used for particle size calcutafar a-MnO; (~14 nm). The reflections in
the powder pattern ai-MnO, sample located at62= 12.26° (002) and 24.52° (004) were
used for the size estimation for which the meamg&e ~10 nm.

From the forgoing results it is very likely thaetcrucial factor for these transformations is
the concentration of Kcations, acting as a template for the structurdifivation from one
with low tunnel size to one with large tunnel semed finally to layered-type structure via
adjusting its quantity.

The above results reveal that a control over tlystailographic structure of manganese
dioxide can be achieved by variation of the mokior of M /MnO,. This conclusion
matches with the report of Wang et*akho observed thai-MnO, can be produced at a
higher K" concentration. This phenomenon can be explainéollasing:*’

The aqueous solution of KMn@nd MnC} was employed to carry out the reaction, and the

whole reaction can be expressed by eqn. 1.
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2KMnO,+3MnCl, + 2H,0- 5MnQ +2KCl + 4HCI 1)

KMnO, decomposes in the solution according to eqn. 2.
KMnO,+ [(1-x+2y) / 2] H,O - K MnO,y H,O + (1-x) KOH + [(3 %) / 4] O, 2

At very low concentration of KMng) y-MnO, assumed to be obtained from eqn. 1. The
measured pH value after termination of the reacivas ~1.8 which is correlated with HCI
formation in eqn.1.

Wang et af found that-MnO. is produced as an intermediate during the formatimcess
of a-MnO,, which implies that reaction 2 occurs first. Howewvhen a low concentration of
K" is present, the layer structure directly and rigpabllapses into (2x2) tunnel formation
process ofi-MnO.,. At a higher molar ratio, mainly reaction 2 taldsce and KkMnO,- yH,O

is produced. So birnessite is obtained in this wwhen the molar ratio of 3:1 is used for
MnO, /Mn*",

IR analysis

The different forms of manganese dioxide were frtbharacterized by IR analyses. IR
spectra for the three forms are presented in Figure

100

[
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o
1

N
o
1

Transmittance %

) -Mno,
—— o-MnO,
1 - 8-MnO,

N
o
1

4000 3500 3000 2500 2000 1500 1000 500
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Figure 3. IR spectra of-, a- andd-MnO, samples.

For y-MnO; seven absorption bands are located at 443, 4%, 383, 663, 713 and 813
cm™. These are assigned to Mn-O lattice vibrations irOMactahedra and match with those
found in literature® Whereas the absorption band located at 1628 isnascribed to O—H

vibration!* The band appeared at 1050 trepresents vibration due to interaction of Mn with
OHM
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Cryptomelane shows three vibrations at 449, 508 209 cni that are ascribed to the
vibrations of the Mn@octahedral framework and which are consistent Witdse reported in
literature’® The absorption band at 449 ¢nis assigned to the vibration due to the
displacement of the oxygen anions relative to tleganese ions along the direction of the
octahedral chains. The absorption at 709" dsattributed to the stretching mode of MnO
octahedral along the double-chafn.

For birnessite, the IR spectrum shows bands at atdl 495 crit arising from Mn-O
stretching modes. Characteristic bands at 33851880 cni are assigned to stretching and
bending vibrations of the —OH group of adsorbed@nctystallization watet®

Positions of the absorption bands for the threm$oof the structurally related Ma@rms
along with their assignment are listed in Table 2.

Table 2.IR data ofy-, a- andd-MnO, samples along with their assignment.

Structure | Peak position / cit  Assignment
y-MnO, | 443, 496, 555, 583,Mn-O stretching
663,713 and 813
1620 OH vibration
a- MnO, | 449, 508 and 709 Mn-O stretching
J-MnO, | 411,495 and 918 Mn-O stretching
1620 and 3385 OH vibrations

EDX analysis

Elemental analyses were performed fara- ands-MnO, samples using EDX analyses.

The results are presented in Figure 4. The dataireat from EDX analyses are listed in
Table 3.

M Mn
| Mn | n
o ¥ a 210 b 30 C
o o~ o
- |0 2 [Mn <
:3°'Mn x 81 X
= [7) K
£ *g £15/0
815_ 3 4 K 3 Mn
Mn (&) Mn (&) K Mn
0- » ] ]
0 3 0 0

6
Energy (KeV)

0

3 6 9
Energy (KeV)

0

3 6
Energy (KeV)

Figure 4. EDX analyses of Mn&amples: ay-MnO,, (b) a-MnO, and ¢)o-MnO..
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Table 3. Elemental analysis data ¢f, a- and3-MnO, samples derived from EDX analyses.

The standard deviations for the measurements arersim the parentheses.

Structure %K %Mn %0

y- MnO, 0 30( 4) 70(5)
a- MnO, | 3(0.3) 30(3) 66(3)
J- MnO; 6(1) 27(3) 66(4)

For nsutite, the smaller tunnel size (0.24 nm () cannot be occupied by the large K
cations. As a consequence, K cations insertiorsughn tunnels are not expected. Indeed, no
characteristic peak corresponding to presence afatons can be observed in the EDX
spectrum of nsutite, the elemental analysis foravid O atoms is typical for MnQormula.
Cryptomelane has 2x2 tunnels (0.46 nm x 0.46 nh®,size of which is large enough to
accommodate the *Kcations. Intercalation of K cations into such telsngives rise to
structural stability of cryptomelane. The K/Mn miis about 0.1:1, but because EDX is a
semi-quantitative technique, the exact moleculamtda needs to be determined by other
methods. Birnessités{MnO,) with a layer-type structure can accommodate rkGreations,
which are located between the layers (inter-laystadce of 0.7 nm). This can be proven by
an EDX spectrum in which a more intensep€aks exist compared to those found in case of
cryptomelane. For this sample the K content is @gprately twice that found in case of
cryptomelane. The K/Mn ratio is about 0.22:1.

Morphological investigations
Morphological shapes of the obtained manganesadéigghases were investigated by using

SEM. The images are shown in Figure 5.

Figure 5. SEM images of Mn{samples: ay-MnO,, b) a-MnO, and ¢)d-MnO..
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For nsutite, a plate-like morphology was adopthd,thickness of the plates is about 5 nm.
These plates are irregularly shaped as illustrateBligure 5a. Cryptomelane (Figure 5b)
shows a rod-like morphology with average diamefealkmut 25nm and length of about 1-2
um. The rods are uniform throughout the entire tlendhe rod-like morphology implies
anisotropic growth of the cryptomelane nanocrystdlee diameters of these nanorods
estimated from SEM images were very close to thégha size calculated using Scherrer’s
formula for diffraction peak (310). As we can sem Figure 5c, the morphology 8fMnO,
is a flower-like or sponge-like spherical aggregatgh diameters of 1-1.5um. Each
aggregate is composed of dozens of ultrathin nakedl with a thickness of ~10 nm.

5.2. Surface area measurements

N, adsorption—desorption isotherms of the differaminis of manganese dioxide (Figures
6a, c and e) exhibit type IV adsorption isotherr@ssified according to IUPA&' These
isotherms are characterized by hysteresis loogsct#rabe considered as H3 type, indicating
slit-like pores*> No limiting adsorption at high p/p°® can be observ& drastic increase in the
volume of N adsorption in the domain of P/P° = 0.9-1.0 is esentative of capillary
condensation in the mesopores. At very low P/P2,~+0is not possible to remove entirely the
adsorbed B gas (Figure 6a, ¢ and d), which may indicate angtradsorbate-adsorbent
interactions. The measured BET surface area-MnO,, a-MnO, andd-MnO, samples is 17,
18 and 14 rhg™, respectively. Pore width-pore volume and porethvjtbre area relationships
are shown in Figures 6b, d and f. The corresponBiitg average pore diameters are located
between 2-50 nm (Table 4) which indicate the preseof mesoporous structures in the
obtained samples.

Table 4. Specific surface area, average pore width and patee volume ofy-, a- and 6-

MnO, samples.

7-MnO a-MnO, 0-MnO,
<d>/ nm from XRD 13 14 10
Sger / Mgt 17 18 14
Average pore width / nm 13 7 13
Total pore Volume £m?3/g 0.06 0.03 0.045

a; the corresponding plate diameter ~100-300 nrthebgorresponding rod diameters is ~25

nm (length ~1-2 um) and c; diameter of sphericgl@ygerates ~1-2 um.
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Figure 6. a, ¢ and e) represent adsorption-desorption iswttse for y-, a- and J-MnO,
samples, respectively. b, d and f) represent {heie width-pore volume and pore width-pore
area relationships.
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5.3. Effect of time on phase formation

The effect of the reflux time was studied at thee¢hdifferent molar ratios of MfiMnOy,
the time was varied from 1 to 72 h. Using 5:1 maoédio and irrespective of the reaction time
the product was found to beMnO, as shown in Figure 7, all reflections are matched
consistently with those of single phas®nO,. The broadening and the intensity of the bands
nearly remain the same which means that the parside is not significantly affected by
changing the time. It is located in the range 43 nm. Table 5 lists the impact of time on

the phase of the product and its particle size.

1h
—6h
—17h
——172h

T T T T T T T T 1
10 20 30 40 50 60 70
20/[°]

Figure 7. XRD patterns of-MnO, samples prepared by refluxing Mn@H,O and KMnQ
(5:1) in aqueous medium for different times of, 11, Band 72 h.

Table 5. Effect of time on the mean grain sizeyefinO, samples.

Time / h 1 6 17 72
<d>/nm 12.6 14.3 12.6 13.1

Morphological studies were carried out for two séaprepared at 1 and 72 h (Figure 8).
A plate-like morphology is adopted by the sampléamied at 1 h (Figure 8a). These plates
are assembled to a flower-like morphology. By iasiag the time to 72 h some rods are
appeared and spread over these plates (FigureE&tstence of these rods may be due to
formation ofa-MnO,. Nevertheless, no indication for its formation ¢eobserved in XRD

patterns.
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Figure 8. SEM images of-MnO, samples prepared at different times: a) 1 h and2.

XRD patterns depicted in Figure 9 show the impdcet@iux time whilst 1:1 molar ratio is
used. At lower time of 1 h layered-type Myirnessite with turbostratically disordered
structurd is formed initially. The powder pattern exhibitssestially two reflections atf2=
37.26° and 66.5° the other two reflections &t=212.3° and 24.6° are completely absent
referring to low crystallinty; the particle sizeloalated from these two reflections is about 8
nm. Increasing the time to 17 h leads to formabbthe tunnelled structure e#MnO, and
disappearance of layered-type structure. This @exXplained by taking into consideration
that the layer structure directly and quickly cpfas into 2x2 tunnelled structure giving rise
to formation ofa-MnO,. Further increase in the reflux time does notltesuwariation of the
product phase. Cryptomelane with approximatelysame mean particle size of ~14 nm is
obtained. Sponge-like morphology is found for basiee whereas rod-like morphology is

adopted by cryptomelane as shown in Figure 10.

—— 72h
—— 17 h
—— 1h
o . M — —.
|—‘ v' Tl T T ""—:Fv T T — T T —vl T T T 1
10 20 30 40 50 60 70 80

20/[°

Figure 9. XRD patterns of the samples prepared by refludimgl,.4H,O and KMnQ (1.1)
in aqueous medium for different times of 1, 17 @Adc. Blue:o-MnO,; red and greenu-

MnO..

-161 -



Chapter 5 Results & Discussion

Figure 10. SEM images of the samples prepared using differefhixing times: a) 1 h¢-
MnO, and b) 17 hg-MnO..

When a molar ratio of 1:3 is used for the redoxptetMr?*/ MnO;, the time has not any
effect on the phase purity:MnO; is produced as depicted by XRD patterns showngarg
11. Time affects only the mean grain size. By editegy the reflux time the size increases
from 10 nm (1 h) to 15 nm (72 h), which is estintlafi}m the reflections widths.

The morphological shape was investigated for twodssite samples prepared by reflux for
two different times of 1 and 17 h. Sponge-like spa agglomerates were found for both as
illustrated by SEM images shown in Figure 12. Abrsér time these agglomerates consist of
many regular spheres rather than those obtainkedgéer time. The average diameter of these
spheres was estimated for the two birnessite samples in the range of 0.4-0.8 um for the
sample obtained at 1 h and about 1.0 -1.5 pm #os#imple obtained at 17 h.

——172h
—17h
—1h

10 20 30 40 50 60 70 80
201[°]

Figure 11. XRD patterns o-MnO, samples (K-type) prepared by refluxing Ma@H,O and
KMnO, (1:3) in aqueous medium for different times of ZLahd 72 h.
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Figure 12. SEM images of birnessite (K-type) samples prepargdg different refluxing
times: a) 1 h and b) 17 h.

5.4. Impact of temperature
Synthesis of akhtenskite €-form)

The influence of the reaction temperature on thedpet phase and its grain size was
studied using a 5:1 molar ratio. Two different temgtures, i.e., room temperature (RT) and
110 °C were used at times of 1 h and 72 h. Thdtseate shown in Figure 13, assignment of
the obtained phases as a function of both reatdimperature and time are listed in Table 6.
The most important observation is the formationeeMnO, (akhtenskite, space group
P6&/mmc) by aging at RT for 1 h. The lattice paraneefer this sample are a = 2.829(1) A, ¢
= 4.408(2) A andy = 120°, according to literature they should beaas 2.786(1) A, ¢ =
4.412(1) A and = 120°*°

According to Chabre and Pannetlewho presented the defects of “microtwinning?;
MnO, is a result of the microtwinning @EMnO, with De Wolff defects® The symmetry is
hexagonal as a result of an utmost twinning (th@rimg not being rely upon the De Wolff
defects). The double chains of ramsdellite (R) ansiihgle chains of pyrolusite (r), parallel to
the c-axis suffer numerous modifications of direetat ca. 60/120° upon twinning resulting
in a mean hexagonal structdfelncreasing of either the reaction temperature eraging

time results in an arrangementeafnO; structure to;-MnO,.

IR data for both phases are introduced in Tabke@ Figure 14). For akhtenskite, there are
six absorption bands located in the range 400-89%; these are related to the vibrations of
Mn-O within MnQ; octahedrons. The absorption peaks are shiftetvel® those of nsutite,

which gives a hint about structural-diverge betwteam.
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The bands located at ~3400 and 1620 émthe IR spectrum of akhtenskite are ascribed to
stretching and bending modes of the —OH group sbemed and/or crystallization water.
The main constituents of akhtenskite sample areaMhO as proven by EDX analysis. There

are no indications for the presence of either KCbions by EDX analysis.

Table 6.Product phase and its mean patrticle size as éidanaf time and temperature.

Time /h 1 72

Temperature / °C RT 110 RT 110
Phase e-MnO; | y-MnO; | e-MnOx+y-MnO; | y-MnO,
<d>/nm 8.50 12.5 10.0 13.0

10 20 30 40 50 60 70 80
20/[°]

Figure 13. XRD patterns of the samples prepared by the readf MnC}.4H,O and KMnQ
(51) in aqueous medium: a) 1 h at room temperatesi&nO,, b) 1 h at 110 °Cy-MnO,, ¢)
72 h at room temperature:MnO,+y-MnO, and d) 72 h at 110 °G-MnOQ..
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Figure 14.IR spectra 0£-MnO, (RT, 1 handy-MnO, (110 °C, 1 hyamples

Table 7.IR data ofe-MnO, andy-MnO, samples.

Temp. Mn—O str. / cr
RT 437 449 492 571 647 730
110 459 492 556 581 658 714

Investigation of the morphological shapesd¥InO, sample prepared at room temperature
revealed spherical-like aggregates (Figure 15al wiameter in the range of 500-750 nm.
Each sphere consists of many nanosheets (~9 nnicknéss) that are inclined to each other.

The nsutite sample adopts flower-like morphology; petals are formed from hexagonal
plates with thickness of ~12 nm (Figure 15b).

Figure 15. SEM images of-MnQO; (a) andy-MnO, (b) samples prepared at room temperature
and 110 °C, respectively under reflux for 1 h.
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As we observed before variation of the molar rafidin®*/ MnO, from 5:1 to 1:1 (while
the other experimental parameters are kept uncldarigads to a change in the reaction
pathway, cryptomelane is obtained instead of resufihe impact of temperature on the
reaction pathway in case of using of 1:1 molaroratas also studied. When the reaction
temperature is set at 60 °C or 90 °C, birnessiss@hs obtained (Figure 16). Two broad
reflections at 2 = 36.4° and 66.6° are apparent. The band broaglenticates a low
crystallinity of the birnessite samples. The estedaaverage crystallite size from these two
reflections is ~10 nm for both samples. Increasirgreaction temperature to 110 °C results
in a collapse of birnessite with a layered-typeudtire to 2x2 tunnelled structure.

Cryptomelane is produced as obvious from the XRitepa

Morphological investigations (Figure 17) showedtttinee birnessite samples have sponge-
like spherical agglomerates with diameters of 0,G¥l Each flower is composed of dozens
of ultrathin nanoflakes with a thickness of ~10 ndryptomelane has the normal rod-like

morphology. The average diameter of the nanorod2%snm and the length is ~1-2 um.

— 110°C

20/

Figure 16. XRD patterns of the samples prepared by reflukimgl,.4H,O and KMnQ (1.1)
in aqueous medium for 17 h at different temperatafe50, 90 and 110 °C.

1 pm |

Figure 17. SEM images of the samples prepared at: a) 6052Mn0O, and b) 110 °Cg-
MnQO..
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No significant change arises in case of using modéio of 13. Birnessite is obtained
irrespective of the reaction temperature (Figure TBe temperature affects only on the mean
particle size. Sample with lowest crystallite sg@btained at lower reaction temperature (~8
nm) whereas the largest size sample (~10 nm) isddrat higher reaction temperature. SEM
analyses revealed the same sponge-like agglomdratésrnessite samples obtained at 60
and 110 °C, the diameter is affected by temperattréower temperature the diameter is in
the range of 0.2- 0.8 um whereas 0.5-1.5 um rafmuind for the sample obtained at higher

temperature as one can see from SEM images (Fi§)re

—110°C
— 90°C
—— 60°C

10 20 30 40 50 60 70 80
20/

Figure 18. XRD patterns of birnessite samples prepared biuxiely MnCb.4H,O and
KMnO;, (1.3) in aqueous medium for 17 h at different tempeest of 60, 90 and 110 °C.

Figure 19. SEM images of birnessite samples prepared at a068nd b) 110 °C.

5.5. Effect of alkali metal cations

The influence of the alkali-metal cations of thempanganate salts on the reaction pathway
was investigated. The comproportionation reactioas vwerformed between MnChnd
different permanganate salts, i.e., NaMh®&MnO, and CsMnQ. The other experimental
parameters were kept unchanged (molar ratio ofds:Mn**/ MnOy, reflux for 17 hand total
Mn concentration ~62.0 mmol ). No change in the reaction product occurs usiagous
permanganate salts. XRD measurements revealedlthpatterns correspond to that of

MnO, as shown in Figure 20. The estimated particle feizall samples is ~12 nm.
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SEM examination for the obtained nsutite samples deme. It is clear from Figure 21 that,
v-MnO, sample prepared using KMa@as a plate-like morphology with large diameter of
100-300 nm. Nsutite samples with deformed plates adatained using either NaMp@r
CsMnQ,. Much smaller and deformed plates are observedhersample prepared using
CsMnQ.. For this sample the particles are aggregatedhegéo form hollow structures.

—— CsMnO,
——KMnO,
—— NaMnO

I
10 20 30 40 50 60 70
20/1[]

Figure 20. XRD patterns of the nsutite samples prepared lxiag MnCb.4H,O and
XMnQy (51) for 17 h, where X = Na, K or Cs.

I
NaMnOz:" 200 nm

Figure 21. SEM images of nsutite samples obtained usingeliffgpermanganate salts.

A marked effect of the alkali metal cations is alied when 11 molar ratio is used for
Mn?*/MnO, . Using either sodium or cesium permanganat®lnO, (1x2 + 1x1 tunnels) is
produced, whereas utilizing of KMn®esults in formation of cryptomelane;MnO, (2x2
tunnelled structure). Apparently, potassium in th&se is acting as a template for the
structural modifications from one with small tunisete to one with large tunnel size (Figure
22).

EDX analyses were performed, the results showedirthgase of cryptomelane with large
tunnel size the accommodation of Kations (3 + 0.3%) is the case. Certainly, thesaéls
are smaller in size in the case of nsutite. Acewrlyi, nsutite cannot insert Nar Cs cations.
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(See the discussion section to understand why Wtsei;m formation of cryptomelane whereas

Na and Cs lead to formation of nsutite).

—— CsMnO,
—— KMnO,

—— NaMnO,

10 20 30 40 50 60 70

20/[°]

Figure 22. XRD patterns of the samples prepared by reflukimgl,.4H,O and XMnQ (1.1)
for 17 h, where X = Na, K or Cs.

SEM investigations (Figure 23) showed that the wymlane sample has a rod-like
morphology with average diameter of 25 nm. Nsus@enples with plate-like shape can be
observed (left and right pictures). Well-shapedgdawith approximately hexagonal edges
can be seen for the sample obtained using CsMm@is observation indicates a uniform

growth of these plates in case of CsMnO

Figure 23. SEM images of Mn{Osamples, the left and right one f8MnO, and the one in
the middle represents MnO..

In chapter 3 we have seen that when the reactimperformed under otherwise equal
conditions using Mn(OAeg)instead of MnGl whilst 5:1 molar ratio is used for M#MnO,,
variation of the permanganate salt does not rdsultariation of the reaction product.
Manganite nanorods were obtained regardless oftyjpe of the permanganate salt. The

morphological shape is the only factor that is&ttd in this case.

A complety different case exists when 1:1 molarords used for MAMnO,, the

templating effect of alkali metal cations of therpangante salts is quite obvious. Signifacant
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varition in the reaction pathways toward the fororatof different forms of Mn@ is
monitored by XRPD (Figure 24). In case of using Ny nsutite ¢-MnO,) is formed,
which is a small tunnel size (1x2 + 1x1) mangardésgide. Hence, tunnels can not insert Na
cations. Average particle size calculated for g#ample using Scherrer’s formula is ~14 nm.
Once the cation is changed from Na to K, large ¢élirsize manganese dioxide is formed
which is characterized as crytomelaneMnO,) with 2x2 tunnelled structure. The average
grain size is 14 nm. Intercalation of Kations is anticipated in this case. Indeed cryglane
is stabilized by insertion of Kcations. When larger size Cs cations are usedtasplate,
transition from the tunnel structure to the laygrd birnessite takes place. With an interlayer

distance of 7 A it is possible for the large sizedations to reside between the layers.

_ CsMnO4

— KMnO,,

— NaMnO,

10 20 30 40 50 60 70
20/ [°]

Figure 24. XRD patterns of the products of the redox reacti@ween Mn(OAg)and
XMnQy (1:1), where X=Na, K or Cs, the reacion lasts 17 h

EDX measurements were accomplished for the as-pges@amples, the results showed for
nsutite with a smaller tunnel size that the restéenf Na cations is not likely. Actually, there
is no indication from EDX (Figure 25) hinting toetlexistence of Na as interstitial cations or
even as excess cations over the surface of thegepMnO, sample. Tiny amount of Na
cations exists (atomic percent of about 0.2%), théy be related to some unreacted cations
placed over nsutite surface (can be removed byexaishing for the sample). From Table 8,
the found atomic percent values for Mn and O atamestypical for Mn@ structure without
foreign cations in its tunnelled structure. Witlygtiomelane having 2x2 tunnels, the insertion
of K cations is reasonable. Actually, EDX graph g(le 25) reveals its presence,
corresponding peaks exist. In this case a largeuatmof K cations is located into these

tunnels, the found atomic percent of K about 5%:. the layered-type birnessite structure
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with the large interlayer distance it is possilie the large size Cs cations to locate between
its layers giving rise to a structural stability.DE measurements displayed peaks
corresponding to Cs (Figure 25). To the best ofloowledge this the first time that Cs-

birnessite is prepared by our method.

Table 8. Atomic percent values obtained fgf a- andd-MnO, samples. Standard deviations

are shown in parenthesis.

Sample Atomic percent / %
Mn 0 X
»MnO, | 33(3) 67(4) 0.2(0.13
a-MnO, | 35(2) 60(2) 5(0.5%
5-MnO, | 32(4)  64(5) 4(1§¥

a; X=Na, b; X=Kand c; X=Cs

15 15 .
a Mn b n w0y n
(o]
o~ o~
o 1041 O 5101 yn
e e 200
x Mn ) g 001 O
2 8 3 n
2 s 35 ©
8 8 K 100 Cs
Mn Mn Cs fMn
0+ 0+ 04

0

5
Energy (KeV)

10

5
Energy (KeV)

5
Energy {KeV)

Figure 25. EDX analyses of a)y-MnO,, b) a-MnO, and c) 6-MnO, (Cs-birnessite),
respectively.

Radius ratio tolerance factor

Formation of manganese dioxides with variable afystructure can be explained by taking
into considerations so-called Tolarence Factor. Tuestion now why K containing
permangante salt steer the reaction toward the dmom of cryptomelane (Hollandite

structure) whereas Na or Cs does not?

In 1983 Kesson and White geometrically demonstrétedelation between the 2 x 2 tunnel
dimensions and the size of the central catiofhey extended a simple “radius ratio tolerance
factor” ty that can be given by the equation 3. Assessmethifactor is most convenient to
prognosticate the stability of a large variety oflandite structures with different tunnel ions
and a variety of elements other than manganesetraotisg the octahedral framework.
According to thier resultstvalues of 0.93-1.16 indicate a stable hollanditgcture.
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_ [(ra +15)% =0.5(f5 + 15)%]°°

3
V15(5+ 1) ©

ty

ra = radius of the tunnel cation; ¥ radius of the octahedral center-iop=rradius of oxygen.

In hollandites, tunnel ions are surrounded by emttgen atoms. For the tunnel ions A
located within the (2 x 2) tunnels in eightfold cdimation of oxygen with, A = Na, K and Cs,
the ionic radii (Table 9§ were used to calculate the tolerance factors.dssumed that 100%
Mn** with coordination number six which possesses aiticadius of 67 pm and ?Dions
with coordination number two and an ionic radiud®6 pm° Calculation of the factogtfor
potassium results i t= 1.03. This value locates in the range appropfiait the formation of

stable manganese oxide with 2x2 tunnels.

For Na and Cs cations the values are 0.85 and fiespgectively. Both values are located
out of the previousely mentioned range, hencefdhmation of stable cryptomelane structure

with these cations is not possible.

Table 9.lonic radii of tunnel ions (A) and the correspargliolerance factors;t

lon (A) Radius (K=8) pm i

Na 116 0.85
K 152 1.03
Cs 181 1.17

SEM investagations for the obtained samples redediféerent morphological shapes. This
divergence in morphology arises mainely from thaaten in the crystal structure of each
form and the way in which the atomes are arrangglairwthis structure. For nsutite with a
hexagonal unit cell, very thick plates (about 40 mmthickness) are formed as shown in
Figure 26b. These plates have somewhat sligh umifexagonal shapes. The dimensions of
which fall in the range 300-400 nm. Rod-like morjgyy is apparent for the cryptomelane
(a-form) sample that have a tetragonal unit cells¢heods are uniform throughout. Two
arrays of nanorods are apparent in the SEM imaggui@ 26¢c) one with large average
diameter of 35-50 nm and length of 243 and the other is thinner and has average diameter
of ~10-15 nm. For Cs-birnessité&-form) sample a flower-like morphology is a chaeaidtic
shape, with thickness of the petals ~10 nm (Fi@éie
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Figure 26.Low and high magnification SEM images of g#nO,, c-d) a-MnO, and e-f)o-
MnQO,, respectively, formed by refluxing of differentrpanganate salts with Mn(OAc{)1:1)
in aqueous medium for 17 h.

5.6. Structural analysis of akhtenskite €-MnQO )

Rietveld refinement for the akhtenskite sample (<@ nm) was used to identify some
structural properties. There is a good agreemetwdss the theoretical and calculated
patterns (Figure 27) as indicated by R values showrable 10. The cell parameters spell out
the hexagonal symmetry, trivial differences exisicomparison to the reported values (< 5
pm)® Akhtenskite has regular Mrpctahedrons with 6 equal Mn-O bonds, the distances
between Mn and O atoms are 197.01(0.06) (reportedDMiistance was 195.25).

From the refinement (Table 11), the SOF value of Nmfound to be 0.431(9) which refers
to deficiency in MA" sites (~14%) in accordance with SOF = 0.5 for mlenO,.*® The
deficiency results in formation of cationic vacasiMri™ may be reduced to Mhor even to
Mn?* (yet, no proof). Actually, further analytical metts are necessary to identify the
presence of various oxidation states of mangametteeiakhtenskite structure. These cationic

vacancies can be compensated by existence of spaib as O or OH.

IR spectrum of akhtenskite presented before (Eigtd) showed two pronounced
absorption bands locate at 1620 and 3400' emhich are assigned to OH bending and
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stretching modes, respectively. Presence of @HH,0 (could not be distinguished from IR)

may compensate for such cationic defects.

The measured density for this akhtenskite samp#e05(0.06) g/crhwhich is lower than
the calculated from Rietveld analysis (4.24 gicrBoth are lower than the density for the
bulk material which should be 4.78 gftm

Integration of all results from Rietveld analydiR,and density measurement we can realize
that akhtenskite with a defected structure is oletzi

- Observed
—— Calculated
—— Difference

I Reflection

o
-—
o

20/[]

Figure 27.Refinement analysis eMnO, sample using Rietveld method.
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Table 10. Measurement parameters, structure and refinenadat fdr akhtenskite based on
ICSD-76430 data as starting set of the calculatidns

Akhtenskite sample

<d>=8.5nm

Formula sum

Z

Formula mass / g/mol
Space group (No.)
a=b/A

cl/A

o

7

p | glc®

V/ 106 pm3

R (expected) / %

R (profile) / %

R (weighted profile) / %
R (Bragg) / %

GOF

Ivan.St’SC)Z.OO
1

79.35
P6&/mmc (194)
2.829(1)
4.408(2)
120

4.31
30.549
1.348
0.969
1.230
0.633

0.832

Radiation isCuKa and the type of profile fit is Pseudo-Voigt

Table 11. Wyckoff positions, occupancy, atomic fractionaloodinates and isotropic

displacement parameters B of akhtenskite (ICSD-0543

Atom Wyck. s.o.f X y z B/ 10 pnt
Mn 2a 0.431(9) 0.0 0.0 0.0 274
O 2c 1.0 0.33329 0.6667 0.25 4.80994
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5.7. Summary and conclusions

Different polymorphs of manganese dioxides are gmeg from the comproportionation
reaction between divalent manganese and differenng@nganate salts. Control over the
experimental conditions is the key parameter f@hseaction, e.g., time, temperature, molar
ratio of Mrf*/MnQy,, pH and the alkali metal in the permanganate salt.

Room-temperature synthesis of akhtenskit®jnO, (<d> ~8.5 nm) was developed for the
first time from such comproportionation reactiorkhfenskite adopted a sponge-like spherical
morphology with a mean diameter of 500-750 nm.

The structural analysis of akhtenskite via Rietvedinement revealed deficiencies in
cationic sites. This result was proven by the dnogpmf the measured density value for this
sample from that of the bulk material, i.e., meaduralue of 4.05 g/chis found compared to
4.78 glcn for the bulk (calculated density from the refinemne4.24 g/cm). IR results
indicate the existence of OH groups which may campte for the cationic vacancies.

Self-template method is a promising technique fortisesis of various manganese dioxide
polymorphs, particularly, birnessite type contagniarge-size Cs cations intercalated between
its layers.

The prepared oxides possess different morphologitapes, i.e., plates, rods, sponge-like
spheres or flowers. The various routes for obtgiriire different polymorphs of manganese

dioxide can be summarized according to the follgndragrams:

MnX; + KMnO, [ MnClI; + AMnO, _[ Mn(OAc). + NaMnO, ]

2
- 5
5 = &=
@ cl|le £ (=2] == | 3
§ 3 - () £ j=} -
23 |3 =3 > %

] - - [3,]

ax|w H N o
s=|® = =
- 2 w0
5
N
=

v-MnO2 Platelets

Scheme 1The various routes of synthesis of nsutit®100,); X = OAc, Cl or SQ% A =
Na or Cs.
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[ MnCl, + KMnOs )] 51, pH ~4, aq. medium J ¢-MnO, Sponge-like ]
J Refluxing 1 h, Room temp. L

Scheme 2Synthesis of akhtenskiteMnO..

[ MnX; + KMnO4 [ MnX; + KMnO, ] [ MnCl, + AMnO, ]
a
1 -
c X
x| = X
22 =
S 3 D _ <
S|l 2
= =
= =
(o]
o
a-MnO2 Nanorods

Scheme 3.The various routes of synthesis of cryptomelan#O,); X = OAc, CI or
SQ,% A=NaorCs.

[ MnX; + KMnO,@ ]7 [ MnCl + KOs ] _[ Mn(OAc)z+CsMnO4]

g~ Hd ‘¢:)
9-G~ Hd L3}

1:1 Refluxing 1-6 h
at 60-90 °C
D0 041 38 Y £} 10§ Buixnyay

00 01} ¥ Y ZL-L) Buixnyay

6-MnO;

Sponge-like spheres MnCl; + CsMnO, or
NaMnO,

>

Scheme 4The various routes of synthesis of K- and Cs-site §-MnQO,), X = OAc, CI”
or SQ=
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Chapter 6 Results & Discussion

6. Introduction

Hausmannite has a stoichiometry corresponds tormalospinel ABO,. The unit cell
comprises 32 oxide ions and there are & Mons occupying the tetrahedral (A) and 16%n
ions located in the octahedral (B) sités.

References to hausmannite reveals that hausmarimi® some trends toward
nonstoichiometry through the formation of oxygerhrcompounds compared to the normal
Mn:O ratio in stoichiometric M§D,.*” These deviations from stoichiometry result in aedef
structure and substitution of Mhfor Mn** giving rise to formation of cation vacancies.

The distribution of MA* cations and cationic vacancies in the hydrous rhansite was
studied (single particle siz8).lt has been found that the cationic vacancies in
hydrohausmannite are mainly due to the presenstwftural OHgroups.

Actually, the identification of the defect chemystior substances is the key factor for
understanding many intrinsic properties of the malte Similarly, the variation of particle
size gives rise to the variation of many propertbésuch materials. Accordingly, we will
extend the former study on the defect chemistrynyafrous hausmannite to comprise size-
dependent defect chemistry on the basis of Reitefidement to XRD intensity profile.

Wang et al., synthesized the M) nanocrystals (~5 nm). They used ethanol as a splve
precipitated the hydroxide with KOH and heated ®0°6 for 24 i’ We followed the same
experimental procedures as them (i.e., amounts ofOMc), and KOH, time and
temperature) and we could not obtain a clean phassmannite. Accordingly, in our work
we will prepare the hydrous hausmannite in a similay but with some modifications for
this method. The hydroxide gel will be precipitateg using either NaOH or Nfsolution.
Mixtures of ethanol-water will be used with a puspoof tuning the particle size for the
obtained nanocrystals.

The report of Shchukarev et.Al.about the solubility of oxygen in ethanol-waterxtares
revealed that, the amount of dissolved oxygen Bagmtly affected by the content of ethanol
in water. Solutions with high ethanol content césdlve oxygen much easier than those with
low ethanol content. The quantity(Ostwald distribution coefficient, i.e., the numbef
volumes of gas dissolved per unit volume of solyémtdissolved oxygen in pure water, pure
ethanol and in a mixture of both was determinedegrmentally. The distribution coefficient
is dependent on the temperature; the corresporuiefiicients at 25 °C were found for pure
water 0.031 and 0.283 for pure ethanol.
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Based on the former, we can identify the goalsdior research study in this chapter as

follow:

= Identification of the influence of ethanol/watetioa(i.e., changing of solvent polarity)
on the grain size of the as-prepared;®8nnanoparticles.

= The amount of dissolved oxygen in the reaction om@dss a critical parameter that can
affect the product phase hence studying the faetibesting the dissolved oxygen such
as solvent polarity, temperature and time aregicance.

= Investigation of the size-dependent sorption progeri.e., surface area, pore width and
total pore volume.

= Finally, as many intrinsic properties are functiminthe material structure so it is of

interest to study the defect chemistry of the dmitreicture as a function of grain size.
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6.1. NaOH as a precipitating agent
In such reaction manganese (11) is precipitatedgi®laOH (~0.08 mol £, c(Mr?")/c(OH)

~ 1:2) as Mn(OH) which subsequently undergoes air oxidation tag®rfHausmannite), the
reaction was performed in pure water at first. r&flections for the obtained product (Figure
1) match consistently with those of hausmanniteSPE31094). Hausmannite sample with
average grain size of 21 nm (calculated from theddaroadening using Scherrer’s formula)
was produced. The reflections used for determinatibthe average particle size <d> are
(112), (013), (121), (220), (231) and (224)). Inepwater the formation of the spinel can be

represented by the following equations:

Mn(OAc),+2 NaOH- Mn(OH) + 2 NaOAc (1)
3Mn(OH), +1/2Q - Mny,Q +3H O (2)

10 20 30 40 50 60 70 80

Figure 1. Diffractogram of nc-MgO, precipitated from pure water using sodium hydrexid
at 40 °C after 6 h, Miller indexes are assigned.

6.1.1.Variation of ethanol content

Various ratios of EtOH/KD were used: 0%, 50%, 85% and 95%. The reactione we
carried out under reflux at 40 °C for 1 h. The tssof XRPD analyses for the products
(Figure 2) revealed that the content of ethanalater has a great impact on the phase purity
and the mean grain size of nc-Mn samples. By increasing the ethanol content frota 0
50%, the grain size of the so obtainedsMnsample (X-ray single phase) falls by about 57%
of its original value where the size drops from 81~12 nm. For the sample prepared in
pure water, a tiny reflection appears 8t-218.75°. This can be assigned to the presence of
subtle amount of un—oxidized Mn(Of)' which means that shorter reflux time of 1 h is
insufficient for complete air oxidation of Mn(OK)Band broadening and less intense peaks
are general features for the powder patterns ot#meples obtained with increasing ethanol
content, reflecting reduction in the grain sizeéh# products. By increasing the %EtOH up to
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85 and 95% impure hausmannite samples were prodti@edrop in size in such cases is not
significant. Trace amounts fMNOOH were observed in the products that can batified
by the presence of a small peak appeareddat1®.2° (feitknechtite, JCPDS 18-0804) as
reported by Portehault et &f. summary of the impact of ethanol content in waterthe

product phase, its mean grain size and the lgtacameters is listed in Table 1.

Table 1. Impact of variation of %EtOH on the reaction proguts mean grain size and the
lattice parameters, NaOH was used as a precipitant.

%EtOH 0 50 85 95 100°
Phase MnzO4+A MnzO4 MnzO4+B  MnsO4s+B -
<d>/nm 21 12 11 10.5 -

alA 5.7645(2) 5.7660(5)5.7674(5) 5.770(1)
clA 9.4423(4) 9.439(1) 9.416(1) 9.411(3)

A: Mn(OH),; B: B-MnOOH; a: no precipitation.

20/[]

Figure 2. XRD patterns of the hausmannite samples obtairsgagudifferent %EtOH, the
reactions were performed under reflux at 40 °CXdn using NaOH as a precipitant. a) 0%,
b) 50%, c) 85% and d) 95%, stagsMnOOH and diamond: un-oxidized Mn(QH)

The remarkable fall of the particle size with irasig the content of ethanol can be
explained as follows: Ethanol is a less polar saithan water, thus the solvation energy of
the oxide/hydroxide phase is lower than in pureswakhis leads to a higher initial energy of
the oxide/hydroxide before nucleation, so decrepdime energy barrier that has to be
overcome for crystallizatiof® Consequently, the nucleation rate is higher iramthrich
solutions, so the available manganese oxide isutoed quickly which prevents the growth

of bigger crystallites.
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IR analyses were done for the products, the spacgrahown in Figure 3. Magnifications
in the range of 400-1200 ¢hare shown for two samples produced using eithex pater or
95% EtOH. The results are shown in Table 2.

100 -
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(=2
o
1

1065 947

O—H...0 bending
of B-MnOOH

Transmittance %

40

0% EtOH
50% EtOH
85% EtOH

95% EtOH

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber / cm’
Figure 3. IR spectra of the samples prepared by precipitattd Mn(OH) followed by air
oxidation in the presence of different ratios dfagtol/water solutions at 40 °C for 1 h. The

inset is the magnification of IR spectra in theioegd00-1200 ci for the samples prepared
in pure water and in 95% EtOH.

20 -

1200 800 400

Table 2. Impact of variation of %EtOH on the vibrational des of the samples obtained
using NaOH as a precipitant.

%EtOH | Peak positions / cth| Assignment
0 402, 475, 597 Mn-O vibrations
50 400, 477, 594 Mn-O vibrations
85 400, 476, 596 Mn-O vibrations
949, 1067 O—H...O bending of-MnOOH
95 400, 459, 594 Mn-O vibrations
947, 1065 O—H...O bending off-MnOOH
2700 OH stretching of-MnOOH

IR spectrum of the

sample obtained in pure watksio(the hausmannite sample obtained
using 50% EtOH) exhibits three absorption bands-4Q0, 477 and 594 ch which are
consistent with the bands described in literatarebulk Mn:O4.'* The bands locate at 594
and 477 cnt are commonly related to the coupling between tmeQvistretching modes of the

octahedral and tetrahedral sites, whereas the lbaatks at 400 cihis correlated to the bond
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stretching modes of the octahedral sites. Absamptiands located at 1638 and 3416"cane
attributed to bending and stretching vibrations tbé —OH group of absorbed and/or
crystallization water moleculés.No shifts in the positions of the absorption bamdse
monitored as a function of size modification. lagtea decrease in the intensity of the
absorption peaks corresponding to Mn-O vibratioith wcreasing of the amount of ethanol

is found, probably arising from the decreasindhia grain size.

For the samples synthesized whilst 85% and 95% E$Oldtions were utilized the IR
spectra display characteristic peaks at 947 ands 196", which are assigned to the
deformation vibrations of O—H...O fd-MnOOH® These peaks are more pronounced in
case of using 95%EtOH solution. The broad ban®@06 cnt* is attributed to OH stretching
vibration due to hydrogen bond O—H...O.

6.1.2.Impact of time and temperature

Time-dependent experiments were performed by cagrgut the reactions at variable times
of 1, 6, 24 and 72 h using either pure water or 8®H as reaction solvents. The summary
of this study is listed in Table 3. In pure watérglre 4), at shorter time of 1 h tiny impurities
of un-oxidized Mn(OH) coexist with hausmannite as indicated by too ietense peak ath2
~18.75% pristine hausmannite is produced while the readcset at times between 6-24 h.
Extension of the time up to 72 h results in an toldal phase combined with M@, which is
indicated by the presence of less intense peak aR@°, this peak is assignedy#dnOOH
(JCPDS 41-1379 This can be explained by taking into account tinetics of the oxidation
process; by extending the time up to 72 h air diedaprocess will have enough time

permitting partial oxidation of so obtained j to y-MnOOH.

Table 3. Impact of time on the reaction product and its mgain size, NaOH was used as a
precipitant and the reaction temperature is fixet0s"C.

Time/ h 0% EtOH 95% EtOH
Phase <d>/ nm| Phase <d>/ nm

1 MnzO4+ A 21.0 MO+ C 10.5

6 MnzO4 20.0 MO+ C 12.0

24 Mn30,4 18.0 MnO,+ C 12.0

72 Mn3O4+ B 20.0 MOy 8.50

A: Mn(OH)y; B: y-MnOOH; C:B-MnOOH
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10 20 30 40 50 60 70 80
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Figure 4. XRD patterns revealing the impact of time on thasghpurity of hausmannite
samples obtained at 40 °C, the reactions were pedd in pure water. a) 1 h, b) 6 h, ¢) 24 h
and d) 72 h. Star: un-oxidized Mn(OHgnd arrows:y-MnOOH.

Using 95% EtOH as a reaction solvent (Figure 5) @nshorter time of 1 h, tiny impurities
of B-MnOOH are admixed to M@, sample. These impurities get more by increasirg th
time up to 6 h which is manifested by more interefkection at B ~19.2° (JCPDS 18-0804).
When the time reaches 24 h the amount of impur#tieg to decrease. Extending the time to
72 h releaseB-MnOOH from the product. Taking into consideratibiat the partial pressure
of atmospheric oxygen enclosed in the round flagkefe the reaction is performed) is nearly
fixed since a closed system is used. Accordindgjlgse results can be explained by taking into
account the amount of dissolved oxygen in the r@acolution.

It is known that ethanol-rich solutions have mudssdived oxygen in comparison to pure
water'® Therefore, the possibility to steer the oxidataivin(OH), (layered type structure)
directly to B-MnOOH becomes reasonable at shorter times (spsnéhe major product).
Consumption of the dissolved oxygen in the oxidafwocesses gets larger with increasing
time, at a time of 72 h dissolved oxygen is merelypugh for oxidation of Mn(OH)to
Mn30,.

Grain size for hausmannite samples remains to sotteat unchanged (see Table 3); slight
variation is recorded by increasing the reflux timiéis reflects that the processes of seed
formation and grain growth take place at earlissetand further extension of the time does

not result in any grain growth.
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20/[°]

Figure 5. XRD patterns revealing the impact of time on thednaannite samples obtained at
40 °C using 95% EtOH solution. a) 1 h, b) 6 h, ¢)h2and d) 72 h, starg-MnOOH.

Reaction temperature is a substantial key for nobsthemical processes, control of the
reaction temperature is a precondition precedingnaencement of any chemical approach.
Four different reaction temperatures were chosen, 25, 40, 60 and 80 °C. The other
experimental conditions were kept unchanged, theti@ns were done in 95% EtOH solution
(Table 4). At lower temperatures of 25 and 40 °Gtrang reflection occurs in the powder
pattern of hausmannite sample locating @t~29.2° (Figure 6) which correspond to the
presence op-MnOOH impurities. By rising the reaction temperatwp to 60 and 80 °C
evanescence of-MnOOH is observed and x-ray single phase hausrtearsamples are

produced.

Table 4. Impact of reaction temperature on the purity afdmannite samples and their mean
grain sizes whilst 95% EtOH was used, the time seast 24 h.

Temp. /°C 25 4C 60 80
Phase MnzOs+A MnzO4s4+A Mn3Os MnzOy4
<d>/nm 10.5 12.0 12.0 13.0

A: B-MNOOH
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20/[°]

Figure 6. XRD patterns of the hausmannite samples obtaintst &4 h under different
reaction temperatures @) RT, b) 40 °C, c) 60 °C and d) 80 °C, utilizing® EtOH. Stars:
S-MnOOH.

The former findings can be explained based on amex-temperature relationship. It is
known that the amount of dissolved oxygen in th&utgms significantly changes with
temperaturé® The higher the temperature, the lower is the amafiroxygen dissolved.
Therefore, at lower reaction temperatures the amotidissolved oxygen is higher, hence,
there is an expectation for forthright oxidation\(OH), to -MnOOH. When the reaction
temperature is raised up to 60 °C (also for 80 &iyecrease in the amount of dissolved

oxygen takes place which is just enough for oxatatf Mn(OH) to MngO,.

6.1.3.Variation of theratio of c(Mn?") / c(OH)

Different concentrations of NaOH, i.e., 0.08, 046d 0.24 mol ' were used for the
purpose of investigation of the effect of NaOH aamication on phase purity of the product
and on its grain size (concentration of 'Msalt and the other reaction parameters were held a
constant). The corresponding ratios of cffft(OH) are 1:2, 1:4 and 1:6, respectively. XRD
patterns for the samples obtained by variation &t®@& and utilizing 0.08 mol £ NaOH
(Figure 7) show a transition from pure hausmansar@ple whilst solutions of low contents of

EtOH are used to impure ones using 95% EtGHMOOOH contaminants coexist).
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——95% EtOH
——50% EtOH
0% EtOH

10 20 30 40 50 60 70 80
20/[°]

Figure 7. XRD patterns of the hausmannite samples prepared) usfferent EtOH contents,
employing 0.08 mol' £ NaOH (40 °C, 6 h). Starg-MnOOH.

Wwith 0.16 mol [* NaOH (c(Mrf")/c(OH) = 1:4) and employing various ratios of
EtOH/H,O (Figure 8), formation of My©, predominates in pure water whereas formation of
birnessite (layered type structure Mp@ommence with rising the content of ethanol in
water. Using 50% EtOH; a mixture of birnessite dadsmannite is produced, a single phase
birnessited-MnO, (Na-type) is produced whilst 95% EtOH solutiomused.

Two important parameters are acting together addcimg the formation of layered-type
birnessite, firstly, the presence of excess sodmydroxide that stimulate the formation of
birnessite through the role of the excess sodiutiorta acting as a template assisting the
formation of layer-type structure MnCsecondly, the amount of dissolved oxygen (large in

ethanol-rich solutionghduces the oxidation of Mn(Oki¥traightforward t@-MnOs..

——95% EtOH
——50% EtOH
0% EtOH

\"\_.—/\__-._._/\_*4-—

*

10 20 30 40 50 60 70 80
20/[°]
Figure 8. XRD patterns of the samples prepared using solstwith different EtOH content,
0.16 mol [* NaOH was used and the system was heated to 40r°€ Ho Blue: a-MnsOsa,
red:a-Mn3O4 + 0-MnO, and green:s-MnO, (Na-birnessite). Star: un-oxidized Mn(GQHnd
diamond:$-MnOOH.
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Our results show that variation of NaOH concemratiot only changes the product phase
but also its average grain size as illustratedabl@ 5. This can be accounted for the change
of the pH of the reaction medium, increasing thel@tls to an increase in the crystallite size

of the hausmannite products.

Table 5. Impact of base concentration on the reaction mbduad its grain size, 50% EtOH

was used, the time was set at 6 h.

Cnaor/ Mol L* | 0.08 0.16 0.24
pHs 6.8 12.2 13.5
Phase Mn3Os Mn3Os+A  MnzO4+A
<d> /nm 13.0 21.0 23.0

Where pH: pH measured at the end of reaction6AINO,.

6.2. Ammonia as a precipitating agent

In an attempt to obtain single phase hausmannitgles, another set of experiments was
conducted using ammonia solution as a precipitaiggnt. The aim of this study is to
investigate the influence of using ammonia as aiptant (compared to the use of NaOH) on
the phase purity and mean patrticle size of theildtiahausmannite samples. Precipitation of
Mn(OH), occur firstly, followed by air oxidation givingsge to formation of pure spinel
Mn3O,. The mean particle size for the hausmannite sapygpared in pure water at 40 °C
(calculated from band broadening using Scherragisgagon) was found to be about 25 nm
which is larger than that obtained at the same itondusing NaOH (21 nm). The
explanation for this could be related to the ddéfese in pH values for both reaction media
(same molar concentration of both NaOH andsN#lution). Indeed, measurements of pH
values after termination of both reactions showed the final pH for the solution of the first
sample was ~9.0. A value of ~7.5 was monitoredtfar solution of the second sample
prepared using NaOH.

Formation of hausmannite using ammonia as a ptacipcan be represented by the

following equations:
Mn(OAc),+ 2 NH; + 2H,O-~ Mn(OH), + 2 NH OA« 3)
3Mn(OH),+1/20, - Mny,Q, +3H C (4)
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Once again the influence of variation of ethanohteat in the reaction solution was
studied. Unlike the case of using NaOH, it is fodldt very clean hausmannite samples are
produced while ammonia solution is used as a pitaqip(40 °C, 1 h), irrespective of the
ethanol content in the solution (Figure 9). Shrgkaf the particle size is a characteristic
feature; it drops from 25 nm in pure water to 98 m 85% solution. No precipitation is
observed (in contrast to the use of NaOH wherexuma of hausmannite arfgMnOOH is
precipitated using 95% EtOH) when the ethanol adntethe solution reaches 95% (at 40 °C,
1 h). Tableb shows the variation of the mean grain size as agethe lattice parameters of the

hausmannite samples with ethanol content.

Table 6. Influence of variation of %EtOH on the averageigiaze and lattice parameters of
hausmannite samples when ammonia is used as ifagtithe reaction temperature set at
40 °C for 1 h.

EtOH/H0 0% 50% 85%  95%°
Phase MnzO4 MnzO4 MnzO,4 -
<d>/nm 25 15.5 9.3 -
alA 5.7639(1) 5.7642(2) 5.7709(6)

c/A 9.4602(3) 9.4432(5) 9.409(1)

a: no precipitation

—— 85% EtOH
——50% EtOH
0% EtOH

10 20 30 40 5 60 70 80
20/[°]
Figure 9. XRD diffractograms of hausmannite samples obtainsthg different EtOH
contents and 0.08 mol*Lammonia, the system was heated to 40 °C for Blue: 25 nm,

red:15.5 nm and green: 9.3 nm.
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IR analyses (Figure 10) were done, the spectraabelithat all absorption bands fall in the
range of 400-600 cihare assigned to the coupling between the Mn-Qcsireg modes of the
octahedral and tetrahedral sites and to the baattking modes of the octahedral sites. Peaks
at 1630 and 4300 cirefer to the presence of water incorporated ihesé samples either
structurally or just adsorbed on the surf&t@®bviously, there is no shift in the peak positions
as a result of changing the particle size, metbly;peaks get more intense with increasing of

the grain size. The big difference in the peak tomss can be seen by comparison with bulk
Mn3O, (Table 7).

100 -
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Figure 10.IR spectra of hausmannite samples obtained usffereht %EtOH.

Table 7. Comparison of the locations of the absorption BaodMn;O, samplesobtained
using different %EtOH

%EtOH | <d>/nm Mn-0 stretching modes /e
0 25 398 473 597
50 15.5 396 479 592
85 9.3 396 475 592
- Bulk 412 502 612

The diffractograms (Figure 11) for the productsaoied at reaction temperatures of 25, 40,
60 and 80 °C (using 95% ethanolic solution and kepghe other experimental conditions
unchanged) indicate that x-ray single phase hausiteasamples are produced even at room
temperature. Average crystallite sizes calculatexnfband broadening using Scherrer’s
formula reveal that variation of the reaction tenapere does not noticeably change the size.
The grain size scatters between 10.8, 10.0, 103 %6 nm at 25, 40, 60 and 80 °C,
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respectively. This may be explained as follow; after nucleation of hausmannite from Mn(OH),
at room temperature no significant growth of the particles with temperature occurs. Ostwald
ripening is not observed here, that is the case which associated with too low molar solubility
of hausmannite in the reaction solvent. Table 8 shows the effect of temperature on the grain
size and lattice parameters of hausmannite. We can see that, there is no general trend for

variation of the lattice parameters with temperature.

20/1°]

Figure 11. Impact of reaction temperature on phase puritthafismannite obtained using
95% EtOH (0.08 mol t NHs solution, 24 h). a) 25 °C, b) 40 °C, c) 60 °C a0 °C.

Table 8. Influence of variation of reaction temperature on the average grain size and lattice

parameters of hausmannite samples prepared using 95% EtOH, 24 h.

Temp. /°C 25 40 60 80
<d>/ nm 10.8 10.0 10.3 9.6

alA 5.7701(5) 5.7647(9) 5.7753(7) 5.7641(7)
c/A 0418(1) 9.395(2) 9.425(1)  9.419(1)

Pristine hausmannite samples were prepared at room temperature irrespective of the ethanol
content in water (Figure 12). Larger size hausmannite sample is obtained in pure water,
shrinkage of the average crystallite sizes takes place with increasing of the content of ethanol
for the same reason mentioned before in case of using NaOH as a precipitant."* Elongation of
the unit cell in a direction and contraction in ¢ direction occur with increasing of %EtOH
(Table 9).
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”'0%

10 20 30 40 50 60 70 80
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Figure 12. XRD diffractogram of hausmannite samples prepargdg different %EtOH and
NHs as a precipitant at room temperature for 24 h0%j), b) 50%, c) 85% and d) 95%.

Table 9. Influence of variation of %EtOH on the averageigisaze and lattice parameters of
hausmannite samples prepared at room temperatute, 2

EtOH/H,O| 0% 50% 85% 95%
<d>/nm 26.5 17 13 11
alA 5.7642(1) 5.7656(3) 5.7677(4) 5.7701(5)
cl/A 9.4647(3) 9.4465(6) 9.418(1) 9.417(1)

To the best of our knowledge this is consider asw, simple and green chemical method
for synthesis of hausmannite at room temperatutk wariable grain size. Variation of the
average crystallite size of hausmannite sampletifodd at room temp.) with %EtOH is
illustrated in Figure 13.

28
24

20

<d>/ nm

16

124
[ ]
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% EtOH/H,0

Figure 13. Variation of particle size with %EtOH for the piree hausmannite samples
prepared at room temperature, the other experimestaditions are kept constant.
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Seemingly, increasing of the molar concentratioMbl solution does not affect the type
of the product obtained. XRD analysis for the sasgdrepared (Figure 14) using ~0.16 mol
L™t ammonia solution ((c(Nﬁﬁ)/c(OHf) Is 1:4) shows that whatever the content of ethano
the reaction solution, the products are charaadrito be hausmannite. Noticeably, the
crystallite size doesn’t suffer any significant oba as a function of the pH change (see Table
10). A small difference in the final pH value iseseand this is associated with a slight change
in the particle size even with high molar concetiaraof ammonia ~0.24 mol't

Table 10. Impact of ammonia concentration on the grain sizdausmannite whilst 50%
EtOH is used (6 h, 40 °C).

Cnma/ mol LY | 0.08 0.16 0.24
pH; 7.6 9.0 9.3

Phase MnzOs;  Mn3O4 Mn3z0O4
<d>/nm 16.9 16.3 18.0

——95% EtOH
——50% EtOH
0% EtOH

T T T T T T T T T T T T T T 1
10 20 30 40 50 60 70 80
20/1[°]

Figure 14. XRD patterns of the hausmannite samples preparied) ukfferent %EtOH ( 0.16
mol L'* NH; solutions, 40 °C and 1 h).

6.3. Adsor ption-Desorption | sotherms

The surface areas for nc-Mdy samples with average particle sizes of about 2Grid 10
nm were measured in order to see how microstrugparameters change with mean particle
size. Nitrogen adsorption-desorption using the BE€thod was measured, see Figure 15. The
isotherms can be classified as type IV isothefhtdysteresis is a characteristic feature for
this kind of isotherms. This type is correlatedhnilhe presence of mesopores. The capillary
condensation occurring in the mesopores restragsration above a high P/P°. The first part

of the isotherms is related to monolayer-multilageisorption. The hysteresis observed in
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isotherms | and Il for MgD, samples with large particle size can be classifisdH3 type
which does not show any limiting adsorption at hpgb°. By IUPAC definition the hysteresis
observed in isotherm Il (Mi®, sample with smallest particle size) is classi@sdH2 type
which suggests pores with narrow necks and wideelsgghormally referred to as 'ink bottle’

pores)*?

The BET surface area can be roughly estimated fiynaisg the nanocrystallites as spheres
with diameter equivalent to the average particke.sThe estimated values for the different
nc-MnsO, samples and their experimental counterparts amvrshin Table 11. The
experimental values are in the order of the thexaeestimations, except for the largest
particles. Pore size distribution curves are intcsdl in Figure 16 which suggests that these
pores are distributed in a monomodal fashion, wilobbservable for the three hausmannite

samples, the mean pore sizes are listed in theeTldbl

Relative Pressure (P/P°)
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c 0.0 0.5 1.0 0.0 0.5 1.0 0.0 0.5 1.0
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Figure 15. Adsorption-desorption isotherms of hausmannite ptesn(obtained using 0.08
mol L*NaOH) having different mean grain sizes; I) <d> ~@f, Il) <d> ~14 nm and )
<d>~10 nm.

Figure 16. Pore width-pore volume and pore width-pore arektienships of hausmannite

Pore width (nm)

Pore width (nm)

samples; I) <d> ~20 nm, Il) <d> ~14 nm and IIl) <d>10 nm.
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Chapter 6 Results & Discussion

If the surface area and the average pore widthpkrted as a function of the average
particle size, the relation given in Figure 17aseaived. Approximately, linear dependence of

the surface area on the inverse of the averagelpasize (1/<d>) can be seen.

Table 11. Expected and found surface areas of ng®jrsamples, average pore width as well

as total pore volume as a function of the mearigharize.

<d>/ nm Surface area as Sger Average pore  Total pore
spheresflg m%g width/nm  volume cni/g
20 65 32 23 0.19
14 90 79 13 0.26
10 128.5 103 4.7 0.12
T T T T T T 25
100 @ - _
20 £
’\5, 80 ) %
NE 15 z
- ° S
i 60 - o
2 L10 &
]
40- =
° o |5

005 006 007 008 009 0.10
1/<d> (nm™)

Figure 17. BET surface area and average pore width as a fanabf the grain size of nc-
MnzO, samples.

6.4. Average crystallitesize (XRD Vs. TEM)

In order to compare the average particle sizesméeted from XRD (calculated from band
broadening using Scherrer's formula) and to studg morphology of the obtained
nanocrystals, three hausmannite samples (preparegibg ammonia as a precipitant and

different %EtOH, 24 h) were examined by transmisstectron microscopy (TEM).

As visible from TEM images shown in Figure 18akhe MO, nanoparticles are a mixture
of cubes and spheres that are all distorted indareetion, thus representing the tetragonal
distortion of the unit cell. Shape control cannetdthieved via this synthetic route. In order
to obtain particle size distributions about 300tigls were measured for each sample. This

was done by measuring the longest and shortesibpmssagonal through each particle.

- 200 -



Chapter 6 Results & Discussion

Figure 18d shows particle size distribution curf@sall samples, Gaussian function was
used to fit particle size distribution curves. CGiteristic features that can be extracted from
TEM distribution curves are, symmetry of the diatition curves about the average values of
the particle size and the particle sizes are Oisteid in a monomodal fashion. Table 12 shows
the comparison between the average particle sidecge from XRPD and that extracted

from TEM distribution curves, slight differenceabserved between them.

Table 12. Comparison of the mean particle size from XRD &&i.

Method Mean particl size<d>/ nm
XRD 24 15 10

TEM 22.5 14 8

10 15 20 25 30 35
<d>/nm

Figure 18. TEM images of My©, samples: a) <d> ~24 nm, b) <d> ~15 and c) <d> ~1fhn
d) Their corresponding size distribution curvesiiraght to left, respectively.
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6.5. Structural analysis

Size-dependent structural analyses were made etgeld analyses for three selected
Mn3O, samples with different grain sizes, their proffies depicted in Figure 19. The
observed and calculated patterns are fitted wellinascated by R values (Table 13).
Obviously, all reflections match well; there is ather reflection that can be assigned for the

presence of any other phase of manganese oxides.
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T
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(b) + Observed
—— Calculated
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—— Difference

et ot T e a eV S e N

| IIII i I!I 10 1100
r T - I 1T T
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Difference

W""Vw ]
' | IIII 1l I'I [l |II!I Il IIIIII' M IIIII L] II\I!III L 0 g T II'HI

T
30 60 90 120
26 /[°]

Figure 19. Refinement analyses of three J@n samples with different particle size using
Rietveld method; a) <d> =10 nm, b) <d> = 16 nm aap<d> = 25 nm.
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The results of refinement (Table 13) indicate theaginfluence of the particle size on the
tetragonal cell parameters, a contraction of theaetl occurs in “a” direction and elongation

in the direction of “c” axis take place by increagthe mean particle size <d>.

Table 13. Measurement parameters, structure and refinemeiat for three different size

spinel samples.

Sample <d>=10nm <d>=16 nm <d>=25nm
FormUIa sum Mnll.63ol4.77 Mnll.95016.00 Mn12.08016.00
Formula mass / g/mol | 875.20 912.23 919.64
Space group (No.) | 4/amd (141)| I4amd (141) | I4amd (141)
a=b/A 5.7684(5) 57658(2) 5.7639(1)
cl/A 9.420(1) 9.4507(5) 9.4602(3)
ch?2 a 1.1547 1.1590 1.1606
p | glcn? 4.64 4.82 4.86
V/ 106 pm8 313.44 314.17 314.29
R (expected) / % 1.154 1.203 1.110
R (profile) / % 0.819 0.983 0.972
R (weighted profile) / %| 1.018 1.255 1.290
R (Bragg) / % 0.504 0.770 1.127
GOF 0.778 1.090 1.351

Radiation isCuKa and the type of profile fit is Pseudo-Voigt

The degree of tetragonal distortion of the unit, ¢aking the ratioc/+/2a as a measure, is
plotted versus the mean particle size for seveaaisimannite samples (Figure 20). It is
obvious from the plot that the release of distartiocreases with decreasing of particle size.
The degree of distortion is plotted versus the 2/geigure 21). A straight line can be fitted
which indicates that the distortion decreases tigeaith the reciprocal particle size 1/<d>,
which in turn is proportional to the surface aréahe particles. 1/<d> can be related to the

surface area as follow:
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Where; Ser is the specific surface area, A and m are theasarfairea and mass of the
particles, respectively.
For spherical particles the area Am%and m =p.V = p(4/3nr®), where r is the diameter of

the sphere which is taken as <d> in this caseh8aniean diameter <d> can be related to the
surface area by the following relation:
4nr? 1

S = a
BET
p @3nr3)  <d-

1.162

1.160 -

-

-

[,

©
1

c/((2)"2.a)
@

1.156 -

—— Exponential Fit

1.154 1— T
9 12 15 18 21 24 27 30
<d>/nm
Figure 20. Tetragonal distortion of the unit cell versus thean particle size of hausmannite
samples.

1.162-
n
__1.1601
e
o
< 1.158 ~
o
1.156-
n
1.154 : : . ’
0.04 0.06 0.08 0.10

1/ <d>
Figure 21. Tetragonal distortion plotted against invers pali size of hausmannite samples.

Figure 22 shows elongation of the tetragonal uglit @ hausmannite in “c” direction with
increasing of the mean patrticle size, whereas d¢ligparameter “a” fluctuates, generally with
a contraction with increasing of the particle qizable 14). Nevertheless, the unit cell volume

increases with increasing of the mean particle $gure 23). Mn-O tetrahedral bond
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distances are increased compared to those of bufOM(Table 15). Whereas, the Mn-O
distances of the Mngoctahedrons are shortéh.

9.47

9.46

9.45
< ]
= 9.44-
o

9.43 1

9.42 - —— Exponential fit

9 12 15 18 21 24 27
<d>/nm

Figure 22.Variation of the cell parameter ¢ with mean pddisize.

314.5

314.0

V /108 pm®

313.5

—— Langevin Fit

9 12 15 18 21 24 27 30
<d>/nm

Figure 23.Variation of the volume of unit cell with mean fpee size.

Table 14. Variation of cell parameters with the mean pagtisize for several hausmannite

samples.

<d> alA clA ¢/ J2a V/10pm’
10 57685 9.4199 1.1547 313.443
11.5 5.7654 9.4298 1.1565 313.444
14 57641 9.4429 1.1584 313.743
16 5.7658 9.4507 1.159 314.15

17 5.7659 9.453 1.1593 314.267
18 57663 9.4564 1.1596 314.424
20 5.767 9.4608 1.16 314.64

25 57639 9.4602 1.1606 314.292
27 57642 9.4647 1.161 314.472
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Table 15. Coordination of atoms and bond distances.

Sample Atom Coordination| Distance Number
Mnl O1 200.7(3) 4x
<d>=10nm \mp2 01 195.1(2) 4x
01 228.9(3) 2X
Mnl O1 198.6(3) 4x
<d>=16nm \Mmp2 01 195.5(2) 4x
01 232.2(2) 2
Mnl O1 200.8(1) 4x
<d>=25nm \mp2 01 195.6(2) 4x
01 228.9(2) 2X
Literature:®® Mn1-O1; 186.2, Mn2-O1; 203.7 and Mn2-01; 235.9

Mn30O4 sample with the smallest particle size showedfaatlén its structureSOF value for
Mn?* (Table 16) indicates a defect in the cationicssifthe refinements were done assuming
that the octahedral sites are fully occupied by*MAIlso the SOF value for oxygen atoms
reflects an anionic defect. Approximately, 9% deficy exists in cationic sites containing
Mn?* that can arise from partial oxidation of Mrto Mn** leading to formation of cationic
vacancies. These can be compensated by eitherefi®@edcy in the anionic sites (~9%)
through formation of anionic vacancies or via preseof interstitials (e.g., Ofl)i

The calculated density for such sample from Refieet data reveals a defected spinel
structure, a value of 4.64 g/émvas found compared to 4.86 gftrior the ideal spinel
structure (bulk materiaff The density for this sample was measured and aevafu
4.29(0.03) g/crhwas found (Table 17), which is too low comparedhi® calculated one and
strongly emphasizes such structural deficiency. difierence between the measured and
calculated values may be due to presence of wdsarled over its surface (proven by TGA).

With increasing the particle size such type of ammaleficiency vanish and just quite small
deficiency in Mi* sites exists, the calculated density for the lagige hausmannite sample
(~16 nm) is found 4.82 g/chwhereas the measured one is 4.59(0.01) Y/tueal spinel
structure was found for the largest hausmannitepkamith mean particle size of 25 nm, no
deficiency could be recognized from SOF values Wwhg indicated by the values of the

calculated and measured densities, 4.86 and 4089(@/cn?, respectively.
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Table 16. Wyckoff positions, occupancy, atomic fractionaloodinates and isotropic
displacement parameters B for three different Beesmannite samples (refined according to
31094-ICSDY?°

Atom Sample 1 (<d= 10 nm)
Wyck. s.o.f X y z B / Tont

Mn1 4b 0.91(2) 0.0 0.25 0.375 0.54(6)

Mn2 8c 1.0 0.0 0.0 0.0 0.27(5)

01 16h 0.92(4) 0.0 0.9774(6) 0.2426(3) 1.0(2)
Sample 2€d> =16 nm)

Mn1 4b 0.988(9) 0.0 0.25 0.375 0.4

Mn2 8c 1.0 0.0 0.0 0.0 0.18(3)

01 16h 1.02(4) 0.0 0.9790(5) 0.2454(3) 1.0(2)
Sample 3€d> =25 nm)

Mn1 4b 1.02(1) 0.0 0.25 0.375 1.81(5)

Mn2 8c 1.0 0.0 0.0 0.0 1.00(3)

01 16h 1.00(1) 0.0 0.9790(4) 0.2416(2) 1.0

Table 17. Measured and calculated density values of vati@usmannite samples.

<d>/nm 10 16 25
Measured Density g/cm | 4.29(0.03) 4.59(0.01) 4.68(0.04)
Calculated Density g/ctn | 4.65 4.82 4.86
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TG analyses were performed for the hausmannite lesnith different particle sizes under
air flow (heating rate 5 k/min). For the temperatuange 25 - 800 °C, the thermogramms

shown in Figure 24 reveal two mass losses occumitiglly followed by a mass gain.

100

99 4

98

97

Mass loss %

96

954 ——10.0 nm
| ——16.0 nm
——25nm

94

2(I)0 ' 4(I)0 ' 660 ' 800
Temp./°C
Figure 24. TG thermogramms of different size hausmannite ksngbtained under air flow

with heating rate of 5 K/ min.

The first mass loss in all thermogramms is assigaedmoval of adsorbed water molecules
over the surfaces of hausmannite samples (~250@QY5lt is apparent that the quantity of
adsorbed water is high for the smallest size haneiteasample and decreases with increasing
of the size (result of decreasing of surface arElag. second mass loss can be ascribed to loss
of the excess mass (may be structural water o_r).Gbeit small losses of 0.6-1% are detected
in the TG curves (250-620 °C) of the hausmannitapdas. This matches with a non-
appreciable deficiency in the structure of the h@armite samples with larger sizes. This
result indicates also that the cationic deficiefmythe smallest size sample is compensated

mainly by the presence of anionic vacancies.

From IR analysis, it is not straightforward to thguish between the existence of water and
OH . Mass gain observed in the third step certainlyesponds to oxidation of hausmannite
(0-Mn30y) to bixbyite @-Mn,Os3). Theoretically this transformation should be anpanied
by mass gain of 3.49% (for ideal My structure). A characteristic feature from the TG
curves of the different size hausmannite samples, is the transformation temperature of
hausmannite to bixbyite significantly affected by particle size. Hausmannite sample with

lowest particle size can be transformed at low temaoire to bixbyite compared to the largest
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size hausmannite sample (see Figure 24). Thesksresflect an increase in thermal stability
of hausmannite samples with increasing of the garsize.

To prove the former expectations of TGA, TG measaets were performed for a
hausmannite sample (~10 nm) under static air camdit(5 K/min). The analyses were made
in different temperature ranges 25-350 °C, 25-48025-600 °C and 25-1000 °C. The solid
products remained after the termination of the T®&e characterized by XRD analyses
(Figure 25). The products remained after stoppmgrmeasurements at 350 and 480 °C were
identified as MgQO,, this result confirms the stability of such hausmte sample till 480 °C
which is matched with the result of TGA (Figure 24) 600 °C the residue was characterized
as bixbyite 0-Mn,Os.

— 1000 °C

S A.AAJAA_JLL&MM

—600°C N
A A A A N

—350°C “
— Hausmannite n

10 20 30 40 50 60 70
20/[°]

Figure 25. XRD patterns of the residual products of a hausmtansample obtained by
termination of TGA at different temperatures undegatic air (heating rate 5 K/min).
Hausmannite sample has <d> = 10.4 nm, at 350 °Qdmaannite (<d> = 9.9 nm), at 480 °C;
hausmannite (<d> = 10.2 nm), at 600 °@&Mn,03 (<d> = 30 nm) and at 1000 °C; M@, +
Mn,Os.
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6.6. Summary and conclusions

Control of the particle size of hausmannite canalskieved by variation of the
ethanol/water ratio, increasing of the ethanol enohleads to a drop in the particle
size.

Irrespective of the reaction temperature andW@H ratio, ammonia was found to be
superior to NaOH for preparation of x-ray singlegé hausmannite whereas NaOH is
most useful for synthesis 6fMnO,, which is a sodium template directing process.
Variation of reaction temperature and time hasignificant influence on the growth
of spinel nanocrystals,

Room temperature synthesis of hausmannite samp@eaatdeved for the first time in
this work; size-selective synthesis was done bytrotimg the ethanol content in
water.

Surface area, pore size, total pore volume andmihlestability of hausmannite
samples are size-dependent properties.

Degree of tetragonal distortion for hausmannite gell increases with increasing of
particle size and exhibits linear relation with theface area of the samples.

The smallest size sample showed a deficiency ircétienic sites (for M) which
can be compensated by the deficiency in the anisites. This result was proven by
the quite low density value (measured). TGA indicatslight excess mass over its
surface (0.6%).

No deficiency can be recognized for the larger samples as indicated by Rietveld

refinement, density measurement and TGA.
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7. Summary

Manganese possesses numerous oxidation statél, (7 and VIl are the most common
ones) consequently, various manganese oxide/hydrophases are known. Although, the
research field about manganese oxide/hydroxide argsials is so spacious, nevertheless,
many interesting research points are still obscBiee-dependent physical properties are of

importance.

A detailed overview about various manganese oxjdldxide phases including their
structure, synthesis, properties and applicatisrgivien in chapter 1. In this chapter we also
highlight the shortage of the reported studies abmnganese oxide/hydroxide nano-particles
that motivated us to do this research study witleym on size-selective synthesis and size-

dependent surface, thermal, and structural prazerti

In chapter 3,y-MnOOH (namely, manganite) nanorods were synthdsiftem the
comproportionation reaction between #and MnQ’ in aqueous medium using molar ratio
of 5:1. Actually, this reaction is a promising amdrsatile one since it provides many
experimental parameters to modify the reaction wagh Size-selective synthesis @f
MnOOH nanorods was accomplished by modifying thetlsssis parameters such as time,
temperature and total Mn concentration in the smiutAs a result-MnOOH samples with
average grain size <d> as low as 14 nm (1 h, 39 Imimpand as large as 36 nm (27 h, 156
mmol L) are produced. Under otherwise unchanged expetahparameters, it was found
that manganite nanocrystals grow with time accaydinthe equation: <d> = k(t+d)where,
<d>: the average particle size, t: the reactiorefikn temperature-dependent time constant, a:
additional parameter, corresponding to the quotigli with dy as the particle size at time t =

0 and n: the order of growth of particles with timeaging from ~6-9.

The impact of the anions of manganese salts arali alietal cations of the permanganate
salts on the rod shape of as-prepared manganitglesmas studied. Significant effects of the
anions (OAG SQ? and Cl) on the shape of the nanorods were establisheHyl
investigations. Ultra-long-MnOOH nanorods (4-5 um) were obtained for thet firme in
this work via the redox reaction between MaGt MnSQ and KMnQ, and modification of
the pH of the reaction medium (pH of 6-8). Shortanorods (1-2 um) were obtained using

manganese acetate.
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The alkali metal cations (K, Na and Cs) were protcehave an enormous influence on the
shape of manganite nanorods. Regular shape nanweds produced while KMnOwas
used. However, Na- or Cs-permanganate hinders thf@ron growth of such nanorods

resulting in formation of manganite samples witfod®ed rod-like morphology.

A careful survey about feitknechtieMnOOH, with a layer-type structure revealed that a
modest work has been done. Limited preparative odsthwere reported for feitknechtite
synthesis. Successively, a new synthetic routedeasloped for feitknechtite nanorods (~10
nm diameter) from the solvothermal reaction of naa@ge acetate and KMpn@b:1 molar
ratio). The replacement of water entirely by aceta the key for feitknechtite synthesis.
Feitknechtite was characterized by XRD and IR as®dy The powder patterns showed a

sharp reflection atte~ 22.6°, additional low intensity reflections comerg with feitknechtite

also exist. Feitknechtite has a trigonal symmetspate grouﬁéml(164)) with cell

parameters as a = 3.428 (3) A, ¢ = 4.919 (1) A prwdl20°. IR spectrum of feitknechtite
showed absorption bands located at 745, 947 an@ di®? which are assigned to O—H...O
deformation modes dgf-MnOOH. The measured density value for the samplaioed at
95°C (1 h) using 70 mL acetone was 3.7 g/¢ypical for feitknechtite (3.8 g/cth EDX
analysis for this sample revealed that the mainstitoent atoms are Mn and O (H not
detectable).

Size-dependent sorption properties were studieddior manganite samples of different
mean particle size. The isotherms showed type Idadterized by distinct hysteresis loops
indicating mesoporous microstructures. The loop®woH3 type isotherms which do not
exhibit any limiting adsorption at high p/p°. Monodal pore size distribution curves were
obtained with average pore sizes in the range €f2Lm. The specific surface areg-of
manganite samples was increased as the grainesizeased (from 13 to 47fy).

Size-dependent thermal stability of manganite nartapes (as well as its decomposition

products) was also investigated. The larger thegbasize, the higher the thermal stability.

According to the issued reports about manganites itot so obvious, why and how the
decomposition ofy-MnOOH can pursue various pathways upon heatingeumifferent
conditions. Therefore, we present in chapter 4 aifdation of the thermal behavior of
manganite in air and in an inert gas atmosphertually, the amount of oxygen accessible to

manganite precursor is a crucial parameter fotréssformation towards manganese oxides
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with different oxidation state either in aip-MnO, or MnsOg) or even under Nor argon

atmospheres with low oxygen partial pressure.

A modified preparation method of M@g nanorods was developed by calcination of
manganite nanorods (~28 nm) in air in a temperatamge of 350-520 °C for 1 h. The same
amounts of the precursor (30 mg) were used. Cdiomawere performed in the same size
glass tubes each with= 10 cm andb =1 cm. It was established that the size of thegjtabe
is a crucial parameter for formation of b@y. Otherwise-MnO.is formed when a large size
tube is used.The structure of the precursor wastiited by Rietveld refinement, IR, TGA
(excess mass) and density measurements. The resu#faled a well ordered manganite
structure without apparent defects. X-ray singlagghMaOg samples (mean patrticle size of
16-18 nm) were prepared by our method. Rietveldyais|awas made to ascertain some
structural manifestation of the so obtainedsMyisample (16 nm, prepared by calcination of
manganite at 350 °C). Assuming that the oxygers site fully occupied, the site occupation
factors (SOF) for Mn atoms occupying various Wydlgities are found to be 1 which implies
that we have a well ordered Mg structure. The measured density for this sample wa
4.69(0.03) g/crhwhich matches with the calculated one from Rietviettinement (4.89
g/cnt). The estimated average interatomic Mn-O distastesved differences from those of
bulk MnsOg (the difference for M¥-O ~5-9 pm and MhO ~15 pm). This divergence
indicates that we may have a partly charge-disedidinOg structure. Trivalent Mn might

be present as well.

The magnetic measurements for J@ samples revealed that My orders antiferro-
magnetically at a Néel temperature of 128 K andiecWreiss temperaturéddy) of -116 K.
The effective magnetic momepgs for this sample derived from linear Curie-Weidsfdir
1/x =T graph is 4.71s which is in accordance with the estimated val@&® 4g for charge-
ordered MigOg assuming only contributions from the spin. Thdeddénce between boiln
values may also indicate the presence of subtleredegf structural disorder. The
measurements showed a detectable amountMh;O, impurities (~0.4-0.6%) admixed to
MnsOg as indicated by a sharp peak)yHT plot near to 42 K. This temperature perfectly
coincides with the Curie temperature of the spidelrationalization of the formation of
minute spinel impurities admixed to MDs samples is given. Such impurities are ascribed to
the presence of some adsorbed manganese acetdie surface of the manganite precursor,

which in turn by calcination of manganite leadsfaomation of the spinel. The adsorbed
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manganese acetate cannot be removed completelsepeated ultrasonic washing for the

precursor.

In chapter 5, different polymorphs of manganes&idi& a, vy, 6 ande-MnO, are reported,
they prepared from reactions of manganese chloadd KMnQ, in aqueous media.
Regarding the literature such reactions were Hhiheperformed essentially under
hydrothermal conditions. The formation of the vaggolymorphs is not possible under these
conditions according to our attempts. We have niedlithe synthetic method by performing
the reaction under reflux at ambient pressure, equently, the type of the polymorph and/or
its morphological shape was amended. K-birnessiMdrO,) with a sponge-like morphology
was obtained under reflux. It does not form hydeathmally. Nsutite,y-MnO,, with a plate-
like shape was also obtained.

We tuned the experimental parameters, e.g., tiemepérature, molar ratio of MHMnO,,
pH, and the alkali metal of the permanganate $aktse parameters are the key for modifying
the reaction pathway, eventually resulting in fotima of various manganese dioxide
polymorphs.

To the best of our knowledge a room-temperatureéhggms of akhtenskitee{MnO;) was
developed for the first time from such comproparéiton reaction. Akhtenskite adopts
morphology of sponge-like spherical aggregates (B8® nm diameters). The measured
density ofe-MnO, sample was 4.05(0.06) g/émhich is lower than the calculated one from
Rietveld analysis (4.24 g/én both are less than that of the bulk materialcihis 4.72
g/cnt. This divergence in the density values combineth yow SOF value for Mfi sites
(0.431(9)) is associated with a deficiency of at the given crystallographic sites. Two
absorption bands located at 1620 and 3400 are apparent in IR spectra of akhtenskite
samples which are assigned to OH bending and lsingtenodes. The presence of OHay

compensate for such cationic defects.

The self-template approach is a promising techniguesyntheses of various manganese
dioxide polymorphs. In particular, birnessite-typ&MnO,) with large-size Cs cations
intercalated between its layers can be produced yé&b reported Cs-birnessite was
synthesized from the reaction of manganese acatateCsMnQ using 1:1 molar ratio for
Mn#/MnO, . Flower-like morphology was adopted by the Cs4sgite. EDX measurements
revealed that the Cs:Mn ratio is ~0.125.
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In chapter 6, tunable size hausmannitdi;O4) nanoparticles were prepared. Manganese
(1) is precipitated using NaOH or NH~0.08 mol L}, ¢(Mr#")/c(OH) = 1:2) as Mn(OHyin
water which subsequently undergoes air oxidatiomaiegsmannite. Control of the particle size
of hausmannite was achieved by replacing waterigligrtby ethanol. Increasing of the
ethanol content leads to shrinkage in the parsidle. Hausmannite samples with sphere/cube-
like morphology were obtained, the mean partickesi<d> for which cover the range from
10 to 25 nm. Variation of the reaction temperatame time has no significant influence on

the particle size of spinel nanocrystals.

Size-dependent structural analyses were made &8eatgeld refinements for three selected
hausmannite samples of different grain sizes. Esealts of refinement indicate measurable
influence of the particle size on the tetragondll garameters. With increasing mean patrticle

size a contraction of the unit cell occurs in “@&edtion and an elongation in the “c” direction
is found. The degree of tetragonal distortion @& thmit cell — takerc/~+/2a as a measure —

increases steadily with increasing of particle siklee degree of distortion shows a linear
decrease with increasing of the reciprocal parsae 1/<d>, which in turn is proportional to
the surface area of the particles.

For the smallest size hausmannite sample (<d> #f)0time SOF value of Mt was found
to be 0.91. The refinement was performed basedherassumption that the octahedral sites
are fully occupied by Mfi. Approximately, 9% deficiency in the cationic siteontaining
Mn**was detected. The deficiency may arise from at lpagtial oxidation of MA" to Mn**
resulting in formation of cationic vacancies. THeFSvalue (0.92) of oxygen atoms indicates
also an anionic defect. The measured density fisr shmple was ~4.29 g/émwhich is
significantly lower than that calculated from refinent data (4.64 g/éhn Both features point
to structural defects in agreement with a signiftbareduced density compared to that of the
bulk spinel structure (4.86 g/én

With increasing of the patrticle size such aniongfidency vanish. Merely, insignificant
deficiency on the Mfi site was detected (SOF is 0.988). The orderedebpinucture was
found for the largest hausmannite sample (<d> ~8% mo deficiency could be recognized
from the analysis of refined SOF values. The valfithe measured density (4.68(4) gfcm
approaches that determined by x-ray analysis (@/&6). IR spectra for the samples showed
two absorption bands at ~1620 and 3400" ¢mat are ascribed to OH bending and stretching

modes of either adsorbed or crystallization wafacording to the TGA results for the
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hausmannite samples there is no significant extess. Mass losses of ~0.6-1 % are found
(temperature ranges of 250-620 °C) which may cpmed to structural water.

Nitrogen adsorption-desorption using the BET metivad measured for three hausmannite
samples of different mean particle sizes. The ewotis were classified as type IV isotherms.
Hysteresis is a characteristic feature for thigllofhisotherms. This type is correlated with the
presence of mesopores. The hysteresis observewtimerms for MgO, samples with large
particle size was classified as H3 type which dogisshow any limiting adsorption at high
p/p°. The hysteresis observed in the isotherm petafor hausmannite sample with smallest
particle size is classified as H2 type which suggpsres with narrow necks and wide bodies.
Pore size distribution curves suggested that tipeses are distributed in a monomodal
fashion with a width varying between 4.7 nm for #meallest size sample and 23 nm for the

largest one.

Finally, to be highlighted as an important outcashéhe work that it is possible to synthesize
most of nanocrystalline manganese oxide/hydroxidasps with size-selective and size-
related physical properties by this facile and eooic synthetic approach via precipitation
from aqueous or agueous/ethanolic solutions arnlercase of feitknechtite from acetone for

application-relevant research.
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8. Zusammenfassung

Mangan kann viele verschiedene Oxidationsstufen etiga +Il, +lll, +IV und +VII
einnehmen, die auch von verschiedenen ManganoxidérManganoxidhydroxid-Phasen her
bekannt sind. Obwohl das Forschungsfeld der nastaliinen Manganoxide/hydroxide sehr
weitlaufig ist, ergeben sich dennoch viele intemess Forschungsfelder, bei denen noch
Unklarheit herrscht. PartikelgroRenabhéngige plajsikhe Eigenschaften sind dabei von
Bedeutung.

Ein detaillierter Uberblick iber die verschiedendtanganoxid/hydroxid-Phasen ein-
schlie3lich ihrer Struktur, Synthese, Eigenschaftend Anwendungen ist in Kapitel 1
aufgezeigt. In diesem Kapitel wird auch hervorgedmbwelche Fragestellungen sich aus
ausgewahlten publizierten Studien ergeben. Sieviaden zu dieser Arbeit, die unter
anderem die groRenselektiven Synthese und die &lifeung der gréfenabhangigen
Anderungen hinsichtlich der Oberflachen sowie dwrrischen und strukturellen Eigen-

schaften behandelt.

In Kapitel 3 wird aufgefuhrt, wie nanokristallinggVinOOH, Manganit-Nanostabchen, tber
eine Komproportionierungsreaktion von fMrund MnQ~ in wassrigem Milieu bei einem
molaren Verhaltnis von 5:1 zuganglich gemacht wer#ann. Tats&chlich ist dies eine
aussichtsreiche und vielseitige Reaktion, da ftewexperimentelle Parameter ausweist, tber
deren gezielte Variation der Reaktionsweg und dealktbildung beeinflusst werden kann.
Die grolRenselektive Herstellung desMnOOH-Nanostabchen wurde Uber Variation der
Syntheseparameter wie Zeit, Temperatur und Mn-Koeinagon der Losung realisiert. Es
wurden soy-MnOOH-Partikel mit mittlerer Partikelgré3e <d> vdd bis 36 nm erhalten.
Unter isothermen Reaktionsbedingungen zeigen dieglaitpartikel ein zeitabhéangiges
Wachstum, das gemaR der allgemeinen Partikelwaolssteichung <d> = k(t+4f
quantifiziert werden kann. Hierbei sind: <d>: nat# Partikelgro3e, t: Reaktionszeit, k:
Temperaturabhangige Zeitkonstante, a: zusatzlieheameter, der dem QuotientefVki mit

do als PartikelgréRe zum Zeitpunkt t = O entsprectaiie und n: Ordnung des Wachstums
der Partikel mit Zeit.

Untersucht wurde auch der Einfluss der Anionen Mangansalze und der Alkalimetall-
kationen des Permanganatsalzes auf die Stabcherdernhergestellten Manganitproben.

Signifikante Einfliisse der Anionen (OAcSQ;? und CrI) auf die Form der Nanostébchen
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wurden Uber SEM-Untersuchungen ermittelt. SehrdaninOOH-Nanostabchen (4-5 pm)
wurden im Rahmen der Arbeit erstmals Uber die Kapertionierung von MnGl oder
MnSO, und KMnQ, hergestellt, wobei der pH-Wert des ReaktionsmedifpH von 6-8)
angepasst wurde. Kurze Nanostdbchen (1-2 pm) wuwidésr Verwendung von Mangan-
acetat erhalten.

Die Alkalimetallkationen (K, Na, Cs) zeigen einenoemen Einfluss auf die Form der
Manganit-Nanostabchen. RegelméaRig geformte Nandstsiowurden unter Verwendung von
KMnQO, erhalten. Na- und Cs-Permanganat scheint dashgiéiBige Wachstum von solchen
Nanostabchen zu behindern und fuhrt zur Bildung Rartikeln mit deformierter, stdbchen-

artigen Morphologie.

Eine Sichtung der Literatur zu FeitknechfitNInOOHergab, dass diese metastabile Phase
des Manganits recht wenig untersucht wurde. Es &uvaenige praparative Methoden fir die
Synthese von Feitknechtit berichtet. Mittels eigmlvothermalreaktion von Manganacetat
und KMnQ, (molares Verhdaltnis 5:1) wurde erfolgreich eineuaeSyntheseroute flr
Feitknechtitnanostabchen (~10 nm im Durchmessewmyiekelt. Entscheidend fur die Syn-
these von Feitknechtit ist das ganzliche Ersetzem Wasser durch Aceton. Die Pulver-
diffraktogramme zeigen scharfe Reflexe b@i=222.6°, zusatzlich existieren auch Reflexe
schwacher Intensitat, welche konsistent mit denem ¥eitknechtit sind. Feitknechtit

kristallisiert mit trigonaler Symmetrie, Raumgrupﬁ’éml(164) mit den Gitterparametern a

= 3.428(3) A, ¢ = 4.919(1) A ung = 120°. Das IR-Spektrum von Feitknechtit zeigt
Absorptionsbanden bei 947 und 1070 7crdie durch die Deformationsschwingung von O-
H...O desp-MnOOH hervorgerufen werden. Die gemessene Dichid/cn) fiir bei 95 °C
erhaltenen Probe ist typisch fiir Feitknechpit 3.85 g/cr). EDX-Analysen liefern als
Hauptbestandteile Mn und O. H ist EDX-analytiscthhidetektierbar.

GroRRenabhéngige Sorptionseigenschaften wurdeneatanganitproben unterschiedlicher
Partikelgré3e untersucht. Die Isothermen zeigeereifiyp IV-Verlauf, erkennbar an einer
durch die mesoporése Mikrostruktur hervorgerufertéystereseschleife im Sorptions-
verhalten. Dieses Verhalten kann dem H3-Srptiongiygeordnet werden, welcher keine
Sattigung der Adsorption bei hohem p/p° aufweist. idurde eine monomodale Poren-
gréRenverteilung mit einer mittleren PorengrofRe Bereich von 10-12 nm erhalten. Die

spezifische Oberflache der Manganitproben wirdabhitehmender Partikelgro3e groRes=(S
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von 13 zu 47 m?/g). Ebenfalls untersucht wurdetldgemische Stabilitat in Abh&ngigkeit von
der GroRRe der Manganitnanopartikel (sowie dessemseEaingsprodukte). Je groRer die

Partikel sind, desto hdher ist thermische Stabhilita

Ausgehend von vero6ffentlichen Berichten Gber Maitgahes nicht offensichtlich, warum
und wie sich verschiedene Reaktionswege bei demibehen Zersetzung voaMnOOH bei
unterschiedlichen Bedingungen ergeben. Daher wirdapitel 4 ein Uberblick Uber das
thermische Verhalten von Manganit an Luft und iertgas-Atmosphare gegeben. Es wird
gezeigt, dass die Menge an Sauerstoff, welchediirManganitprakursor zuganglich ist, ein
kritischer Parameter fir die Bildung von Manganexidnit unterschiedlichen Oxidations-
stufen ist, entweder bei Reaktion an LuftMnO, oder MnOg) oder sogar unter Gas-

gemischen aus Noder Argon mit geringem Sauerstoffpartialdruck.

Weiterhin wird eine modifizierte Praparationsmethadn MnrOg-Nanostabchen, Uber die
Kalzinierung von Manganit-Nanostabchen (~28 nm)aft im Temperaturbereich 350 - 520
°C bei einstindiger Reaktionszeit vorgestellt. Egden dabei immer gleiche Mengen an
Préakursor (30 mg) verwendet. Die Kalzinierung wundeReagenzglasern mit einheitlicher
GroRRe, mit | =10 nm und = 1 cm, durchgefuhrt. Es wird nachgewiesen, das&di3e des
Reagenzglases ein kritischer Parameter bei deumid/on MOg ist. Wird ein groReres
Reagenzglas verwendet, bildet sich difgktinO,. Der Prakursor wurde Uber Profilanpassun-
gen an Rontgenpulverdiffraktogramme nach Rietvi#td, TGA- (Exzessmasse) und Dichte-
messungen identifiziert. Die Ergebnisse zeigen einbalgeordnete Manganitstruktur ohne
erkennbare Defekte. Rontgenographisch einphasid@m©g-Proben (mittlere PartikelgroRe
von 16-18 nm) wurden so erstmals hergestellt. Rietdveldanalyse an einer Mbg-Probe
(16 nm) wurde zur Uberprifung der strukturellendischaften durchgefiihrt. Unter der An-
nahme, dass die Sauerstoffposition vollbesetzivstde ein Besetzungsfaktor (SOF) fir Mn
auf den verschiedenen Wyckoff-Lagen von 1 gefundeicher anzeigt, dass eine wohlge-
ordnete MBOs-Struktur vorliegt. Die gemessene Dichte fur diPsebe ist 4.69(5) g/cm3, in
akzeptabler Ubereinstimmung mit der aus den Strdaten berechneten Dichte von 4.83
g/cm3. Eine Abstandsanalyse und der Vergleich it @us den Literaturdaten zuganglichen
Mn-O-Abstanden liefert Hinweise darauf, dass nc:®h teilweise ladungsfehlgeordnet ist
und Mn(+11l) enthalten konnte.
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Magnetische Messungen an §¥a-Proben bestéatigen, dass ¥ antiferromagnetisch bei
einer Néel-Temperatur von 128 K ordnet entsprecheindr Curie-Weiss-Temperatur von
-116 K. Das aus der Steigung des linearen TeilslgeB-Diagramms bestimmte magnetische
Moment ist 4,71 p, in guter Ubereinstimmung mit dem Spin-only-Erwadswert von 4,80
ug. Die Abweichung beider Werte ist im Einklang mitlweiser Ladungsfehlordnung. Die
Messungen weisen aul3erdem auf sehr geringe, ableweigbare Mengen anMn3z0;-Ver-
unreinigungen (~0,4-0,6%) im M@g hin, erkennbar an einem abrupten Magnetisierungs-
anstieg beim Einsetzen der ferrimagnetische Ordrheigd2 K in einer 3/T-Auftragung.
Diese Temperatur stimmt mit der Curie-Temperatus &pinells Uberein. Es wird eine
Erklarung fur die Bildung fur die geringe Verunrgung der MBOg- Proben mit Spinell
gegeben. Zugeschrieben werden sie adsorbiertem aviangtat auf der Oberflache des
Manganit-Prakursors, welches dann bei der Kalaimgrdes Manganits zur Bildung des
Spinells fuhrt. Das adsorbierte Manganacetat kamsh alurch wiederholtes Waschen des
Préakursors selbst bei Ultraschallbehandlung niontfeent werden.

In Kapitel 5 wird gezeigt, wie unterschiedliche ygobrphe von Mangandioxid, vy, 6 und
e-MnQO,, aus der Reaktion von Manganchlorid mit KMn® wassrigem Medium darstellbar
sind. Literaturbekannt sind hauptséchlich Hydrathereaktionen. Die Bildung von verschie-
denen Modifikationen von MnOund verwandter Phasen ist nicht direkt nach der be
schriebenen Methode mdglich. Die Syntheseroute evdathingehend abgewandelt, dass die
Reaktion unter Rickflussbedingungen durchgefiihntdewuDaraus ergab sich eine erhohte
Kristallinitat des jeweiligen Polymorphs und/odeesden Morphologie. K-Birnessit-(
MnO,), welches sich nicht unter hydrothermalen Bedimggum bildet, wurde mit einer
schwammartigen Morphologie erhalten. Ebenfalls wubthttchenférmiger Nsutit-MnO,,

hergestellt.

Es wurden die experimentellen Parameter, wie zdt, Zemperatur, molares Verhaltnis
von M?/MnOy, pH und das Alkalimetallkation des Permanganar<algedndert. Diese
Parameter sind entscheidend dafur, welcher Reaieg vollzogen wird und welche

Mangandioxidmodifikation gebildet wird.

Nach unserem Wissensstand wird hier die erste Rampdratursynthese von Akhtenskit,
e-MnO,, Uber eine Komproportionierungsreaktion beschneb&khtenskit fallt hierbei in

Form schwammartiger, spharischer Aggregate (Durskere500-750 nm) an. Die gemessene
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Dichte vone-MnO, ist 4.05(6) g/cm3, was niedriger ist als die aes &Gtrukturdaten der
Rietveldanalyse berechnete Dichte von 4,24 g/creidéBWerte sind geringer als die fur das
Volumenmaterial, die bei 4.72 g/cm? betragt. Diengizhung der Dichtewerte spiegeln die
Unterbesetzung der MhLage (0.437(8) anstatt 0,5) wider. Der nanokristal Ashtenskit
zeigt zwei zusétzliche Absorptionsbanden bei ~1686 ~3400 ci, die auf OH-Defor-
mations- und Valenzschwingungen hinweisen. VorhaaseHydroxid konnte die Kationen-

defekte kompensieren.

Die Formsteuerung mittels der Templatmethode i @ielversprechende Technik fur die
Synthese von verschiedenen MangandioxidmodifikatiorSo kann Birnessit-Ty@-MnQO.)
mit zwischen den Schichten interkalierten Cs-Kaiomproduziert werden. Cs-Birnessit ist
iiber die Reaktion von Manganacetat und CsMimDmolaren Verhéltnis Mii/MnO4 von
1:1 herstellbar, was bisher noch nicht berichtetdeuDie blumenartige Morphologie wurde
von dem Cs-Birnessit ibernommen. EDX-Messungenereigin Verhaltnis Cs:Mn von
~0.125.

In Kapitel 6 wird die Synthese von HausmaneilyinsO4, mit verschiedener PartikelgroRe
<d> vorgestellt. Mangan (I1) wird unter Verwendumgn NaOH oder Nkl (~0.08 mol L%,
c(Mn®*")/c(OH) =~ 1:2) aus wassriger Losung als Mn(QHjefallt, welches anschlieBend in
Suspension durch Luftoxidation in Hausmannit UbletgBie Einstellung der Partikelgrof3e
des Hausmannits wurde durch das partielle Ersetp@nWasser mit Ethanol erreicht. Es
wurden Hausmannit-Proben mit einer spharischengkhiein Morphologie erhalten. Die so
einstellbare PartikelgroRe <d> liegt im Bereich vb@ bis 25 nm. Die Variation der
Reaktionstemperatur und Zeit niimmt keinen merldictEinfluss auf die Grof3e der Spinell-
Nanopartikel, was darauf hindeutet, dass die Rartilach der Keimbildung direkt in der

letztlich detektierten Grof3e ausfallen.

Strukturanalysen wurden Uber Rietveld-Profilanpagean an die Rontgendiffraktogramme
dreier ausgewahlter Hausmannit-Proben unterschiestli PartikelgroRe durchgefuhrt. Die
strukturellen Befunde deuten an, dass die Parti&Bky einen signifikanten Einfluss auf den
tetragonalen Zellparameter hat. Mit Zunahme dertlenén Partikelgrof3e erfolgt eine
Kontraktion der Einheitszelle in a-Richtung undeeMerlangerung in Richtung der c-Achse.
Der Grad der tetragonalen Verzerrung der Einhdleszdestimmt Uber das partikel-
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gréRenabhangige Verhaltnis/+/2a, nimmt mit Abnahme der Partikelgro3e ab. Die

Verzerrung skaliert linear mit 1/d und somit mit dpezifischen Oberflache der Partikel.

Fur die kleinsten Hausmannitproben (<d> ~10 nm)deuler Besetzungsfaktor SOF der
Mn?*-Lage mit 0.91 bestimmt. Dieses Defizit von ungef@¥ auf der MA*-Lage wird damit
in Zusammenhang gebracht, dass*Mru Mr** oxidiert wird und so Kationenleerstellen ent-
stehen. Der SOF-Wert der Sauerstoffatome (0.92)etdewmch darauf hin, dass Anionen-
Defekte vorliegen. Die gemessene Dichte fir diessbd ist 4.29 g/cms3, somit signifikant
kleiner als die rontgenografische Dichte von 4.6&hdg. Vergleicht man dies mit der Dichte
der Volumenphase von 4.86 g/cm3, so deuten beiderzangefihrten Dichtewerte auf
strukturelle Defekte und somit auf Abweichungerdar chemischen Zusammensetzung in
nc-MngO,4 hin. Mit Zunahme der Partikelgrol3e verschwindet Ainionen-Unterbesetzung
zunehmend. Lediglich ein geringes Defizit auf denM_.age (SOF von 0.988) ist noch
detektierbar. Die vollstandig geordnete Spinellduu liegt bei den grof3ten Hausmannit-
Proben (<d> ~25 nm) vor. Eine Abweichung der SOR+t#/eon 1 ist nicht feststellbar, was
auch in Ubereinstimmung mit den Werten der rontgemohischen und gemessen Dichte,
4.86 und 4.68 (4) g/cm3 ist. Das IR-Spektrum filgsdi Probe zeigt zwei Absorptionsbanden
bei ~1620 und ~3400 chhervorgerufen durch OH-Deformations- und Valehzsngungen
von entweder adsorbiertem oder KristallisationseassDen TGA-Ergebnissen der
Hausmannit-Proben nach sind die Partikel mit keisgnifikanten Exzessmasse mehr
behaftet. Massenverluste von ~0.6-1% (Temperateitiervon 250-620 °C) werden auf

Kristallwasser zurlickgefihrt.

Stickstoff Adsorption-Desorption wurde unter Verwleng der BET-Methode fur drei
Hausmannitproben unterschiedlicher mittlerer Palgiid3e gemessen. Die Isothermen
wurden als Typ-IV-Isothermen klassifiziert. Hystsgdst ein charakteristisches Merkmal fur
diese Art der Isotherme und wird korreliert mit d&orhandensein von Mesoporen. Die
Isothermen von MgOs-Proben mit grol3er Partikelgrof3e zeigen eine Hgsterdie als H3-
Typ klassifiziert werden kann, welche kein Adsasp8plateau Des hohem P/P° zeigen. Die
Isothermen der Hausmannit Proben kleiner Partik@lgrzeigen eine Hysterese des H2-Typs,
welchen auf das Vorliegen von weitrdumigen Porernt emgem Hals hindeutet. Die
PorengroRenverteilungskurven zeigten eine monoraddeiteilung mit einer Grol3e von 4.7
nm fur die Probe mit der kleinsten und 23 nm fig whit der grol3ten Partikelgrof3e.
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Schlussendlich soll als bedeutsames Ergebnis deeitAhervorgehoben werden, dass es
maoglich ist, Gber die beschriebene einfache unchdékusche Herstellungsweise die meisten
Manganoxid/hydroxid-Phasen nanokristallin  und gn#ééektiv mit grolRenabhangig
anderbaren physikalischen Eigenschaften durch figilws wassriger, wassrig-ethanolischer
Losung und im Fall von Feitknechtit aus Aceton &imvendungsrelevante Untersuchungen

bereit zu stellen.
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9. Appendix

Table 1. Synthesis of MNOOH nanocrystals under refluxing conditions.

Sample No. | Mn(OAc) | KMnO,4 | H,O | Time/h | Temp. /| Phase Size
°C
M7R5 1.201 0.1500 150 17 110 y-MnOOH | 23.9
M7R7 1.2003 0.1501 150 27 110 y-MnOOH | 26.2
M7R8 1.2005 0.15005 | 150 3 110 y-MnOOH | 19.3
SM1 0.6003 0.065 225 17 110 y-MnOOH | 21.5
SM2 0.60004° 0.10009 | 100 17 110 y-MnOOH | 24.2
SM3 0.5153" 0.1025 100 17 110 y-MnOOH | 23.9
M7R13 1.2002 0.15006 | 75 17 110 v-MnOOH | 25.66
M7R14 0.6001 0.0653 225 3 110 v-MnOOH | 16.47
M7R16 1.2002 0.15002 | 75 3 110 v-MnOOH | 18.76
M7R16RE | 1.20016 0.15009 | 75 3 110 v-MnOOH | 19.76
M7R17RE | 0.30027 0.028 300 3 110 y-MnOOH | 145
M7R19 2.4001 0.30008 | 75 3 110 v-MnOOH | 21.84
M7R20RE | 0.3001 0.0281 300 17 110 v-MnOOH | 19.34
M7R21 1.20004 0.15022 | 75 27 110 v-MnOOH | 27.31
M7R22 0.60008 0.06501 | 225 27 110 v-MnOOH | 25.28
M7R28 2.4007 0.3003 75 17 110 v-MnOOH | 27.64
M7R30 2.4003 0.3001 75 27 110 v-MnOOH | 28.96
M7R36 0.30015 0.03007 | 300 27 110 v-MnOOH | 20.22
M7R40 0.60008 0.40002 | 225 3 110 3-MnO, 8
M7R43 0.60005 0.03018 | 225 3 110 v-MnOOH | 20.47
M7R46 0.60015 0.01006 | 225 3 110 mixture -
M7R57 0.60003 0.1 225 3 110 mixture -
M7R61 0.60001 0.06515 | 225 1 110 y-MnOOH | 11.6
M7R63 0.30023 0.032 300 1 110 y-MnOOH | 11.1
M7R65 1.2002 0.1505 150 1 110 v-MnOOH | 13.73
M7R67 1.2003 0.15015 | 75 1 110 v-MnOOH | 15.98
M7R78 0.41027 0.40006 | 225 17 100 a-MnO, 14.54
SM4 0.60035 0.0663" | 100 17 110 y-MnOOH | 18
SM5 0.6003 0.1042% | 100 17 110 y-MnOOH | 20
M7R100 2.4002 0.3004 75 1 110 y-MnOOH | 17.6
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Table 2. Synthesis of MNOOH nanocrystals under hydrothermal conditions.

Sample Mn(OAc), | KMnO 4 | H,O Time /| Temp. | Phase Size
No. h /°C

M7R12 0.6003 0.07502 | 70 25 115 y-MnOOH 28.95
M7R15 0.60003 0.07504 | 70 3 115 y-MnOOH 21.75
M7R18 0.60007 0.07503 | 70 72 115 vy-MnOOH 31.81
M7R23 0.60015 0.07505 | 70 3 140 y-MnOOH 24.75
M7R25 0.60001 0.07504 | 70 3 95 vy-MnOOH 19.32
M7R27 0.6002 0.07503 | 70 25 140 y-MnOOH 35.69
M7R29 0.60024 0.075 70 72 140 y-MnOOH 36.06
M7R31 0.60003 0.07506 | 70 3 80 y-MnOOH 13.62
M7R32 0.60005 0.07503 | 70 3 85 vy-MnOOH 15.04
M7R35 0.60016 0.07501 | 70 72 95 vy-MnOOH 28.8
M7R37 0.6007 0.075 70 25 85 vy-MnOOH 21.6
M7R38 0.60001 00751 | 70 25 95 y-MnOOH 24.54
M7R41 0.60005 0.07504 | 70 72 85 y-MnOOH 26.38
M7R42 0.6001 0.075 70 17 115 y-MnOOH 26.85
M7R45 0.60003 0.07515 | 70 17 140 y-MnOOH 30.88
M7R47 0.60002 0.07507 | 70 3 60 mixture -
M7R50 0.60004 0.07504 | 70 17 95 y-MnOOH 24.25
M7R52 0.59997 0.07513 | 70 17 85 y-MnOOH 19.3
M7R53 0.59999 0.075 70 1 85 y-MnOOH 12
M7R54 0.6002 0.07502 | 70 1 115 y-MnOOH 20.21
M7R55 0.60008 0.075 70 1 95 y-MnOOH 13.81
M7R55RE | 0.60017 0.07509 | 70 1 95 y-MnOOH 14.1
M7R58 0.60003 0.07505 | 70 1 140 y-MnOOH 22.95
EDO039 0.6003 0.07503 | 70" | 1 95 3-MnOOH 39

- 228 -




Table 3.Impact of variation of pH of the medium on the phase of the product prepared under

hydrothermal conditions.

Sample No. | Mn(OAc), | KMnO, | H,O Time | Temp. | pHi pHf | Phase| Size
/'h /°C

M7RpH1 0.60024 0.07534 | 62 3 95 ~2 14 | A 12

M7RpH3 0.60012 0.07512 | 65 3 95 ~4 22 | A 12.7

M7RpH6 0.6001 0.07504 | 70 3 95 ~6 34 |B 19

M7RpH8 0.60041 0.0752 66 3 95 ~85 |58 |[B+C |-

M7RpH11 | 0.60024 0.0754 63 3 95 ~11 C 21

A: y-MnOy,; B: y-MnOOH; C: a-Mn3O,.

Table 4. Impact of variation of reaction solvent on the product phase and its mean particle

size prepared under hydrothermal conditions.

Sample No. | Mn(OAc), | KMnO,4 | %EtOH | Time | Temp. | Phase | Size
/h /°C
M7R24RE | 0.60015 0.07504 | O 3 160 A 27.3
M7REt10 0.6002 0.0751 10 3 160 A 24
M7REt20 0.60015 0.07544 | 20 3 160 A+B -
M7REt40 0.60026 0.0755 40 3 160 A+B -
M7REt60 0.6004 0.0755 60 3 160 A+B -
M7REt80 0.6003 0.0753 80 3 160 B 26
M7REt100 | 0.6004 0.0752 100 3 160 B 9

A: y-MnOOH; B: a-Mn30,.
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Table 5. Synthesis of various manganese dioxide polymorphs under reflux conditions.

Sample | MnCl, KMnO, | H,O Time /| Temp. /| pHi pHf Phase Size
No. h °C

M14R2 | 0.6001 0.5001 | 100 17 110 ~56 34 o 14.3
M14R5 | 0.6001 0.1 100 17 110 ~34 ~2 12.6
M14R8 | 0.60027 | 0.50003 | 100 1 110 ~56 - 3, K-type | 8.1
M14R13 | 0.60026 | 0.5003 | 100 17 90 ~56 - 3 10.1
M14R20 | 0.60028 | 0.10039 | 100 6 110 ~34 ~2 y 14.3
M14R21 | 0.6006 0.1004 | 100 1 110 ~34 ~2 y 12.6
M14R23 | 0.60033 | 0.5004 | 100 72 110 ~56 14 o 16.3
M14R24 | 0.60011 | 0.10008 | 100 72 110 ~34 1.8 y 13.1
M14R25 | 0.60018 | 0.1004 | 100 1 RT ~34 18 € 8.5
M14R27 | 0.60025 | 0.10032 | 100 72 RT ~34 18 ety -
M14R28 | 0.6003 0.5003 | 100 17 60 ~56 1.6 3 9.9
M14R32 | 0.60027 | 1.5001 | 100 17 110 ~9 8.6 3 10.3
M14R33 | 0.60015 | 1.5002 | 100 72 110 ~9 8.1 3 15.1
M14R60 | 0.6004 0.8036% | 100 17 110 ~4 1.7 y 125
M14R63 | 0.6004 0.1608% | 100 17 110 ~4 2 y 12.2
M14R66 | 0.60037 | 0.5074™ | 100 17 110 34 18 y 12.4
M14R69 | 0.6004 0.1019"° | 100 17 110 ~34 1.9 y 11.9
M14R73 | 0.6004 1.5004 | 100 17 90 ~9 8.4 3 9.1
M14R74 | 0.6004 1.5004 | 100 17 60 ~9 8.5 3 8.2
M14R75 | 0.60039 | 1.5004 | 100 1 110 ~9 8.3 3 9.6
M7R80 | 0.6004°"¢ | 0.40016“ | 225 17 110 ~5-6 4.3 o 14
M7R93 | 0.6004°"° | 0.6425% | 100 17 110 ~5-6 45 5, Cstype | 8.2
M7R96 | 0.6003°"¢ | 0.4055"° | 100 17 110 ~56 4.8 y 12.3
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Table 6. Synthesis of huasmannite nanocrystals using NaOH as a precipitant under reflux

conditions.
Sample | Mn(OAc), | NaOH / | %EtOH |Temp. | Time/ | pHi pHf Phase | Size
No / mmol mmol /°C h
EDO01 | 4.09 8.37 0 40 6 ~10-11 | 6.8 A 20
ED002 | 4.12 8.23 0 40 24 ~10-11 | 64 A 17.6
EDO003 | 4.10 8.24 100 40 6 ~ 10 8.1 Amor. -
ED004 | 4.09 8.28 100 40 24 ~9-10 7.9 Amor. | -
EDO0O05 | 4.07 8.28 50 40 6 ~10-11 | 6.8 A 13
EDO006 | 4.09 8.25 50 40 24 ~ 10 6.7 A 14.4
ED010 | 4.09 8.27 95 60 24 ~9 7.6 A 12.2
EDO012 | 4.08 8.31 95 80 24 ~8-9 7.6 A 134
ED014 | 4.08 16.6 0 40 6 >11 12.2 A 23.2
EDO15 | 4.09 8.20 0 40 1 ~10-11 | 75 A+B 20.7
EDO17 | 4.07 16.6 50 40 6 >11 12.2 A+C 21
EDO019 | 4.08 16.6 95 40 6 >11 12.4 C 12
EDO021 | 4.08 8.29 95 40 1 ~ 10 7.8 A+D 10.5
ED022 | 4.09 8.24 50 40 1 ~ 10 7.4 A 11.9
ED025 | 4.08 8.28 95 40 24 ~9-10 7.7 A+D 12
ED026 | 4.09 8.28 95 RT 24 ~9 7.7 A+D 10.5
ED031 | 4.08 8.36 95 40 6 ~9 7.7 A+D 12
ED038 | 4.09 8.30 0 40 72 ~10-11 | 6.4 A+E 19.9
ED039 | 4.09 8.20 85 40 6 ~9-10 7.2 A+D 12.4
ED040 | 4.08 8.28 85 40 24 ~ 10 7.4 A+D 11.7
ED045 | 2.05 4.20 95 40 1 ~89 7.8 A+D 9.6
ED047 | 4.08 8.22 85 40 1 ~9-10 7.5 A+D 11
ED0O60 | 2.04 412 95 40 1 ~9 8.6 A+D 10.7
EDO74 | 4.08 8.26 95 40 72 ~13.8 135 A 8.5
EDO75 | 4.08 24.7 50 40 6 ~ 135 13.2 A+C 23

A: hausmannite, B: un-oxidized Mn(OH);, C: -MnO,, D: f-MnOOH and E: y-MnOOH
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Table 7. Synthesis of huasmannite nanocrystals using ammonia as a precipitant under reflux

conditions.
Sample | Mn(OAc), | NH3(25%) | %EtOH | Temp. | Time | pHi pHf Phase | Size
No. / mmol / mmol /°C /h
ED007 | 4.08 8.55 0 40 6 ~10 6.8 A 20.1
ED008 | 4.10 8.28 0 40 24 ~10 6.3 A 23.6
ED009 | 4.08 8.28 50 40 6 ~8 7.6 A 16.9
EDO11 | 4.08 8.28 95 40 24 ~9 75 A 10
ED013 | 4.09 174 0 40 6 >11 9.2 A 24.6
ED016 | 4.09 17.4 50 40 6 ~11 9.0 A 16.3
ED018 | 4.08 174 95 40 6 >11 8.6 A 12
ED020 | 4.08 8.28 95 40 1 ~10 N.p. N.p.
ED023 | 4.09 8.28 0 40 1 ~10 8.8 A 24.6
ED024 | 4.08 8.28 50 40 1 ~9-10 |85 A 15.5
ED027 | 4.07 8.28 50 40 24 10 6.9 A 15.5
ED028 | 4.08 8.28 95 RT 24 ~9-10 | 7.7 A 10.8
ED029 | 4.08 8.28 95 60 24 ~9-10 |75 A 10.3
ED030 | 4.08 8.28 95 80 24 ~9-10 | 7.2 A 9.6
ED032 | 4.08 8.28 95 40 6 ~9-10 |76 A 10.2
ED041 | 4.09 8.28 85 40 6 ~9-10 |75 A 12.6
ED042 | 4.09 8.28 85 40 24 ~9-10 |75 A 12.2
ED043 | 4.09 8.28 0 RT 24 ~10-11 | 6.9 A 26.5
ED044 | 4.08 8.28 50 RT 24 ~10 6.9 A 16.9
ED046 | 4.08 8.28 85 40 1 ~9-10 |80 A 9.3
EDO0O55 | 4.07 8.28 85 RT 24 ~10 8.1 A 12.9
ED056 | 2.05 4.14 95 RT 24 ~9 8.1 A 10.1
ED076 | 4.08 24.9 50 40 6 ~9.7 9.3 A 18
ED079 | 4.08 8.28 25 RT 24 ~ 89 A 22,5

N.p.: no precipitation
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