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The initial goal of the research presented herein was to develop the very first 

synthetic metal – high-temperature superconductor ceramic composite material, in the 

specific form of a polypyrrole - Bi2Sr2CaCu2O8+δ  nanocomposite. In the course of 

scientific investigation, this scope was broadened to encompass structurally and 

compositionally similar layered bismuthates and simpler layered oxides. The latter 

substrates were prepared through novel experimental procedures that enhanced the 

chance of yielding nanostructured morphologies. The designed novel synthesis 

approaches yielded a harvest of interesting results that may be further developed upon 

their dissemination in the scientific community.  

High-temperature interaction of pyrrole with molybdenum trioxide substrates with 

different crystalline phases and morphologies led to the formation of the first members of 

a new class of heterogeneous microcomposites characterized by incomplete occupancy 

by the metal oxide core of the volume encapsulated by the rigid, amorphous permeable 
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polymeric membrane that reproduces the volume of the initial grain of precursor 

substrate. The method may be applied for various heterogeneous catalyst substrates for 

the precise determination of the catalytically active crystallographic planes.  

In a different project, room-temperature, templateless impregnation of 

molybdenum trioxide substrates with different crystalline phases and morphologies by a 

large excess of silver (I) cations led to the formation of 1-D nanostructured novel Ag-Mo-

O ternary phase in what may be the simplest experimental procedure available to date 

that has yielded a 1-D nanostructure, regardless the nature of the constituent material. 

Interaction of this novel ternary phase with pyrrole vapors at high reaction temperatures 

led to heterogeneous nanostructured composites that exhibited a silver nanorod core.  

Nanoscrolls of vanadium pentoxide xerogel were synthesized through a novel, 

facile reflux-based method that employed very acidic pH levels and long reaction times. 

The nanoscrolls proved to be an excellent precursor for the synthesis of reduced 

vanadium oxide nanosheets by the redox intercalation of long chain monoamine 

molecules. 

In a related development, the very first synthetic metal – mixed-valence 

polyoxovanadate salt hybrid material was synthesized in the form of a polypyrrole – 

tetrammonium hexavanadate microcomposite by a redox simultaneous co-precipitation in 

an aqueous solution. The novel material displayed good mechanical properties towards 

solid lubricant applications and tunable electronic conductivity. 

Nanocomposites of polypyrrole – layered bismuthates were produced by the 

topotactic intercalation of pyrrole and its subsequent in situ polymerization. Insulating 

and superconducting layered bismuthates were used in a similar experimental procedure 



 ix

that used pre-intercalated iodine species as sacrificial topotactic oxidizing agents. A novel 

method of iodine intercalation by a solution-based transport procedure was used in the 

process. 

Interaction of pyrrole with layered bismuthates at high reaction temperatures led 

to the formation of polymer-covered metal nanorods as a result of intrinsic lattice 

templating effect. The successful synthesis of the 1-D heterogeneous nanostructures 

represents the first example in which nanocomposites were used as precursors. 

Appropriate doping of the initial layered ceramic substrates led to polymer-covered metal 

alloy nanorods.   



 x

Table of Contents 

List of Tables ....................................................................................................... xiii 

List of Figures ...................................................................................................... xiv 

CHAPTER 1. INTRODUCTORY  REMARKS 1 

CHAPTER 2. "METAL OXIDE IN A POLYMER BOX" – A NOVEL CLASS OF 
HETEROGENEOUS MICROCOMPOSITES. 10 
2.1. Abstract ..................................................................................................10 
2.2. Introduction............................................................................................11 
2.3. Experimental ..........................................................................................13 
2.4. Results and Discussion ..........................................................................16 
2.5. Conclusions............................................................................................58 
2.6. References..............................................................................................60 

CHAPTER 3. TEMPLATELESS, ROOM-TEMPERATURE SYNTHESIS OF 1-D 
NANOFIBERS OF A NOVEL TERNARY OXIDE IN THE AG-MO-O SYSTEM65 
3.1. Abstract ..................................................................................................65 
3.2. Introduction............................................................................................66 
3.3. Experimental ..........................................................................................67 
3.4. Results and Discussion ..........................................................................69 
3.5. Conclusions..........................................................................................106 
3.6. References............................................................................................107 

CHAPTER 4. HYDROTHERMAL METHOD FOR THE PREPARATION OF ARRAYS OF 
VANADIUM PENTOXIDE NANOSCROLLS XEROGEL 110 
4.1. Abstract ................................................................................................110 
4.2 Introduction...........................................................................................111 
4.3. Experimental ........................................................................................113 
4.4. Results and Discussion ........................................................................117 
4.5. Conclusions..........................................................................................149 
4.6. References............................................................................................150 



 xi

CHAPTER 5. PREPARATION OF A NEW POLYPYRROLE – TETRAMMONIUM 
HEXAVANADATE MICROCOMPOSITE BY A REDOX SIMULTANEOUS CO-
PRECIPITATION METHOD 154 
5.1. Abstract ................................................................................................154 
5.2. Introduction..........................................................................................155 
5.3. Experimental ........................................................................................156 
5.4. Results and Discussion ........................................................................159 
5.5. Conclusions..........................................................................................190 
5.6.  References...........................................................................................191 

CHAPTER 6. SYNTHESIS AND CHARACTERIZATION OF POLYPYRROLE – 
INSULATING LAYERED BISMUTHATES NANOCOMPOSITES 194 
6.1. Abstract ................................................................................................194 
6.2. Introduction..........................................................................................195 
6.3. Experimental ........................................................................................197 
6.4. Results and Discussion ........................................................................200 
6.5. Conclusions..........................................................................................229 
6.6.  References...........................................................................................230 

CHAPTER 7. SYNTHESIS AND CHARACTERIZATION OF THE VERY FIRST 
SYNTHETIC METAL – HIGH-TEMPERATURE SUPERCONDUCTING CERAMIC 
NANOCOMPOSITE IN THE FORM OF A POLYPYRROLE - BI2SR2CACU2O8+δ  
HYBRID MATERIAL 234 
7.1. Abstract ................................................................................................234 
7.2. Introduction..........................................................................................235 
7.3. Experimental ........................................................................................239 
7.4. Results and Discussion ........................................................................242 
7.5. Conclusions..........................................................................................265 
7.6.  References...........................................................................................266 

CHAPTER 8. A NOVEL METHOD FOR THE PREPARATION OF POLYMER-COVERED 
METAL NANORODS AND METAL MICROCRYSTALS BY INTRINSIC TWO-
DIMENSIONAL CRYSTALLINE LATTICE TEMPLATING. 273 
8.1. Abstract ................................................................................................273 
8.2. Introduction..........................................................................................274 
8.3. Experimental ........................................................................................277 



 xii

8.4. Results and Discussion ........................................................................281 
8.5 Conclusions...........................................................................................326 
8.6. References............................................................................................327 

CHAPTER 9. RETROSPECTIVE OVERVIEW, GENERAL CONCLUSIONS AND 
FUTURE DIRECTIONS 334 

REFERENCES                                                                                                                            349 

Vita …………………………………………………………………………….380 



 xiii

List of Tables 

Table 2.1.  Unit cell parameter values for the pristine MoO3-based substrates and 

their heterogeneous microcomposites synthesized at 135 °C and 200 °C. 

The last column displays the value for the molar ratio polymer/oxide in 

the formula unit, as calculated from the elemental analysis data. ......25 

Table 7.1. The structural features of the pristine superconductor ceramic, the iodine 

intercalated ceramic and the nanocomposite. The last two columns show 

the dimensional differences between two by two precursor-product 

structures. .........................................................................................258 



 xiv

List of Figures 

Figure 1.1. Schematic depiction of the oxidative radical polymerization of pyrrole 

detailed with all the intermediary species involved in the process. The 

curbed arrows indicate the movement of conjugated π, p and σ electron 

pairs.....................................................................................................5 

Figure 1.2. Schematic drawing showing the predominant layered classes of inorganic 

substrates used in the present study. ...................................................7 

Figure 2.1 a. Superimposed powder X-ray diffractograms of the starting materials, 

the hexagonal phases (h-MoO3 in black and (NH4)0.1V0.1Mo0.9O3 in red) 

and the layered orthorhombic α-MoO3 (in blue). The 2θ scale is 

measured in degrees………………………………………………  18 

Figure 2.1 b. Superimposed powder X-ray diffractograms of the final composites 

synthesized at 325°C, showing the monoclinic MoO2 pattern obtained in 

all three cases. The simulation lines of the monoclinic MoO2 (space 

group P21/c, a = 5.610 Å, b = 4.857 Å, c = 5.626 Å and β = 120.912 °) 

are shown in red. The 2θ scale is measured in degrees.....................19 

Figure 2.2 a. Low magnification scanning electron micrographs of the polypyrrole-

encapsulated platelets of α-MoO3. The heterogeneous microcomposites 

were formed at 135 °C. .....................................................................21 

Figure 2.2 b. High magnification scanning electron micrographs of the polypyrrole-

encapsulated platelets of α-MoO3. The heterogeneous microcomposites 

were formed at 135 °C. .....................................................................22 



 xv

Figure 2.2 c. Low magnification scanning electron micrographs of the polypyrrole-

encapsulated regular hexagonal microprisms of (NH4)0.1V0.1Mo0.9O3. 

The heterogeneous microcomposites were formed at 135 °C. .........23 

Figure 2.2 d. High magnification scanning electron micrographs of the polypyrrole-

encapsulated regular hexagonal microprisms of (NH4)0.1V0.1Mo0.9O3. 

The heterogeneous microcomposites were formed at 135 °C. .........24 

Figure 2.3 a. Low magnification scanning electron micrograph of the heterogeneous 

microcomposites synthesized at 135 °C from the (NH4)0.1V0.1Mo0.9O3 

precursor, showing a relatively low size distribution of the hexagonal 

micro-prismatic crystals....................................................................28 

Figure 2.3 b. Artwork depicting the geometrical parameters of the theoretical model 

(lower left column) and the two components of the volume occupied by 

polypyrrole membrane in the case of the regular hexagonal microprism 

(lower right column). ........................................................................29 

Figure 2.4 a. Low magnification scanning electron micrograph of the heterogeneous 

microcomposites obtained at 325°C in which microcrystals of 

monoclinic MoO2 derived from the former micro-platelets of α-MoO3 

are shown inside the polymer box. The morphology of the former 

substrate can be still noticed in the cores of the heterogeneous 

microcomposites. ..............................................................................32 



 xvi

Figure 2.4 b. Low magnification scanning electron micrograph of the heterogeneous 

microcomposites obtained at 325°C in which microcrystals of 

monoclinic MoO2 derived from the former micro-platelets of α-MoO3 

are shown inside the polymer box. The morphology of the former 

substrate can be still noticed in the cores of the heterogeneous 

microcomposites. ..............................................................................33 

Figure 2.4 c. High magnification scanning electron micrograph of the heterogeneous 

microcomposites obtained at 325°C in which microcrystals of 

monoclinic MoO2 derived from the former micro-platelets of α-MoO3 

are shown inside the polymer box. The morphology of the former 

substrate can be still noticed in the cores of the heterogeneous 

microcomposites. ..............................................................................34 

Figure 2.4 d. High magnification scanning electron micrograph of the heterogeneous 

microcomposites obtained at 325°C in which microcrystals of 

monoclinic MoO2 derived from the former micro-platelets of α-MoO3 

are shown inside the polymer box. The morphology of the former 

substrate can be still noticed in the cores of the heterogeneous 

microcomposites. ..............................................................................35 

Figure 2.5 a. Scanning electron micrograph taken at low magnification of the 

heterogeneous microcomposites showing the microcrystals of 

V0.1Mo0.9O2. The precursors of the polymer-confined dioxide 

microcrystals were the regular hexagonal microprisms of 

(NH4)0.1V0.1Mo0.9O3. .........................................................................37 



 xvii

Figure 2.5 b. Scanning electron micrograph taken at low magnification of the 

heterogeneous microcomposites showing the microcrystals of 

V0.1Mo0.9O2. The precursors of the polymer-confined dioxide 

microcrystals were the regular hexagonal microprisms of 

(NH4)0.1V0.1Mo0.9O3. .........................................................................38 

Figure 2.5 c. Scanning electron micrograph taken at high magnification of the 

heterogeneous microcomposites showing the microcrystals of 

V0.1Mo0.9O2. The precursors of the polymer-confined dioxide 

microcrystals were the regular hexagonal microprisms of 

(NH4)0.1V0.1Mo0.9O3. .........................................................................39 

Figure 2.5 d. Scanning electron micrographs taken at high magnification of the 

heterogeneous microcomposites showing the microcrystals of MoO2. 

The precursors of the polymer-confined dioxide microcrystals were the 

irregular hexagonal microprisms of h-MoO3....................................40 

Figure 2.6a. Scanning electron micrograph of the smaller, more defective 

(NH4)0.1V0.1Mo0.9O3 hexagonal microprisms……………………….41 

Figure 2.6 b. Scanning electron micrograph of the product obtained at 325 °C, the 

V0.1Mo0.9O2–based heterogeneous microcomposite………………..42 

Figure 2.7. Scanning electron micrographs taken at increased acceleration voltages 

(left to right: upper row, 1, 2 kV, lower row, 5 and 10 kV) showing 

details of the rigid, amorphous polymer membrane and the vanadium-

doped molybdenum dioxide core). ...................................................44 



 xviii

Figure 2.8. High magnification transmission electron micrographs (a through d) of 

the polymer-encapsulated V0.1Mo0.9O2 microcrystals, in which the 30-35 

nm-thick amorphous, rigid polymer membrane is visible. The 

catalytically-active surfaces were distinguished by their rugged surface, 

specific to substrates in heterogeneous catalysis. .............................46 

Figure 2.9. Mechanism proposed for the total oxidation of pyrrole on the catalytically 

active surface of the molybdenum trioxide-based microcomposites. 

Probable intermediates for the mechanism’s pathway are denoted by 

numbers.............................................................................................48 

Figure 2.10 a. Powder X-ray diffraction pattern of the monoclinic MoO2 pattern for 

the heterogeneous microcomposite of α-MoO3 crystals with pyrrole at 

325 °C. It is worth noting that the different relative intensity of the three 

main peaks compared to the same pattern in Figure 2.1b, is due to the 

highly preferred orientation of the initial substrate. The 2θ scale is 

measured in degrees…………………………………………………51 

Figure 2.10 b. Scanning electron micrograph of the polymer-embedded molybdenum 

dioxide microcrystals. The layered nature of the initial substrate is 

apparent in the micrograph. ..............................................................52 

Figure 2.10 c. Scanning electron micrograph of the polymer-embedded molybdenum 

dioxide microcrystals. The layered nature of the initial substrate is 

apparent in the micrograph. ..............................................................53 

Figure 2.11. Scanning electron micrograph of the exfoliated nano-thick layers of 

polymer-embedded flat microcrystals of monoclinic MoO2.  The 

approximate thickness of the layers is estimated to 300 nm……….54 



 xix

Figure 2.12 a. Polyphase powder X-ray diffractogram, showing the incipient pattern 

of the monoclinic MoO2 pattern ( * ) and of the dominant crystalline 

pattern of a reduction intermediate for the heterogeneous 

microcomposite of anhydrous α-MoO3 nanofibers formed with pyrrole 

at 325°C. The 2θ scale is measured in degrees…………………….56 

Figure 2.12 b. Scanning electron micrograph showing the polymer-embedded 

molybdenum oxide nanofibers..........................................................57 

Figure 2.12 c. Scanning electron micrograph showing the polymer-embedded 

molybdenum oxide nanofibers..........................................................58 

Figure 3.1 a. Powder X-ray diffractograms of micron-sized platelets (black) and 

nanofibers (red) of orthorhombic α-MoO3. The 2θ scale is measured in 

degrees. .............................................................................................71 

Figure 3.1 b. Powder X-ray diffractograms of hexagonal (NH4)0.1V0.1Mo0.9O3 (blue) 

and hexagonal MoO3 (green). The 2θ scale is measured in degrees.72 

Figure 3.1 c. Powder X-ray diffractograms of the final product obtained from the 

four different substrates, in the colors corresponding to the four different 

impregnation substrates. The 2θ scale is measured in degrees. ........73 

Figure 3.2 a. Scanning electron micrograph of the Ag-Mo-O nanofibers taken at low 

magnification. ...................................................................................75 

Figure 3.2 b. Scanning electron micrograph of the Ag-Mo-O nanofibers taken at 

relatively low magnification. ............................................................76 

Figure 3.2 c. Scanning electron micrograph of the Ag-Mo-O nanofibers taken at 

relatively high magnification. ...........................................................77 

Figure 3.2 d. Scanning electron micrograph of the Ag-Mo-O nanofibers taken at high 

magnification. ...................................................................................78 



 xx

Figure 3.3 a. Scanning electron micrograph of the layered orthorhombic 

microplatelets of MoO3 that were impregnated with a large molar excess 

of Ag+ and led to the same 1-D nanostructured silver molybdenum 

oxide……………………………………………………………….79 

Figure 3.3 b. Scanning electron micrograph of the hexagonal irregular microprisms 

of MoO3 that were impregnated with a large molar excess of Ag+ and led 

to the same 1-D nanostructured silver molybdenum oxide………..80 

Figure 3.3 c. Scanning electron micrograph of the hexagonal regular microprisms of 

(NH4)0.1V0.1Mo0.9O3 that were impregnated with a large molar excess of 

Ag+ and led to the same 1-D nanostructured silver molybdenum 

oxide……………………………………………………………….81 

Figure 3.3 d. Scanning electron micrograph of the flat nanofibers of α-MoO3 that 

were impregnated with a large molar excess of Ag+ and led to the same 

1-D nanostructured silver molybdenum oxide……………………..82 

 Figure 3.4 a. Scanning electron micrographs of the new nanostructured Ag-Mo-O 

phase synthesized from the four different substrates. (a) Micrograph 

showing the same 1-D nanostructured material synthesized from the 

layered, orthorhombic microplatelets of MoO3……………………84 

 Figure 3.4 b. Scanning electron micrographs of the new nanostructured Ag-Mo-O 

phase synthesized from the four different substrates. (b) Micrograph 

showing the same 1-D nanostructured material synthesized from the 

hexagonal defective microprisms of MoO3………………………..85 



 xxi

 Figure 3.4 c. Scanning electron micrographs of the new nanostructured Ag-Mo-O 

phase synthesized from the four different substrates. (c) Micrograph 

showing the same 1-D nanostructured material synthesized from the 

hexagonal regular microprisms of the tunnel-like structure of 

(NH4)0.1V0.1Mo0.9O3.0. ……………………………………………..86 

 Figure 3.4 d. Scanning electron micrographs of the new nanostructured Ag-Mo-O 

phase synthesized from the four different substrates. (d) Micrograph 

showing the same 1-D nanostructured material synthesized from the 

orthorhombic nanofibers of MoO3…………………………………87 

Figure 3.4 e. Scanning electron micrograph (left) and EDS individual elemental maps 

(Mo, center and Ag, right) showing superposition of the Ag and Mo 

signals in the final material. ..............................................................87 

Figure 3.5 a. High magnification transmission electron micrograph of the ternary 

oxide nanostructures. The crystalline core of the nanofibers is visible 

together with the amorphous phase encapsulating the core, on top of 

which polycrystalline oxide nanoparticles are found........................90 

Figure 3.5 b. High magnification transmission electron micrograph of the ternary 

oxide nanostructures. The amorphous phase encapsulating the core, on 

top of which polycrystalline oxide nanoparticles are found, is visible in 

this image. The arrows point towards lattice spacing observed in the 

embedded nanoparticles....................................................................91 

Figure 3.6. X-ray photoelectron spectroscopy diagrams of the metal cations in the 

pristine Ag-Mo-O nanofibers: detail showing the Mo3d3 and Mo3d5 

peaks (a) and the detail showing the Ag3d3 and Ag3d5 peaks (b). .93 



 xxii

Figure 3.7 a. Scanning electron micrograph of the 175 °C sample in which bundles 

of shorter, polymer-covered nanofibers are visible…………………95 

Figure 3.7 b. Scanning electron micrograph of the 325 °C sample showing bumpy 

polymer-covered bundles of short nanofibers……………………….96 

Figure 3.8. Powder X-ray diffractograms of the heterogeneous nanocomposites 

synthesized by the oxidative polymerization of pyrrole on the surface of 

the ternary oxide nanofibers at three different temperatures: 140 °C-

black, 175 °C-red and 325 °C-blue. The 2θ scale is measured in degrees.

...........................................................................................................97 

Figure 3.9. XPS diagrams of the heterogeneous nanocomposite formed at 140 °C: 

detail showing the Mo3d3 and Mo3d5 peaks (a) and the corresponding 

detail showing the absence of the 3d3 and 3d5 Ag peaks (b)...........99 

Figure 3.10 a. Transmission electron micrograph of the heterogeneous composite 

formed by polymerization of pyrrole at 140°C on the surface of the 1-D 

nanostructures of the ternary oxide.................................................101 

Figure 3.10 b. Transmission electron micrograph of the heterogeneous composite 

formed by polymerization of pyrrole at 140°C on the surface of the 1-D 

nanostructures of the ternary oxide.................................................102 

Figure 3.11 a. Scanning electron micrograph of the heterogeneous composites 

obtained at 95 °C, showing separation of polymer-covered Ag platelets 

and short, polymer-covered nanofibers……………………………104 

Figure 3.11 b. Powder X-ray diffractogram of the same sample, in which ( * ) 

indicate the peaks due to the unidentified poorly crystalline ionic phase. 

The 2θ axis is measured in degrees.................................................105 



 xxiii

Figure 4.1 a. Low magnification scanning electron micrograph taken at low 

acceleration voltages (2 kV) of the vanadium pentoxide nanofibers 

arrays...............................................................................................118 

Figure 4.1 b. High magnification scanning electron micrograph taken at low 

acceleration voltages (2 kV) of the vanadium pentoxide nanofibers 

arrays...............................................................................................119 

Figure 4.2. Scanning electron micrograph of an array of high aspect ratio, highly 

ordered vanadium pentoxide nanofibers. The nanoscrolls appear to be 

the building blocks of the nanofibers by a stack-up process. .........120 

Figure 4.3. The flat nanoscrolls assemble into nanofibers and they show separation 

upon bending...................................................................................121 

Figure 4.4. Powder X-ray diffraction pattern of the vanadium pentoxide xerogel 

showing a high degree of preferred orientation along the stacking 

direction, c and disorder in the ab planes. The 2θ scale is measured in 

degrees. ...........................................................................................123 

Figure 4.5. High magnification transmission electron micrograph showing the 

crystalline layering of a highly bent (> 120 °) nanoscroll. .............124 

Figure 4.6 a. Scanning electron micrograph of the composite nanosheets resulted 

after the redox intercalation of the long chain monoamine. The 

nanosheets were formed through the unscrolling of the nanoscrolls and 

in the low magnification micrograph the transparency of the very thin 

planar nanostructures is apparent....................................................126 



 xxiv

Figure 4.6 b. Scanning electron micrographs of the composite nanosheets resulted 

after the redox intercalation of the long chain monoamine. The 

nanosheets were formed through the unscrolling of the nanoscrolls and 

in the high magnification micrograph transparency of the very thin 

planar nanostructures is apparent....................................................127 

Figure 4.7 a. High magnification transmission electron micrograph showing 

individual composite nanosheets. ...................................................128 

Figure 4.7 b. High magnification transmission electron micrograph showing 

overlapped composite nanosheets...................................................129 

Figure 4.8. Powder X-ray diffraction of the long-chain amine intercalated vanadium 

oxide composite, in which the preferred orientation along the c direction 

is evidenced by the massive presence of ( 0 0 l ) diffraction peaks. The 

2θ scale is measured in degrees. .....................................................130 

Figure 4.9. Powder X-ray diffraction of the diamine spacer-intercalated vanadium 

oxide nanoscrolls. The 2θ scale is measured in degrees. ................132 

Figure 4.10. Scanning electron micrograph of the diamine-intercalated vanadium 

oxide nanoscrolls. ...........................................................................133 

Figure 4.11. Powder X-ray diffractogram of the poorly crystalline vanadium 

pentoxide hydrogen bronze xerogel. Most of the peaks were indexed as ( 

0 0 l ) diffractions. The 2θ scale is measured in degrees. ...............134 

Figure 4.12 a. Low magnification scanning electron micrograph of the vanadium 

oxide hydrogen bronze nanofibers obtained during the hydrothermal 

treatment of the redox precipitation of vanadium oxide bronze by the 

reducing precipitation agent, the oxalic acid. .................................136 



 xxv

Figure 4.12 b. High magnification scanning electron micrographs of the vanadium 

oxide hydrogen bronze nanofibers obtained during the hydrothermal 

treatment of the redox precipitation of vanadium oxide bronze by the 

reducing precipitation agent, the oxalic acid. .................................137 

Figure 4.13 a. Scanning electron micrograph of the planar lenticular grains formed in 

the non-hydrothermal, instantaneous precipitation of the V2O5-

CH3COOH coordination complex. .................................................138 

Figure 4.13 b. Scanning electron micrographs of the planar lenticular grains with 

their surface layers peeled off in the form of nanoscrolls due to the 

strenuous experimental conditions in the hydrothermal method. ...139 

Figure 4.14. Scanning electron micrograph of the vanadium pentoxide nanoscrolls 

xerogel that was formed by the strong acid (HCl) hydrothermal 

treatment of the V2O5-CH3COOH coordination complex. .............140 

Figure 4.15 a. Scanning electron micrograph of the products obtained by the 

instantaneous, non-hydrothermal precipitation with HCl. The 

precipitation of pristine vanadium pentoxide colloidal suspension in the 

absence of the hydrothermal treatment led to micron-sized grains.142 

Figure 4.15 b. Scanning electron micrograph of the products obtained by the 

instantaneous, non-hydrothermal precipitation with (COOH)2. The 

precipitation of vanadium pentoxide hydrogen bronze colloidal 

suspension in the absence of the hydrothermal treatment led to micron-

sized grains......................................................................................143 

Figure 4.16. Scanning electron micrograph of lithium intercalated nanoscrolls of 

vanadium pentoxide xerogel showing the well preserved nanostructured 

architecture of the xerogel substrate. ..............................................147 



 xxvi

Figure 4.17. Array of polypyrrole embedded vanadium pentoxide xerogel nanoscrolls 

synthesized by the vapor phase surface polymerization of pyrrole at high 

temperature (135 °C). .....................................................................148 

Figure 5.1. Overlapped powder X-ray diffractograms of the pristine (in red) and 

iodine-doped (in black) microcomposite. The 2θ scale is measured in 

degrees. ...........................................................................................161 

Figure 5.2 a. Scanning electron micrograph taken at low acceleration voltage 

showing the square basal planes of the parallelepiped-shaped grains.164 

Figure 5.2 b. Scanning electron micrograph taken at low acceleration voltage 

showing the stacking of the grains..................................................165 

Figure 5.2 c. Scanning electron micrograph taken at low acceleration voltage 

showing the individual, unassembled, nano-thick layers, the building 

blocks of the crystalline lattice. ......................................................166 

Figure 5.3 a. Scanning electron micrograph showing the coating layer of polypyrrole.

.........................................................................................................168 

Figure 5.3 b. Scanning electron micrograph showing the surface cracks due to 

internal tensions in the grain. ..........................................................169 

Figure 5.3 c. Scanning electron micrograph showing the pile of mixed organic – 

inorganic components. ....................................................................170 

Figure 5.4. Schematic drawing depicting the homogeneity degree of the polypyrrole 

– tetrammonium hexavanadate microcomposite, as revealed by scanning 

electron micrographs.......................................................................171 

Figure 5.5. Scanning electron micrograph (left) and X-ray energy dispersive 

spectroscopy maps (center and right) showed superposition of the 

nitrogen (center, in red) and vanadium (right, in green) signals.....174 



 xxvii

Figure 5.6. Fourier-transformed infrared spectrum of the pristine polypyrrole – 

tetrammonium hexavanadate microcomposite. The wavenumbers are 

measured in cm-1. ............................................................................175 

Figure 5.7 a. Low magnification scanning electron micrograph of the iodine-doped 

microcomposites. No apparent structural modifications were apparent in 

the image, when compared to the pristine microcomposite............177 

Figure 5.7 b. High magnification scanning electron micrograph of the iodine-doped 

microcomposites. No apparent structural modifications were apparent in 

the image, when compared to the pristine microcomposite............178 

Figure 5.7 c. High magnification scanning electron micrograph of the iodine-doped 

microcomposites. No apparent structural modifications were apparent in 

the image, when compared to the pristine microcomposite............179 

Figure 5.8. Fourier-transformed infrared spectrum of the iodine-doped polypyrrole – 

tetrammonium hexavanadate microcomposite. The wavenumbers are 

measured in cm-1. ............................................................................180 

Figure 5.9. Detail of the X-ray photoelectron spectrum, showing the mixed-valence 

V2p3 peak. ......................................................................................182 

Figure 5.10. Low temperature heating curve of the electrical conductivity 

measurement for the iodine-doped microcomposite.......................183 

Figure 5.11 a. Scanning electron micrograph of the polypyrrole – gold nanoparticles 

composite. .......................................................................................185 

Figure 5.11 b. Transmission electron micrograph of the polypyrrole – gold 

nanoparticles composite..................................................................186 

Figure 5.11 c. Transmission electron micrograph of the polypyrrole – gold 

nanoparticles composite..................................................................187 



 xxviii

Figure 5.12. Amorphous powder X-ray pattern of the polypyrrole – molybdenum 

oxide composite. The 2θ scale is measured in degrees...................189 

Figure 6.1. Schematic drawing of the unit cells belonging to the two classes of 

layered bismuthates: the insulating MxBi(9-x)O[(27-x)/2] (M = Ca, Sr and 

Ba) (left) and the high-temperature superconductor Bi2Sr2CaCu2O8+δ 

(right). .............................................................................................201 

Figure 6.2. Schematic drawing showing two stacked building blocks of the layered 

lattice of the insulating class of bismuthates………………………202 

Figure 6.3 a. Powder X-ray diffraction pattern of the pristine insulating layered 

bismuthate, Sr2Ca Bi6O12. The 2θ scale is measured in degrees.....203 

Figure 6.3 b. Powder X-ray diffraction pattern of the pristine insulating layered 

bismuthate, SrBi8O13. The 2θ scale is measured in degrees. ..........204 

Figure 6.4. Schematic artwork that depicts the two stages of the nanocomposite 

synthesis, the non-redox intercalation of the oxidizing agent (1) and the 

addition of monomer(2), followed by its subsequent in situ 

polymerization (3)...........................................................................205 

Figure 6.5 a. Powder X-ray diffraction pattern of the iodine-intercalated insulating 

layered bismuthate, IxSr2CaBi6O12. The 2θ scale is measured in degrees.

.........................................................................................................207 

Figure 6.5 b. Powder X-ray diffraction pattern of the iodine-intercalated insulating 

layered bismuthate, IySrBi8O13. The 2θ scale is measured in degrees.208 

Figure 6.6 a. Powder X-ray diffraction pattern of the iodine-intercalated insulating 

layered bismuthates, Iy1SrBi8O13. The product was obtained using n-

hexane as the solvent for the guest iodine molecules. The 2θ scale is 

measured in degrees........................................................................210 



 xxix

Figure 6.6 b. Powder X-ray diffraction pattern of the iodine-intercalated insulating 

layered bismuthate, Iy2SrBi8O13. The product was obtained using n-

dodecane as solvent for the guest species. The 2θ scale is measured in 

degrees. ...........................................................................................211 

Figure 6.7. Schematic artwork depicting the general process of the nanocomposite 

formation. The first stage represents the topotactic, non-redox 

intercalation of iodine, followed in the second stage by the topotactic in 

situ polymerization of pyrrole and the subsequent formation of 

polypyrrole and iodide species……………………………………214 

Figure 6.8 a. Low magnification scanning electron micrograph of the novel material, 

the [-(C4H3N)-]0.60 I2.15 Sr2CaBi6O12 nanocomposite. .....................216 

Figure 6.8 b. High magnification scanning electron micrograph of the novel material, 

the [-(C4H3N)-]0.60 I2.15 Sr2CaBi6O12 nanocomposite. .....................217 

Figure 6.9. Powder X-ray diffraction patterns of the iodine-intercalated insulating 

layered bismuthate, IxSr2CaBi6O12 (in black) and the final 

nanocomposite, [-(C4H3N)-]0.60 I2.15 Sr2CaBi6O12 (in red). The 2θ scale is 

measured in degrees........................................................................218 

Figure 6.10 a. Scanning electron micrograph showing a high magnification image of 

an agglomeration of grains with a layered structure. ......................219 

Figure 6.10 b. Scanning electron micrograph showing a high magnification image of 

an incipient exfoliation of a layered grain of nanocomposite.........220 

Figure 6.11. Energy dispersive X-ray spectroscopy elemental mapping for the 

layered nanocomposite....................................................................221 

Figure 6.12 a. Low magnification scanning electron micrograph of the novel 

material, the [-(C4H3N)-]0.64 I3.10 SrBi8O13 nanocomposite.............222 



 xxx

Figure 6.12 b. High magnification scanning electron micrograph of the novel 

material, the [-(C4H3N)-]0.64 I3.10 SrBi8O13 nanocomposite.............223 

Figure 6.13. Powder X-ray diffraction patterns of the iodine-intercalated insulating 

layered bismuthate, IySrBi8O13 (in black) and the final nanocomposite, [-

(C4H3N)-]0.64 I3.10 SrBi8O13 (in red). The 2θ scale is measured in degrees.

.........................................................................................................224 

Figure 6.14 a. Scanning electron micrograph of the [-(C4H3N)-]0.64 I3.10 SrBi8O13 

nanocomposite showing incipient exfoliation of the grains. Sub-micron 

thick layers of the “sandwich”-like nanocomposite were in the process 

of detaching off the grains. .............................................................225 

Figure 6.14 b. Scanning electron micrograph of the [-(C4H3N)-]0.64 I3.10 SrBi8O13 

nanocomposite showing incipient exfoliation of the grains. Sub-micron 

thick layers of the “sandwich”-like nanocomposite were in the process 

of detaching off the grains. .............................................................226 

Figure 6.15. Energy dispersive X-ray spectroscopy elemental mapping for the 

layered nanocomposite....................................................................227 

Figure 6.16. Powder X-ray diffraction pattern of the iodine-doped nanocomposite 

showing no differences compared to the pristine nanocomposite. The 2θ 

scale is measured in degrees. ..........................................................228 

Figure 7.1. Schematic artwork depicting the Bi-O/Sr-O/Cu-O/Ca sequence of the 

complex layer structure of Bi2Sr2CaCu2O8+δ. The fragment accounts for 

about one fourth of the unit cell along the c direction. ...................243 

Figure 7.2. Powder X-ray diffraction pattern of the pristine layered superconducting 

bismo-cuprate, Bi2Sr2CaCu2O8+δ. The 2θ scale is measured in degrees.

.........................................................................................................245 



 xxxi

Figure 7.3. Schematic drawing of the synthesis strategy employed for the formation 

of the very first polypyrrole - Bi2Sr2CaCu2O8+δ nanocomposite. The first 

stage of the process is the iodine intercalation that leads to stage-I 

IBi2Sr2CaCu2O8+δ. The second stage is the topotactic, in situ oxidative 

polymerization of pyrrole in the interlayer space. ..........................246 

Figure 7.4. Schematic artwork depicting the stage-I iodine intercalated ceramic and 

the types of defects that may arise in the process of iodine intercalation.

.........................................................................................................248 

Figure 7.5. Powder X-ray diffraction pattern of the iodine intercalated layered 

superconducting bismo-cuprate, IxBi2Sr2CaCu2O8+δ, 0 < x ≤ 1. The 

intercalation experimental procedure employed was the vapor diffusion 

method. The 2θ scale is measured in degrees. ................................249 

Figure 7.6. Powder X-ray diffraction pattern of the iodine intercalated layered 

superconducting bismo-cuprate, IyBi2Sr2CaCu2O8+δ, 0 < y ≤ 1. The 

intercalation experimental procedure was the solvent-mediated method. 

The 2θ scale is measured in degrees. ..............................................252 

Figure 7.7. Schematic drawing of the interlayer space available in the unit cell of the 

layered ceramic host. ......................................................................254 

Figure 7.8 a. Low magnification scanning electron micrograph of the polypyrrole - 

Bi2Sr2CaCu2O8+δ nanocomposite spheroid grains. .........................255 

Figure 7.8 b. High magnification scanning electron micrograph of the polypyrrole - 

Bi2Sr2CaCu2O8+δ nanocomposite spheroid grains. .........................256 



 xxxii

Figure 7.9. Powder X-ray diffraction pattern of the iodine intercalated layered 

superconducting bismo-cuprate, IxBi2Sr2CaCu2O8+δ, 0 < x ≤ 1 (in black) 

and of the newly formed nanocomposite (in red). The most intense 

diffractions in the nanocomposite diffractogram were the ( 1 1 3 ) and ( 

1 1 5 ) signals. The 2θ scale is measured in degrees.......................257 

Figure 7.10. Schematic drawing of the two most relevant orientations for the 

intercalated monolayer of polypyrrole chains: with the plane of the 

monomer parallel (left) and perpendicular (right) to the Bi-O bordering 

layers. ..............................................................................................260 

Figure 7.11 a. Low magnification scanning electron micrograph of the polypyrrole - 

Bi2Sr2CaCu2O8+δ nanocomposite showing the layered nature of the 

material. ..........................................................................................261 

Figure 7.11 b. High magnification scanning electron micrograph of the polypyrrole - 

Bi2Sr2CaCu2O8+δ nanocomposite showing the layered nature of the 

material. ..........................................................................................262 

Figure 7.12.  Scanning electron micrograph (center) and the X-ray energy dispersive 

elemental maps (above and below) of some of the key constituent 

elements of the nanocomposite.......................................................264 

Figure 8.1.  Artwork depicting the general type of products obtained at different high 

temperatures for the pyrrole – layered bismuthate matrices………282 

Figure 8.2. Polyphase powder X-ray diffractogram showing the corresponding Miller 

indices of the diffraction planes for Bi (in blue, hexagonal lattice, space 

group R-3m, a = b = 4.546 Å, c = 11.862 Å) and Cu (in red, face 

centered cubic lattice, space group Fm-3m, a = b = c = 3.608 Å). The 2θ 

scale is measured in degrees. ..........................................................283 



 xxxiii

Figure 8.3 a. Scanning electron micrograph displaying the polymer-covered metal 

(Cu and Bi) nanorods. .....................................................................284 

Figure 8.3 b. Scanning electron micrograph displaying the sub-micron thick depleted 

nanocomposite platelets on the surface of which nanorod extrusion 

occurred...........................................................................................285 

Figure 8.4 a. Scanning electron micrograph showing high aspect ratio (the length to 

thickness ratio) polymer-covered metal (Cu and Bi) nanorods. .....286 

Figure 8.4 b. Scanning electron micrograph showing high aspect ratio (the length to 

thickness ratio) polymer-covered metal (Cu and Bi) nanorods. .....287 

Figure 8.5 a. Scanning electron micrograph of split-open nanocomposite grains along 

the c direction showing the internal growth of the 1-D metal 

nanostructures in the ab plane of the ionically depleted matrix. ....288 

Figure 8.5 b. Scanning electron micrographs of split-open nanocomposite grains 

along the c direction showing the internal growth of the 1-D metal 

nanostructures in the ab plane of the ionically depleted matrix. ....289 

Figure 8.6. Schematic drawing showing the layered disposition of the two reducible 

metal cations in the ab planes of the precursor composite. ............290 

Figure 8.7. Energy Dispersive X-ray Spectroscopy analysis (% by mass) of a matrix-

separated polymer-covered metal nanorod sampled along the rod and 

one in the seed. One random point in the depleted nanocomposite matrix 

was analyzed as well. The SEM grid was made of carbon. Each diagram 

reads the following elements, from left to right: C, O, Cu, Bi, Sr and Ca.

.........................................................................................................291 

Figure 8.8 a. Scanning electron micrograph showing high density of incipient and 

low aspect ratio polymer-covered metal nanorods. ........................292 



 xxxiv

Figure 8.8 b. Scanning electron micrograph showing high density of incipient and 

low aspect ratio polymer-covered metal nanorods. ........................293 

Figure 8.9 a. Transmission electron micrograph of the polymer-covered metal 

nanorods, showing fragmentation of the metal core. ......................295 

Figure 8.9 b. Transmission electron micrograph of the polymer-covered metal 

nanorods, showing inconsistencies in the core filling. ...................296 

Figure 8.10 a. High magnification transmission electron micrograph showing 

triangular tip for the polymer-covered metal (Cu and Bi) nanorods.297 

Figure 8.10 b. High magnification transmission electron micrograph showing 

pyramidal tip for the polymer-covered metal (Cu and Bi) nanorods.298 

Figure 8.10 c. High magnification transmission electron micrograph showing planar 

tip for the polymer-covered metal (Cu and Bi) nanorods. ..............299 

Figure 8.10 d. High magnification transmission electron micrograph showing 

hemispheric tip for the polymer-covered metal (Cu and Bi) nanorods.

.........................................................................................................300 

Figure 8.11. Schematic drawing of the planar disposition of the bismuth cations in 

the layered structure of the precursor ceramic. ...............................303 

Figure 8.12. Powder X-ray diffractogram showing the corresponding Miller indices 

(in blue) of the diffraction planes for metallic Bi (hexagonal lattice, 

space group R-3m, a = b = 4.546 Å, c = 11.862 Å). The 2θ scale is 

measured in degrees........................................................................305 

Figure 8.13 a. Scanning electron micrograph of one Bi microcrystal extruded from 

the depleted nanocomposite............................................................306 

Figure 8.13 b. Scanning electron micrograph of two Bi microcrystals extruded from 

the depleted nanocomposite............................................................307 



 xxxv

Figure 8.13 c. Scanning electron micrographs of the Bi microcrystal extruded from 

the depleted nanocomposite. The incompletely formed corner where the 

extrusion process started is clearly visible in this micrograph. ......308 

Figure 8.14 a. Scanning electron micrograph showing the incompletely formed Bi 

microcrystal.....................................................................................309 

Figure 8.14 b. Scanning electron micrograph detail showing the layered structure of 

the metal microstructure. ................................................................310 

Figure 8.15. Schematic drawing of the planar disposition of the bismuth and rhodium 

cations in the layered structure of the precursor ceramic. ..............311 

Figure 8.16. Powder X-ray diffractogram of the Bi6Sr2CaO12 (hexagonal lattice, 

space group R-3M, a = 3.96 Å, c = 28.31 Å) parent ceramic (in black) 

and of the engineered lattice Bi4Rh2Sr2CaO12 (in red). Matching of all 

the peaks of the parent ceramic lattice by the newly formed derived 

structure shows that the partial substitution of bismuth cations for the 

rhodium ones was successful. The 2θ scale is measured in degrees.312 

Figure 8.17 a. Scanning electron micrograph of the low aspect ratio polymer-covered 

Bi-Rh and Bi nanorods extruded from the depleted platelets of the 

nanocomposite. ...............................................................................313 

Figure 8.17 b. Scanning electron micrograph of the low aspect ratio polymer-covered 

Bi-Rh and Bi nanorods extruded from the depleted platelets of the 

nanocomposite. ...............................................................................314 

Figure 8.18 a. Scanning electron micrograph displaying polymer-covered 1-D 

nanostructures with small diameter of the metal core and relatively long.

.........................................................................................................315 



 xxxvi

Figure 8.18 b. Scanning electron micrograph displaying polymer-covered 1-D 

nanostructures with small diameter of the metal core and relatively long.

.........................................................................................................316 

Figure 8.19 a. Scanning electron micrograph displaying polymer-covered Bi-Rh and 

Bi nanorods. The Bi-core nanorods have a lower aspect ratio and, as 

expected, are charging more than their alloyed-core counterparts. Bi 

displays a semimetal behavior when in bulk and the charging is a 

consequence of the low electronic conductivity…………………..318 

Figure 8.19 b. EDS analysis on a Bi-Rh nanorod...............................................319 

Figure 8.19 c. Bent polymer-covered metal nanowire which displays plasticity due to 

a low content in Rh. ........................................................................320 

Figure 8.20 a. Transmission electron micrograph of the polymer-covered Bi-Rh 

nanorod with high outer-to-core diameter ratio. .............................321 

Figure 8.20 b. Transmission electron micrograph of the polymer-covered Bi-Rh 

nanorods with low outer-to-core diameter ratio. The scale bar in the 

micrograph is 200 nm. ....................................................................322 

Figure 8.21 a. Consecutive transmission electron micrographs (a, b) showing 

migration of a metal core fragment from inside the depleted 

nanocomposite to the extruded 1-D nanostructure, due to the interaction 

with the high energy incident electrons. In both micrographs the scale 

bar is 200 nm...................................................................................324 



 xxxvii

Figure 8.21 b. Consecutive transmission electron micrographs (a, b) showing 

migration of a metal core fragment from inside the depleted 

nanocomposite to the extruded 1-D nanostructure, due to the interaction 

with the high energy incident electrons. In both micrographs the scale 

bar is 200 nm...................................................................................325 



 1

 

CHAPTER 1 

 

INTRODUCTORY  REMARKS 

 

During the past two decades, major transformations in the area of materials 

science have occurred, as a consequence of investigative scientific spirit, economic 

demand for new hybrid materials and significant technological progress in the domain of 

analysis techniques and methods. Inorganic – organic composite materials, synthesized 

through novel and diverse experimental procedures have been produced with the declared 

intentions of producing an improved set of physical and chemical properties, relative to 

each of the individual parent materials. The discovery of the electron conductive 

polymers or synthetic metals during the 8th decade of the last century led gradually to 

their introduction in the design of new experimental procedures with microporous 

inorganic materials like layered aluminosilicates, clays and zeolites. Most of the new 

hybrid materials exhibited improved mechanical resistance compared to the pristine 

inorganic substrates and good electronic conductivities, relative to the ones of the pristine 

organic moiety. The first successful attempts led to the diversification of the employed 

synthetic routes with the precise target of improving the degree of interaction between the 

two components that ultimately led to a higher degree of homogeneity of the novel 

materials. While preparative methods that used pre-polymerized organic moieties and 

redox simultaneous co-precipitation of the two different components led to 



 2

microcomposites, other synthetic methods like the in situ polymerization of pre-

intercalated monomers achieved the interaction degree of a nanocomposite, i.e. mixing of 

the two components within nanometers throughout the entire material. The increased 

interest in metal oxides and chalcogenides with electronic properties opened the stage for 

the preparation of composite materials of these layered inorganic substrates with 

synthetic metals (electronic and ionic conducting polymers) like polypyrrole, polyaniline, 

polyethyleneoxide, etc.  

The dawn of the new era of nanostructured materials overlapped with the golden 

age of composite materials research and reached the stage where composite materials 

ingredients like layered oxides and chalcogenides and electron conductive polymers are 

currently synthesized in novel 1-D nanostructured morphologies. The size and shape 

effects upon the physical and chemical properties of the new nano-sized morphologies 

open wide the horizon of new potential applications in areas that were not long time ago 

out of reach for the classical, micro-sized architectures of the same organic and inorganic 

moieties.  

In the near future, the follow-up of the present trends will probably cover the 

synthesis of new classes of nanocomposite materials in which not only the nano-

dimension of the interaction span is achieved, but also the dimensions of both 

components in the hybrid material will be in the nano-range. Simultaneous nanosynthesis 

of hybrid nanocomposite materials has all the chances to be the term coined for the 

experimental procedures involved in the design of the novel architectures.  

The present original research started as centered on the potential synthesis of the 

very first synthetic metal – high-temperature superconducting ceramic nanocomposite, in 
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the form of a polypyrrole - Bi2Sr2CaCu2O8+δ homogeneous hybrid material. The complex 

composite material is expected to have interesting electronic properties that are derived 

from the nano-level interaction of moieties with superconducting and metallic electronic 

behavior within the same range of temperature. The synthesis route chosen for the 

realization of the goal involved the topotactic pre-intercalation of iodine atoms in the 

layered bismo-cuprate, followed by the in situ oxidative polymerization of the pyrrole 

molecules at the expense of reduction for the iodine species. The strategy employing 

topotactic pre-intercalation of sacrificial oxidative agents had a double role: 1) to prevent 

the modification of oxidation states for the reducible metal cations from the layered 

ceramic framework, and 2) to compensate for the lack of basic character of the monomer 

molecules, due to the prevalent aromatic character of the organic moiety.  

Pyrrole polymerizes through an oxidative radical mechanism (Figure 1.1) and has 

a relatively high oxidation potential thus being able to engage in redox couples with mild 

and strong oxidation agents. Its oxidative polymerization is a direct consequence of the 

aromatic character of the molecule which is also the main feature that influences the 

behavior of the organic moiety in various chemical reactions. The presence of four π 

electrons in the two conjugated C=C is completed by the pair of non-bonding p electrons 

belonging to the heteroatom, this electrons being able to conjugate with their counterparts 

through extensive delocalization. A direct consequence of the aromatic character is the 

very low basicity of the amine group heteroatom, which in turn impedes the intercalation 

performance of the molecule in layered inorganic matrices. Thus, the main stabilization 

force for the intercalation reactions of pyrrole remain the polar character of the N-H bond 

that enables the formation of hydrogen bonds and dipole-based interactions between the 
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guest molecule and the partial negatively charged oxygen and chalcogenides species that 

are part of the layered framework bordering the interstitial spacing. The polymerization 

process largely retains the hydrogen bonding ability of the monomer units and the up-

and-down configuration of the chains is a plus in terms of interstitial stabilization of the 

monolayers of polypyrrole chains.   

The pristine polypyrrole does not exhibit metallic conductivity due to the 

localization of the π and p electrons along the chains. Metallic conductivity levels are 

achieved by subsequent doping of the polymer chains through an oxidative process that 

consists of the removal of one or more π electrons and the subsequent formation of 

delocalized positive charges along the chain. The electronic delocalization thus induced, 

allows for electronic conductivity levels within the range of a true metal when a 

difference in potential is applied along the chain.  

The layered high-temperature superconducting ceramic, Bi2Sr2CaCu2O8+δ has a 

very complex structure, both in terms of composition and arrangement of the constituent 

species. The ceramic is moisture sensitive and prone to corrosion and rapid chemical 

modifications in contact with dry, common polar solvents. These difficult synthesis 

circumstances prompted the search for alternative structures defined by similar structural 

features relevant to the synthesis of a polypyrrole nanocomposite with the layered 

material. The search involved layered bismuthates, with similar cationic composition and 

van der Waals gap dimension and composition of the bordering layers. 
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Figure 1.1. Schematic depiction of the oxidative radical polymerization of pyrrole 

detailed with all the intermediary species involved in the process. The curbed arrows 

indicate the movement of conjugated π, p and σ electron pairs.  
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The new layered bismuthates would be then subjected to a screening set of 

experimental procedures towards the formation of the polypyrrole nanocomposite and the 

results evaluated accordingly to the specific features of the related superconducting 

ceramic. Thus, the new layered bismuthates would serve as a shadow structure, easier to 

manipulate than the targeted layered superconducting bismo-cuprate, and of great help in 

reaching the optimized set of experimental conditions for the synthesis of the polypyrrole 

- Bi2Sr2CaCu2O8+δ nanocomposite. The literature search for these shadow structures 

returned a very narrow set of choices, but enough to select a class of insulating layered 

bismuthates, Mx Bi(9-x) O[(27-x)/2] (M = Ca, Sr and Ba), with structures that encompassed all 

the desired similarities with the layered, superconducting bismo-cuprate. Two members 

of the family of Bi2O3 – MO (M = Ca, Sr and Ba) solid solutions were selected for being 

representative in terms of relevant structural features for the topotactic in situ oxidative 

polymerization of pyrrole, SrBi8O13 and for the similar cationic composition, 

Sr2CaBi6O12. The two insulating layered bismuthates intercalated iodine in the same 

manner as their superconducting counterpart and no significant discrepancies were 

noticed during the diverse sets of experiments to which they were subjected. The 

interactions with pyrrole of the two similar classes of layered bismuthates were studied 

over the whole relevant spectrum of temperatures, and after adequate screening 

procedures, the focus was localized over the pyrrole’s vapor phase temperature range. 

Intercalated iodine atoms were able to oxidize and implicitly polymerize the monomer 

molecules at higher temperatures of reaction due to the change in their electronic 

distribution that happened in the intercalation process.  



 7

The design of polypyrrole - layered inorganic lattices was further extended 

through the case studies of pyrrole high temperature interactions with molybdenum 

trioxide and vanadium pentoxide substrates (Figure 1.2). The aim of the extension of the 

original project was to obtain a greater picture of the complex high-temperature 

interaction of pyrrole with electroactive layered inorganic oxide-based lattices. 

 

Bi2Sr2CaCu2O8+δ

Bi6Sr2CaO12

Bi8SrO13

MoO3

(NH4)0.1V0.1Mo0.9O3

V2O5· n H2O

 

 

Figure 1.2. Schematic drawing showing the predominant layered classes of inorganic 

substrates used in the present study. 
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The two transitional metal oxides helped build a more diversified case for the stated 

purpose, through their structurally and compositionally simpler nature and the fact that 

the redox interaction with pyrrole was involving the partial reduction of transitional metal 

cations that were intrinsic part of the layered framework.  

 During the investigative process, a channel-like structure belonging to the 

thermodynamically stable vanadium-doped (10% molar) of the hexagonal polymorph of 

molybdenum trioxide was employed in order to better identify the influence of the redox-

active dopant V5+ species during the high-temperature interaction with pyrrole. Low-

temperature screening reactions showed the higher reduction potential of the V5+ centers 

compared to the Mo6+ in their respective redox couples with pyrrole.  

 The two transitional metal oxides were synthesized by novel hydrothermal 

procedures consisting of reflux temperatures, large strong acid excess and prolonged 

reaction times and by the classical instantaneous acid precipitation as well. The new 

hydrothermal procedure was designed in correlation with recent reports of 1-D 

nanostructured morphologies that were obtained for the 2-D layered vanadium oxide-

based composites. The different 1-D nanostructured morphologies and crystalline phases 

that were synthesized as a result of the applied experimental procedures were further 

investigated. The hexagonal phase of molybdenum trioxide was synthesized for the first 

time by the facile, hydrothermal procedure. In the course of scientific investigations, 

orthorhombic, layered molybdenum trioxide with various morphologies (microplatelets, 

crystals and nanofibers) were employed in identical experimental procedures meant to 

highlight the importance of the various morphological features for the employed 

chemical system. 
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 The microporous, channel-like structure of the vanadium-doped hexagonal 

polymorph of molybdenum trioxide was investigated as a ceramic template in room-

temperature impregnation reactions with Ag+ and surprisingly led to 1-D nanostructured 

new ternary oxide crystalline phase in what is to date the simplest experimental 

procedure that has ever led to a 1-D nanostructured material.  

 During all individual projects detailed that are detailed in the next 7 chapters, 

course of investigative action was taken along the paths that theoretically led towards the 

most promising, interesting directions, without losing sight of the initial investigative 

targets. The thus resulted research led to major developments in the areas of composite 

materials and synthetic routes for 1-D nanostructured materials. In the first case, the 

novel major developments that were accomplished were the new class of heterogeneous 

microcomposites that has been unveiled (Chapter 2), the first example of a synthetic 

metal – mixed-valence polyoxometalate salt has been synthesized by a redox co-

precipitation method (Chapter 5) and the very first synthetic metal – high-temperature 

superconducting ceramic was obtained (Chapter 7). In the case of 1-D nanostructured 

materials, the major developments presented in the next chapters are the first example of 

intrinsic lattice templating for the synthesis of polymer-covered metal nanorods (Chapter 

8), what may be the simplest experimental procedure that has ever led to a 1-D 

nanostructured material (Chapter 3) and the novel facile hydrothermal method for the 

synthesis of vanadium pentoxide xerogel in a new nanoscrolled morphology (Chapter 4). 

 It is hoped that work in this new area of nanocomposites formed through the 

interaction of pyrrole monomer with various transitional metal oxides may serve to open 

new possibilities in the areas of composite material and nanostructured morphologies. 
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CHAPTER 2 

 

“METAL OXIDE IN A POLYMER BOX” – A NOVEL CLASS OF 

HETEROGENEOUS MICROCOMPOSITES. 

 

2.1. ABSTRACT 
 

A novel type of heterogeneous organic polymer-inorganic metal oxide 

microcomposite, exponent of an entirely new class of organic-inorganic composites, was 

synthesized through the total oxidation of pyrrole on molybdenum trioxide (orthorhombic 

and hexagonal polymorphs) unpromoted and unsupported catalysts. The high-

temperature (325 °C) product of the catalytic oxidation consisted of molybdenum dioxide 

and vanadium-doped (10 % molar) molybdenum dioxide microcrystals encapsulated in a 

polymer box. The catalytic activity towards the total oxidation of the carbon atoms of the 

molybdenum trioxide-based materials was independent on the type of crystalline lattice 

(orthorhombic or hexagonal), doping level of the substrate and was highly dependent on 

the temperature employed for the reaction. The total oxidation of pyrrole in the absence 

of external oxygen sources occurred at the surface of the oxide grains through what is 

expected to be an electrophilic oxidative mechanism that likely involved the migration of 

oxygen species from the bulk of the crystals. The total oxidation of pyrrole on 

molybdenum trioxide polymorphs can offer further insight into the catalytic activity of 

the particular crystallographic planes of the substrates towards the total oxidation of the 
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π-systems based on the preservation of the size and shape of the polymer box throughout 

the experiment. 

 
  

2.2. INTRODUCTION 
 

 Hybrid, homogeneous organic-inorganic nano- and microcomposites have 

received great attention during the past two decades due to the prospect of producing 

composite materials with novel or improved physical and chemical properties, which 

otherwise cannot be solely derived using the individual parent components. 

Homogeneous composites made by in situ intercalative redox polymerization of 

monomer moieties into layered or micro- and mesoporous inorganic lattices have been 

studied extensively, based on their optimized combination of mechanical, electronic, 

optical or chemical properties, desired for the targeted practical applications1-4.  The 

heterogeneous composite materials played a secondary role as their physical and 

chemical properties are for the most part the summation of individual characteristics of 

the two parent materials. 

Polypyrrole has been among the most investigated electron conductive polymers, 

based on its versatile oxidative radical polymerization, good chemical stability, tunable 

electronic conductivity and the ability to produce smooth, conductive thin films5-10. 

Polypyrrole-based nanocomposite materials have been investigated for their potential 

application in areas like rechargeable secondary batteries, supercapacitors and optical 

devices, fuel cells, chemical sensors, nerve regeneration and artificial muscle11-16. The 

relatively high oxidation potential and the good chemical stability of pyrrole have made 
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this monomer an excellent candidate for the low-temperature in situ intercalative 

oxidative radical polymerization in layered and channel-like micro- and mesoporous 

inorganic matrices.  

Molybdenum trioxide (orthorhombic form) is a layered binary transitional metal 

oxide insulator with high anisotropic structure and properties, and has been extensively 

used as a reducible host in redox intercalation reactions of small organic and inorganic 

guest species. The layered binary oxide has been intensively investigated in both 

supported and unsupported forms for its selectivity towards oxidation of alkenes16-19 and 

oxidative dehydrogenation of alkanes20,21 and as a precursor for molybdenum sulfide22-25 

and nitride26-28 for the hydrodesulfurization of crude oil. The metastable hexagonal 

polymorph of molybdenum trioxide and the stable vanadium-doped modification are 

virtually isostructural and both possess nanoporous (3.3 Å) tunnel-like structures that 

may be used as template candidates for molecular wires and substrates for rechargeable 

lithium ion batteries29-31.  

In this chapter is described a novel type of heterogeneous microcomposites that 

were obtained through a high-temperature, two step redox process and which exhibit, as a 

novel, distinctive feature, partial oxide core occupancy of the volume delimitated by the 

amorphous, rigid polymer shell. High-temperature (135-200 °C) oxidative radical 

polymerization of pyrrole at the expense of partial reduction of surface Mo6+ and V5+ 

centers led to polymer membrane encapsulation of the oxide grains. At higher 

temperature of reaction (325 °C) the excess monomer was totally oxidized through an 

electrophilic oxidative mechanism that likely involved migration of oxygen species from 

the bulk to the catalytically active surface of the oxide crystals.  
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2.3. EXPERIMENTAL  

2.3.1. Synthesis 
 

The hydrates of α-MoO3 (orthorhombic), h-MoO3 (hexagonal) and (NH4)0.1V0.1Mo0.9O3 

were synthesized by strong acid precipitation (HCl) from the aqueous solutions of their 

correspondent ammonium metallate precursors ((NH4)6Mo7O24·4H2O, 99.98 % and 

NH4VO3, 99 % both from STREM Chemicals). α-MoO3 precipitated  in a 1000 mL 

beaker from a hot solution consisting of 0.02 mol (NH4)6Mo7O24·4H2O (24.72 g) 

dissolved in 400 mL distilled water, to which 100 mL hot HCl solution (consisting of 20 

mL 12.1 M HCl and 80 mL distilled water, 100 % HCl molar excess ) was added under 

magnetic stirring. The white precipitate was left to cool down to room temperature and 

then filtered off by suction filtration, washed several times with distilled water and left 

overnight to dry in air. The product consisted of platelets with a regular thickness in the 

sub-micron range. h-MoO3 was prepared by a novel, simple hydrothermal method, 

similar to the one used for the orthorhombic polymorph in terms of concentration (except 

the excess of strong acid, 250 % molar in the case of h-MoO3). The reaction mixture was 

placed in a 1000 mL round bottom flask and magnetically stirred for 7 days at 100 °C 

under N2 atmosphere. The pale yellowish precipitate of h-MoO3 was cooled to room 

temperature, filtered off and washed several times with distilled water before being dried 

in air overnight. In this case, the product consisted of highly irregular, broken, micron-

sized hexagonal prisms and this was accounted for by the stress induced by the 
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hydrothermal method applied in the synthesis. The metastable hexagonal polymorph had 

small amounts of ammonium ions bound to the highly porous MoO3 framework. The 

straw-yellow precipitate of vanadium-doped hexagonal MoO3 was synthesized using the 

appropriate ratios of precursors and applying exactly the same procedure as described for 

α-MoO3 and consisted of highly regular, micron-sized hexagonal prisms. The employed 

amounts of ammonium polyoxometallate precursors were 0.02 mol (NH4)6Mo7O24·4H2O 

(24.72 g) and 0.0156 mol NH4VO3 (1.84 g). They were dissolved in 100 mL hot HCl 

solution (consisting of 20 mL 12.1 M HCl and 80 mL distilled water, about 100 % HCl 

molar excess). 

Equal amounts (0.005 mol) of each oxide powders were separately sealed under 

vacuum (30-60 mTorr) with a large excess (1.4 mL, 0.020 mol) of freshly purified 

pyrrole (99 %, Acros Organics, b.p. 128.9 °C) in a 60 mL Pyrex ampoule (in house 

made). Prior to the use, pyrrole had been purified through a column packed with activated 

alumina (Fischer Scientific). The ampoules were placed in a regular oven and ramped up 

(20 °C / hour) to the final temperature (325 °C) where they were left for 10-12 days. The 

resulting black powders were cooled down to room temperature and dried under vacuum 

(30-60 mTorr) at ambient temperature for about 30 minutes. When the ampoules were 

unsealed for the drying stage, characteristic sharp odor of ammonia was detected in all 

three cases. Additionally, large white crystals of ammonium bicarbonate segregated from 

the vanadium-doped molybdenum dioxide sample and to a lesser extent, from the 

molybdenum dioxide sample made from the metastable hexagonal MoO3. Two parallel 

sets of the same reaction, for each of the initial molybdenum trioxide-based materials, 
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were run for 10-12 days at 135 °C and 200 °C, respectively and the results were 

compared. 

Flat, straw-yellow crystals of anhydrous α-MoO3 were grown by temperature-

gradient transport in an oxygen atmosphere, by placing a ceramic boat with 2 g  MoO3 · 2 

H2O inside a long quartz glass tube that was fit inside a tubular oven. The temperature in 

the hot region of the tubular oven was set for 700 °C while the cold end of the quartz tube 

was sitting at room temperature. Flat, feather-like crystals of MoO3 were formed at the 

cold end of the quartz tube.  

Nanofibers of anhydrous α-MoO3 were supplied by Mrs. Alejandra Camacho-

Bragado (Dr. Miguel J. Yacaman research group) and were synthesized in acetic acid by 

a solvothermal method, as described in the literature32. 

The anhydrous crystals and nanofibers of orthorhombic molybdenum trioxide 

were subsequently employed in two separate high-temperature experiments, as described 

previously for their hydrated α-MoO3 correspondent.  

2.3.2. Characterization 
 

The heterogeneous microcomposites were further analyzed for their crystal 

structure by powder X-ray diffraction (XRD) run on a D8 Advance (Brucker-Nonius), 

with Cu target operating at 40 kV and 30 mA. Electron microscopy methods were used 

for the characterization of the heterogeneous microcomposites. Scanning electron 

microscopy (SEM) and energy dispersive spectroscopy (EDS) were performed on a LEO 

1530 and operated at accelerating voltages of 1, 2, 5, 10 and 15 kV, while high-resolution 

transmission electron microscopy (HRTEM) was done on a JOEL 2010F instrument, 
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operated at 200 kV. Elemental analysis was performed on some of the heterogeneous 

microcomposites for C, H, N and Mo by Galbraith Laboratories, Inc. The vanadium-

doped molybdenum oxide products had the following compositions by mass: the 135 °C 

sample: 0.52 % C, 0.79 % H, 1.66 % N; the 200 °C sample: 0.77 % C, 0.82 % H, 1.65 % 

N. The crystals of ammonium bicarbonate segregated from the vanadium-doped 

molybdenum dioxide sample were analyzed by single crystal XRD (Nonius Kappa CCD) 

with Mo target and operated at 40 kV and 50 mA. 

 

2.4. RESULTS AND DISCUSSION 
 

The study of the high temperature system pyrrole-molybdenum trioxide 

polymorphs was prompted by research employing virtually identical experimental 

procedures, for the complex interaction pyrrole-layered ceramics with totally reducible 

cations. While in the latter case, 1-D polymer-covered metal nanostructures were 

obtained33, for the current system the reducible cations (Mo6+ and V5+) were expected to 

be reduced to an intermediate oxidation state by the reducing agent, pyrrole. 

Molybdenum dioxide and vanadium-doped molybdenum dioxide microcrystals in a 

polymer container were synthesized by a new method involving a two-stage redox-active 

monomer route that takes advantage of the catalytic activity of the oxide surfaces. The 

related dioxides had virtually identical crystal structures while the three precursors used 

in the process could be subsequently divided in two subgroups of two members each, 

based on their strong similarities in composition and crystal structure, respectively. 

Molybdenum trioxide (orthorhombic and hexagonal forms) and the vanadium-doped (10 
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%, molar) molybdenum trioxide (hexagonal form) were used in the redox process with 

excess pyrrole, and at relatively high temperature (325 °C) and long reaction time (10-12 

days), formed a heterogeneous new type of organic-inorganic microcomposite. Sub-

micron thick platelets of layered hydrated α-MoO3 (orthorhombic lattice, space group 

Pbnm, a = 3.960 Å, b = 13.850 Å and c = 3.695 Å), hexagonal microprisms of h-MoO3 

(hexagonal, P63/m, a = b = 10.570 Å and c = 3.720 Å) and (NH4)0.1V0.1Mo0.9O3 

(hexagonal, P63, a = b = 10.580 Å and c = 3.715 Å) (see Figure 2.1.a) were employed in 

the catalytic process. All three molybdenum trioxide-based oxides reacted with pyrrole 

through two distinct, temperature-dependent redox processes that ultimately lead to the 

formation of the novel type of heterogeneous microcomposites (Figure 2.1.b). During the 

ramp up stage, the catalytically active surfaces of the oxides’ crystals were reduced and a 

30-35 nm-thick polypyrrole amorphous membrane intimately covered the surface, 

encapsulating the grains.  
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Figure 2.1 a. Superimposed powder X-ray diffractograms of the starting materials, the 

hexagonal phases (h-MoO3 in black and (NH4)0.1V0.1Mo0.9O3 in red) and the layered 

orthorhombic α-MoO3 (in blue). The 2θ scale is measured in degrees. 
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Figure 2.1 b. Superimposed powder X-ray diffractograms of the final composites 

synthesized at 325°C, showing the monoclinic MoO2 pattern obtained in all three cases. 

The simulation lines of the monoclinic MoO2 (space group P21/c, a = 5.610 Å, b = 4.857 

Å, c = 5.626 Å and β = 120.912 °) are shown in red. The 2θ scale is measured in degrees. 

 

The amorphous polypyrrole membrane formed a capsule around the crystal grains that 
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the final temperature heat treatment. The surface oxidative radical polymerization of 

pyrrole was due to the defect-based non-stoichiometry of the molybdenum trioxide 

polymorphs and is a characteristic of the crystal surfaces for these MoO3-based materials. 

The layered, orthorhombic molybdenum trioxide has a non-stoichiometric matrix, on the 

surface of which a dynamic equilibrium between the oxygen anions from the lattice and 

the oxygen species in the vapor phase is established. This type of surface electroactive 

microcomposites (Figure 2.2, a through d) was synthesized by the same experimental 

procedure, where the employed final temperatures were 135 °C and 200 °C, respectively 

and no significant crystal structure changes associated with the surface oxidative radical 

polymerization of pyrrole were observed in the diffraction patterns of the materials.  
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Figure 2.2 a. Low magnification scanning electron micrographs of the polypyrrole-

encapsulated platelets of α-MoO3. The heterogeneous microcomposites were formed at 

135 °C. 

 

a
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Figure 2.2 b. High magnification scanning electron micrographs of the polypyrrole-

encapsulated platelets of α-MoO3. The heterogeneous microcomposites were formed at 

135 °C. 

 

 

b 
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Figure 2.2 c. Low magnification scanning electron micrographs of the polypyrrole-

encapsulated regular hexagonal microprisms of (NH4)0.1V0.1Mo0.9O3. The heterogeneous 

microcomposites were formed at 135 °C. 

 

c
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Figure 2.2 d. High magnification scanning electron micrographs of the polypyrrole-

encapsulated regular hexagonal microprisms of (NH4)0.1V0.1Mo0.9O3. The heterogeneous 

microcomposites were formed at 135 °C. 

 

Table 2.1. summarizes the structural findings for the heterogeneous microcomposites 

synthesized at the two intermediate reaction temperatures, 135 °C and 200 °C. The 

vanadium-doped microcomposites formed at these intermediate temperatures had a 

polymer shell to oxide core molar ratio of 0.037 at 135 °C and 0.056 at 200 °C and 

similar values in terms of magnitude were obtained by elemental analysis for the layered 

orthorhombic and hexagonal MoO3 microcomposites. 

d
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Table 2.1.  Unit cell parameter values for the pristine MoO3-based substrates and their 

heterogeneous microcomposites synthesized at 135 °C and 200 °C. The last column 

displays the value for the molar ratio polymer/oxide in the formula unit, as calculated 

from the elemental analysis data. 

0.0563.724 10.550 10.550 200°C

0.0373.714 10.560 10.560 135°C

0.0003.71510.58010.580V0.1Mo0.9O3

N/A3.730 10.540 10.540 200°C

N/A3.730  10.57010.570135°C

0.0003.72010.57010.570h-MoO3

N/A3.700 13.870 3.965 200°C

N/A3.697 13.815 3.959 135°C

0.0003.69513.8503.960α-MoO3

x valuec (Å)b (Å)a (Å)

 

The temperature-dependent small values for the polymer content of the heterogeneous 

microcomposites suggest that the oxidative radical polymerization of polypyrrole was 

more pronounced as the temperature increased, due to an oxide surface activation effect 

and that the organic content of the heterogeneous microcomposites accounted only for the 

surface coverage of the polymer-encapsulated grains. Theoretical calculations for the 

ratio of the number of pyrrole formula units in the polypyrrole membrane to the number 

of formula units of vanadium-doped molybdenum trioxide in the hexagonal microprism 
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crystal were in good agreement with the ratio calculated from the elemental analysis 

results of the sample prepared at 200 °C. For these computations, the vanadium-doped 

heterogeneous microcomposites (see Figure 2.3 a) were considered based on their narrow 

distribution size and highly regular hexagonal prism oxide cores. In this theoretical model 

several approximations were made based on estimative values assigned to specific 

factors. The first approximation considered the starting material as consisting of regular 

hexagonal microprism crystals (Figure 2.3 b) with an average length, L of 11.67 µm and 

an average width, l of 3 µm. This estimation was made by analyzing several scanning 

electron micrographs sampled throughout different parts of the sample. Thus, the total 

volume of the crystal, Vhp, which can be expressed as being equal to (3√3/8)l2L, was 

calculated to be 68.22 µm3. Knowing the unit cell volume, Vuc in this particular case 

equal to 359.1 Ǻ3, the number of unit cells, Nuc can be calculated: Nuc = Vhp / Vuc = 1.90 · 

1011.  Multiplying the number of unit cells that make up the crystal by the occupancy 

factor, Z, i.e. the number of formula units (6) per unit cell, the number of formula units of 

vanadium doped molybdenum trioxide results, in this particular case, 1.14 · 1012.  

The second part of the calculations involves the determination of the number of 

formula units of pyrrole monomer units that compose the polypyrrole chains that form 

the polymer capsule. First, the volume of the polypyrrole membrane can be calculated as 

the product of the surface area Ahp and the thickness t. The thickness t of the polymer 

membrane in these heterogeneous materials was estimated (30 nm) based on high 

resolution transmission electron micrographs of the final heterogeneous 

microcomposites. The volume of the polymer membrane encapsulating the grains was 

calculated to be 8.76 µm3 and an arbitrary value of 0.90 g / cm3 for the density of 
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polypyrrole was taken in account. The value was based on observations made in a 

different experiment where these heterogeneous microcomposites were used to form a 

suspension in a water-based solution and polypyrrole membrane fragments formed 

aggregates floating on the surface of the liquid phase. This arbitrary assigned value is 

different from the literature listed value7 of 1.44 g / cm3 for the density of thin films of 

polypyrrole and depends on the morphology of the polymer, the precise chemical 

environment in which the polymer moiety was produced and the employed synthesis 

method. The mass of polypyrrole thus calculated can be converted into number of moles 

of pyrrole by division to the molar mass of the monomer (67.09 g / mol). The calculation 

may be enforced only if one considers a polypyrrole chain of length n as being formed of 

a sum of n individual, unconnected pyrrole units. Having the pyrrole number of moles, 

multiplication by Avogadro’s number returns the number of pyrrole molecules (formula 

units) that make up the polypyrrole membrane, in this particular case, 7.05 · 1010 

molecules. Dividing this number by the previously calculated number of formula units of 

oxide component, returns a value of 0.064, very close to the 0.056 ratio obtained for the 

heterogeneous microcomposite prepared at 200 °C.  

Thus, this theoretical method demonstrates that the polymer content of the 

heterogeneous microcomposite accounted only for the surface coverage of the oxide 

grains. 
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Figure 2.3 a. Low magnification scanning electron micrograph of the heterogeneous 

microcomposites synthesized at 135 °C from the (NH4)0.1V0.1Mo0.9O3 precursor, showing 

a relatively low size distribution of the hexagonal micro-prismatic crystals. 

 

a
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Figure 2.3 b. Artwork depicting the geometrical parameters of the theoretical model 

(lower left column) and the two components of the volume occupied by polypyrrole 

membrane in the case of the regular hexagonal microprism (lower right column). 

 

 The grayish-blue color of the intermediate microcomposites was indicative of 

mixed valence (Mo5+/ Mo6+) molybdenum bronze formation on the surface layers of the 

grains, according to Equation 2.1 and 2.2. During this stage, the surface V5+ doping 

species were subsequently reduced to V4+.  

b 
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( 2n-2 ) Mo6+
(surface)  +   n  C4H5N      →      ( 2n-2 ) Mo5+

(surface)   +    H-(C4H3N)n-H   +     

( 2n-2 ) H+  (2.1) 

( 2n-2 ) H+   +   ( n-1 ) O2-
(surface)    →     ( n-1 ) H2O   (2.2) 

 

In the vapor phase, pyrrole polymerized through an oxidative radical mechanism, but the 

pyrrole’s low basicity prevented the monomer intercalation and the subsequent in situ 

polymerization in the layered matrix of α-MoO3. The aromatic character of the pyrrole 

molecule explains this particular chemical behavior extensively. The main electronic 

feature of the heterocycle is the ability of the nitrogen’s lone pair of p electrons to 

delocalize and get conjugated with the π electrons of the system. This, in turn, leads to 

low basicity of the molecule, and implicitly, a low tendency to employ the lone pair of 

electrons for redox intercalation in reducible layered lattices. The other face of the 

delocalization of the nitrogen’s p electrons is the pyrrole’s ability to polymerize through 

the radical oxidative mechanism which is based on extensive delocalization and 

conjugation of the π and p electrons. While in both cases the pyrrole molecule acts as a 

partial and total electron donor, respectively, polymerization is highly favored and this 

explains the low tendency of pyrrole to intercalate in layered lattices in the absence of in 

situ reducible cations (Cu2+, Fe3+, etc.) in the van der Waals gap of these materials. 

Concurrent to these particularities based on the chemical behavior of the pyrrole 

molecule is the high reactivity of the oxide surface towards partial reduction of the Mo6+ 

centers. The hexagonal phases can not intercalate pyrrole molecules due to the 

geometrical strain induced by the small diameter of the channels (3.3 Å).  
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 At higher temperature of reaction (325 °C), the redox process switched to the total 

oxidation of the C atoms of the excess monomer molecules, with subsequent formation of 

ammonia (Equation 2.3). During this stage, the excess pyrrole molecules reached the 

surface of the oxide microcrystals due to the permeability of the rigid, amorphous 

polypyrrole membrane formed throughout the ramp-up stage. 

 

 
9 MoO3  +  C4H5N    →    9 MoO2  +  4 CO2  +  NH3  +  H2O           (2.3) 

 
 
 
In each case, the oxide core of the three different microcomposites got converted to the 

molybdenum dioxide monoclinic form (see Figures 2.4 and 2.5) and, while the 

(NH4)0.1V0.1Mo0.9O3 precursor formed the V0.1Mo0.9O2 polymer-covered microcomposite, 

(NH4)HCO3 white crystals segregated from the heterogeneous microcomposite as 

byproducts (not shown). The formation of the ammonium bicarbonate crystals was most 

probably initiated by the ammonium ions present in the channels of the highly similar 

structures of the two highly porous hexagonal substrates, h-MoO3
34 and 

(NH4)0.1V0.1Mo0.9O3.  
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Figure 2.4 a. Low magnification scanning electron micrograph of the heterogeneous 

microcomposites obtained at 325°C in which microcrystals of monoclinic MoO2 derived 

from the former micro-platelets of α-MoO3 are shown inside the polymer box. The 

morphology of the former substrate can be still noticed in the cores of the heterogeneous 

microcomposites. 

 

a 
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Figure 2.4 b. Low magnification scanning electron micrograph of the heterogeneous 

microcomposites obtained at 325°C in which microcrystals of monoclinic MoO2 derived 

from the former micro-platelets of α-MoO3 are shown inside the polymer box. The 

morphology of the former substrate can be still noticed in the cores of the heterogeneous 

microcomposites. 

 
 

b 
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Figure 2.4 c. High magnification scanning electron micrograph of the heterogeneous 

microcomposites obtained at 325°C in which microcrystals of monoclinic MoO2 derived 

from the former micro-platelets of α-MoO3 are shown inside the polymer box. The 

morphology of the former substrate can be still noticed in the cores of the heterogeneous 

microcomposites. 

 

c 
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Figure 2.4 d. High magnification scanning electron micrograph of the heterogeneous 

microcomposites obtained at 325°C in which microcrystals of monoclinic MoO2 derived 

from the former micro-platelets of α-MoO3 are shown inside the polymer box. The 

morphology of the former substrate can be still noticed in the cores of the heterogeneous 

microcomposites. 

 

The hexagonal phases are stable up to 400 °C, when they get converted to the 

thermodynamically stable orthorhombic phase and in the process, release the ammonium 

ions. The absence of the hexagonal to orthorhombic transition was noticed in 

diffractograms where the initial hexagonal phase and the final monoclinic lattice were 

d 
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simultaneously present due to an incomplete conversion of the initial vanadium-doped 

molybdenum trioxide substrate.    

The complete transition from layered orthorhombic trioxide to monoclinic dioxide 

is theoretically accompanied by volume shrinkage of about 35%, while the structural 

conversion from the hexagonal trioxide phases to the monoclinic dioxides leads to a 

volume reduction of circa 45%, in both cases. The computations take into account the 

volume of the unit cell and the occupancy factor for each of the orthorhombic and the two 

hexagonal lattices of the starting materials, and the same parameters for the monoclinic 

lattice of the final product. The total oxidation of pyrrole over the molybdenum trioxide 

substrates of different crystalline phase and morphology thus offered the possibility to 

synthesize molybdenum dioxide crystals of various sizes and shapes, directly depending 

on the dimensions and morphology of the initial molybdenum trioxide-based crystals. 

The size of the final molybdenum dioxide crystals was directly dependent on the 

dimension of the initial trioxide crystals through the relationship given by the ratio of the 

two structurally different unit cell volumes (orthorhombic vs. monoclinic and hexagonal 

vs. monoclinic, respectively) and the number of formula units per unit cell (occupancy 

factor) in each of the three cases. Thus, this method may be used to engineer nanocrystals 

of molybdenum dioxide by controlling the size of the crystals for the starting 

molybdenum trioxide-based crystals and can accurately predict the dimension of the 

molybdenum dioxide cores just by inspecting the size of the crystals for the initial 

molybdenum trioxide structures. 
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Figure 2.5 a. Scanning electron micrograph taken at low magnification of the 

heterogeneous microcomposites showing the microcrystals of V0.1Mo0.9O2. The 

precursors of the polymer-confined dioxide microcrystals were the regular hexagonal 

microprisms of (NH4)0.1V0.1Mo0.9O3. 
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Figure 2.5 b. Scanning electron micrograph taken at low magnification of the 

heterogeneous microcomposites showing the microcrystals of V0.1Mo0.9O2. The 

precursors of the polymer-confined dioxide microcrystals were the regular hexagonal 

microprisms of (NH4)0.1V0.1Mo0.9O3. 
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Figure 2.5 c. Scanning electron micrograph taken at high magnification of the 

heterogeneous microcomposites showing the microcrystals of V0.1Mo0.9O2. The 

precursors of the polymer-confined dioxide microcrystals were the regular hexagonal 

microprisms of (NH4)0.1V0.1Mo0.9O3. 
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Figure 2.5 d. Scanning electron micrographs taken at high magnification of the 

heterogeneous microcomposites showing the microcrystals of MoO2. The precursors of 

the polymer-confined dioxide microcrystals were the irregular hexagonal microprisms of 

h-MoO3. 

 

Smaller crystals of (NH4)0.1V0.1Mo0.9O3 were synthesized by fast cooling of the incipient 

colloidal suspension that preceded the formation of crystals (Figure 2.6 a) and were 

subsequently used for the formation of submicron-sized crystals of the heterogeneous 

composite product (Figure 2.6 b). The smaller hexagonal microprisms crystals of the 

precursor were presenting a relatively high density of twinning defects that were probably 

d 
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present due to the kinetics of the crystal nucleation. Comparison of the sizes of the 

hexagonal microprisms of (NH4)0.1V0.1Mo0.9O3 in Figures 2.6 a, and 2.2 d clearly shows 

the different dimensions of the crystals in the two situations. 

 

 

 

Figure 2.6 a. Scanning electron micrograph of the smaller, more defective 

(NH4)0.1V0.1Mo0.9O3 hexagonal microprisms. 
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Figure 2.6 b. Scanning electron micrograph of the product obtained at 325 °C, the 

V0.1Mo0.9O2–based heterogeneous microcomposite. 

 

  The SEM analysis proved to be an invaluable tool for analyzing the 

heterogeneous microcomposites (Figure 2.7) and images taken at different acceleration 

voltages showed details of the polymer membrane and the oxide core. At low 

acceleration voltages (1-2 kV), the 30 nm polymer membrane was opaque to the high-

energy electrons and small cracks in the polymer membrane could be noticed at high 

magnification. In the micrograph taken at an acceleration voltage of 1 kV, the black 

arrow points towards a missing portion of the polymer membrane, while the white arrow 

b 
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is indicating the exposed oxide core. At higher voltages (5-10 kV), the dense oxide core 

and the void spaces inside the polymer box became visible in great detail, while the 

polymer membrane became almost transparent for the high energy electrons. At even 

higher values of the acceleration voltage (15 kV) the polymer membrane softened itself 

and displayed plastic behavior. Cracked and incomplete polymer membranes of the 

heterogeneous microcomposites showed that the material exhibits internal voids that were 

formed during the core shrinking process that accompanied the structural conversions 

from orthorhombic and hexagonal trioxide lattices to the monoclinic dioxide ones. 
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Figure 2.7. Scanning electron micrographs taken at increased acceleration voltages (left 

to right: upper row, 1, 2 kV, lower row, 5 and 10 kV) showing details of the rigid, 

amorphous polymer membrane and the vanadium-doped molybdenum dioxide core). 

 

The heterogeneous microcomposites were crushed with mortar and pestle and showed 

separation of the rigid polymer membrane from the dioxide’s surface. The high degree of 
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rigidity for the polymer membrane was probably due to the strain induced during the 

polymerization on the surface of the oxide grains and the simultaneous high temperature 

treatment of the microcomposites. Partial oxidation of the polypyrrole membrane may 

have happened under the reaction circumstances. The amorphous, rigid polymer 

membrane (Figure 2.8) appeared to act as a separation barrier towards the possible 

aggregation of the dioxide crystals during the reduction process and was permeable to the 

vapor phase molecular species that reached or departed the catalytically active surface of 

the trioxide core. The oxide core displayed rugged (Figure 2.8.a and 2.8.c) and smooth 

(Figure 2.8.b and 2.8.d) surfaces and this observation may help differentiate between the 

catalytically-active planes and the passive ones. 
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Figure 2.8. High magnification transmission electron micrographs (a through d) of the 

polymer-encapsulated V0.1Mo0.9O2 microcrystals, in which the 30-35 nm-thick 

amorphous, rigid polymer membrane is visible. The catalytically-active surfaces were 

distinguished by their rugged surface, specific to substrates in heterogeneous catalysis. 

 

In terms of the probable catalytical mechanism involved in the reduction of the 

initial substrates to the dioxide form, the thermodynamically stable orthorhombic 

a b

c

d



 47

molybdenum trioxide has been known to catalyze selective and total oxidation of 

alkenes35,36 in the form of promoted or unpromoted catalysts, both in the supported and 

unsupported forms. The two different oxidation routes are parallel, competing processes 

that are kinetically controlled (the selective route) and thermodynamically controlled (the 

non-selective route), respectively. In the case of the aromatic monomer, the MoO3-based 

polymorphs act both as catalysts and oxygen sources for the total oxidation of the 

molecule, as it was revealed by the formation as a byproduct, of the segregated 

ammonium bicarbonate crystals. In the absence of other carbon sources, the total 

oxidation of pyrrole is the most likely route, but formation of other stable, reaction 

intermediates cannot be entirely overruled. The total oxidation of the monomer’s carbon 

atoms proceeded most probably, through an electrophilic oxidation mechanism in which 

activated oxygen species (O- and O2
-) and adsorbed oxygen molecules from the oxide 

surfaces attacked the aromatic, electron rich C=C system37-40. The electron-deficient 

oxygen species were probably formed at the surface of the oxides, due to the intrinsic 

non-stoichiometric nature of molybdenum trioxide lattices and at relatively high 

temperatures, the surface defects were able to penetrate into the bulk oxide. As the 

reduction on the surface of the oxide grains proceeded, the bulk concentration of oxygen 

vacancies increased to the extent that they aggregated into shear planes, which at higher 

temperatures got converted into crystallites of Mo4O11 and, subsequently MoO2. During 

this chain of events, the electrons released by the formation of O vacancy may have 

localized on the Mo6+ and V5+ centers of the bulk, thus reducing the metal centers to 

intermediate oxidation states. The proposed potential mechanism for the total oxidation 

of pyrrole is presented in Figure 2.9 as a consecutive sequence of probable intermediates, 
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and is similar to other known mechanisms for the oxidation of pyrroles41-43 with various 

oxygen sources.  
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Figure 2.9. Mechanism proposed for the total oxidation of pyrrole on the catalytically 

active surface of the molybdenum trioxide-based microcomposites. Probable 

intermediates for the mechanism’s pathway are denoted by numbers. 

 

The proposed reaction pathway is analogous with the sequence of steps in the industry-

applied mechanism of oxidation for another aromatic system, benzene, on V2O5-MoO3 

catalytic substrates44. It involves the formation, in the first stage, of an endo-peroxide 

intermediate (1) which upon homolytic breakage of the peroxo bond formed a highly 

reactive diradical (2). The endo-peroxide formation is characteristic for aromatic systems 
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and conjugated polyenes. Internal rearrangement or reaction with the water present in the 

system, led to 5-hydroxy-pyrrolin-2-one (3) and this was subsequently oxidized to the 

maleimide (4). Homolytic splitting of the sp2 C single bonds enabled the formation, under 

oxidative conditions, of the dicarbamate anhydride (5) and acetylene. The latter reacted 

with the water vapors and was subsequently fully oxidized to carbon dioxide and water.  

Hydration of 5 formed the dicarbamate (6) which is an unstable compound that readily 

decarboxylated to carbon dioxide and ammonia. The latter product is stable in this 

oxidative type of environment, and is industrially used in the selective ammoxidation 

reactions40 for the purpose of nitrile formation. The lack of selectivity in the total 

oxidation of pyrrole on molybdenum trioxide polymorphs surfaces may be influenced by 

the presence of water molecules in the system, either from the catalytic pathway as 

byproducts, or as initial water of hydration in the catalytic substrates.  

In the case of the layered α-MoO3 the total oxidation of pyrrole seemed to happen 

on the basal ( 0 1 0 ) plane and involved rearrangement of the structure through the 

shrinkage along the ( 1 0 0 ) and ( 0 0 1 ) planes. The SEM images (see Figure 2.4) show 

that the shrinkage of the grains occurred in an unsymmetrical way, in most of the cases 

only the lateral sides of the initial platelets shrank and this phenomenon may be attributed 

to the migration of the oxygen anions from that particular planes towards the basal plane, 

where the oxidation of the organic moiety occurred. Some platelets displayed porosity 

centered on the basal plane and that may be associated with a delay in the replenishment 

of the ( 0 1 0 ) plane with the oxygen species involved in the total oxidation of the 

pyrrole. Interesting and importantly for the hexagonal phases, no apparent particular 

orientation for the shrinkage was noticed, probably due to the higher symmetry of the 
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oxide, the high porosity of the initial structure and the large decrease in volume (45%) 

associated with the structural transition to the final oxide. The catalytically active 

surfaces of the hexagonal polymorphs were most likely the lateral surfaces of the grains 

and the supply of oxygen species involved the bulk of the grains, as the shrinkage of the 

structure seemed to advance towards the main axis of symmetry of the crystal grains (see 

Figure 2.5). In the particular case of the hexagonal (NH4)0.1V0.1Mo0.9O3 · 0.2 H2O and h-

MoO3 phases, the presence of ammonium ions and water molecules in their original 

structures, seeded the formation of ammonium bicarbonate crystals, which were formed 

as a byproduct of the total oxidation of pyrrole. The loss of ammonium ions occurred 

during the transition from the hexagonal lattice to the monoclinic phase. 

Two more sets of experiments were performed, in which anhydrous α-MoO3 

substrates with different morphologies were employed. Flat, feather-like straw-yellow 

anhydrous crystals of orthorhombic MoO3, with a strong preferred orientation along the 

stacking-up ( 0 k 0 ) direction, led at 325 °C to a similar type of polymer-encapsulated 

heterogeneous microcomposites (Figure 2.10) as in the case of their micron-sized pellets 

counterparts. One important difference was noticed for thin, exfoliated lamellae and 

consisted of apparent complete polymer embedding of the resulted crystals of monoclinic 

MoO2.  
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Figure 2.10 a. Powder X-ray diffraction pattern of the monoclinic MoO2 pattern for the 

heterogeneous microcomposite of α-MoO3 crystals with pyrrole at 325 °C. It is worth 

noting that the different relative intensity of the three main peaks compared to the same 

pattern in Figure 2.1b, is due to the highly preferred orientation of the initial substrate. 

The 2θ scale is measured in degrees. 
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Figure 2.10 b. Scanning electron micrograph of the polymer-embedded molybdenum 

dioxide microcrystals. The layered nature of the initial substrate is apparent in the 

micrograph. 

 

b 
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Figure 2.10 c. Scanning electron micrograph of the polymer-embedded molybdenum 

dioxide microcrystals. The layered nature of the initial substrate is apparent in the 

micrograph. 

 

The flat, feather-shaped crystals of orthorhombic MoO3 had the highest surface ( 0 1 0 ) / 

( 1 0 0 ) and ( 0 1 0 ) / ( 0 0 1 ) ratios from all the morphologically different α-MoO3 

substrates that were employed in the study. One of the direct consequences of the mica-

type layered structure of the α-MoO3 crystals was the exfoliation that occurred when the 

c 
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polymer matrix encapsulated the individual layers of the crystals (Figure 2.11). The 

absence of hydrogen-bonded water molecules in the interlayer gap of the layered 

substrate may have facilitated the polymer-embedding of the layers and their subsequent 

exfoliation into nano-thick layers of polymer-embedded flat microcrystals of monoclinic 

MoO2.  

 

 

 

Figure 2.11. Scanning electron micrograph of the exfoliated nano-thick layers of 

polymer-embedded flat microcrystals of monoclinic MoO2.  The approximate thickness 

of the layers is estimated to 300 nm. 

 

 Controlled growth of the polycrystalline α-MoO3 may lead to orthorhombic, flat, 

and highly oriented along the stacking direction crystals, formed by the successive 
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deposition of nano-thick stacked layers that in turn, would lead to individual polymer-

embedded microcrystals of monoclinic MoO2 with approximately the same thickness. 

This way, nano-thick “rugs” of polymer-embedded MoS2 may be synthesized by the 

subsequent controlled sulfurization of the dioxide precursor and may further lead to a 

high-surface area material, highly attractive in the heterogeneous catalysis process of 

crude oil hydrodesulfurization. 

Flat, anhydrous α-MoO3 nanofibers (Figure 3.3c) with preferred orientation along 

the ( 0 k 0 ) direction (Figure 3.1a) were employed as substrates for the catalytic total 

oxidation of pyrrole at high temperature.  The conversion to the monoclinic structure of 

MoO2 was only partially realized, while the dominant phase belonged to an unidentified 

crystalline intermediate that presented a d-spacing value of 6.1 Å (Figure 2.12a). The 

final product was in the form of rigid blocks of a polymer-embedded oxide nanofibers 

heterogeneous microcomposite (Figure 2.12b, c) that partially resembled the structure 

obtained in the case of the morphologically-related case of molybdenum trioxide crystals. 

The reduced dimensions of the catalytically active ( 0 k 0 ) faces were most probably the 

main factor responsible for the kinetics of the total oxidation process.  
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Figure 2.12 a. Polyphase powder X-ray diffractogram, showing the incipient pattern of 

the monoclinic MoO2 pattern ( * ) and of the dominant crystalline pattern of a reduction 

intermediate for the heterogeneous microcomposite of anhydrous α-MoO3 nanofibers 

formed with pyrrole at 325°C. The 2θ scale is measured in degrees. 

 * 

*

 
* 
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Figure 2.12 b. Scanning electron micrograph showing the polymer-embedded 

molybdenum oxide nanofibers. 

 

 

b
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Figure 2.12 c. Scanning electron micrograph showing the polymer-embedded 

molybdenum oxide nanofibers. 

 

2.5. CONCLUSIONS 
  

A novel type of heterogeneous polymer-metal oxide microcomposites were 

synthesized through a temperature-dependent two-step redox process. In the first step, the 

redox active, non-stoichiometric surface of the oxide grains was partially reduced during 

the oxidative radical polymerization process of pyrrole so as to form a 30-35 nm thick 

amorphous, permeable polypyrrole membrane that covers the surface encapsulating the 

c
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grains. The polymeric moiety adhered tightly to the oxide grains surface, forming a 

permeable coating for the excess monomer molecules. At higher temperatures, the highly 

defective surface of the trioxides became catalytically active towards the total oxidation 

of the carbon atoms in the excess pyrrole monomers, most probably, through an 

electrophilic oxidation mechanism. The initial trioxide crystals decreased in their 

dimensions, as predicted by the crystalline lattice transformations, in each of the two 

distinct phase conversions (about 35% for the orthorhombic to monoclinic structural 

transition and around 45% for the hexagonal to monoclinic phase shift). The shrinkage of 

the initial oxide grains was substantiated by the loss of lattice oxygen, which was the only 

oxygen source for the total oxidation of the monomer molecules. Both initial crystalline 

modifications underwent the same synthetic routes to reach the final, identical monoclinic 

structures of MoO2 and V0.1Mo0.9O2. The reaction pathway was influenced by 

temperature and the phase morphology, while presence of doping electroactive V5+ 

centers and lattice type did not influence in a relevant way. Anhydrous, orthorhombic 

molybdenum trioxide in the crystal form led to polymer-embedded molybdenum dioxide 

heterogeneous microcomposites with lower conversion rates and longer reaction times. 

The “metal oxide in a polymer box” heterogeneous microcomposites represent the 

first examples of an entirely new class of composites, in which a metal oxide core 

partially occupies the initial substrate volume delimitated by a rigid, permeable polymer 

shell. The total oxidation of pyrrole on molybdenum trioxide polymorphs can offer 

further insight into the catalytic activity of the particular crystallographic planes of the 

substrates towards the total oxidation of the π-systems. The preservation of the size and 

shape of the polymer box throughout the experiment is crucial for theoretical studies of 
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the crystallographic planes catalytically active in the oxidation process. Design of 

experiments in which the oxide grains are, in a first phase, intimately coated by a nano-

thick membrane of polypyrrole at 135°C, followed by monomer feed suppression and 

switch to alkene, polyene or arene new feed, in temperature and external oxygen, 

selective or non-selective catalytic conditions, may help better understand the particular 

influence of the catalytically active crystallographic planes of the substrate. This new 

synthetic route offers good perspectives for synthesizing nano-engineered precursor 

composites in practical applications of MoO3-based materials, like hydrodesulfurization 

heterogeneous catalysis, chemical sensing, electroactive materials, nanostructured 

metallic catalysts, etc.  
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CHAPTER 3 

 

TEMPLATELESS, ROOM-TEMPERATURE SYNTHESIS OF 1-D 

NANOFIBERS OF A NOVEL TERNARY OXIDE IN THE AG-MO-O 

SYSTEM 

 

3.1. ABSTRACT 
 

A novel nanostructured ternary oxide in the system Ag-Mo-O was synthesized by a 

templateless, room-temperature procedure, in which a large excess of Ag+ impregnated 

various MoO3 polymorph porous substrates. The method may represent the simplest and 

most inexpensive ever reported experimental procedure for the synthesis of a 1-D 

nanostructured material. The mechanism of formation for these 1-D nanostructured 

ternary oxides most likely involves a deconstruction-reconstruction sequence of phases 

and leads to the same nanostructured final material, regardless of the structure and 

morphology of the initial molybdenum trioxide polymorph. Formation of the novel silver 

molybdate in the 1-D nanostructured morphology is most likely due to the high 

anisotropy of the material. Reduction of the Ag-Mo-O nanofibers by the pyrrole’s 

oxidative polymerization leads to polymer-covered heterogeneous nanocomposites that 

have different structures, depending on the pyrrole phase and polymerization 

temperature. This inexpensive, simple method has potential application towards the 
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synthesis of ternary nanostructured oxides for other substrates of interest, attractive in 

areas like heterogeneous catalysis, energy storage, chemical sensing, etc.  

 

3.2. INTRODUCTION 
 

 One-dimensional oxide nanostructures have attracted considerable interest during 

the recent years, based on their important size and shape effects that have potential 

applications in technologies driven towards miniaturization1,2. Important physical 

characteristics such as mechanical, optical, magnetic and electronic properties or 

chemical reactivity are dependent on the size and the shape of the material3. The arrival 

of the new era of nanostructured materials happened at a time when well-defined 

applications have already been in place for their micron-sized grain counterparts, in 

various areas of materials science such as heterogeneous catalysis4, energy conversion 

and storage devices5 like rechargeable batteries6,7 and fuel cells8,9, chemical sensing10, 

microelectronics11, optoelectronic materials12, etc. 

 Various methods for the 1-D anisotropic growth of nanostructures (nanotubes, 

nanorods, nanowires, nanobelts and nanofibers) have been used so far, and amongst 

them, the carbon nanotubes13 and porous alumina template-directed growth14, the vapor-

liquid-solid and vapor-solid procedures15 and the hydrothermal16 methods are the most 

encountered ones. In this chapter is described what is most likely to be the simplest and 

least inexpensive yet reported method to synthesize a 1-D nanostructure, in the present 

case, nanofibers of a ternary metal oxide belonging to the Ag-Mo-O system. It is 

predicted that the probable highly anisotropic17-19 crystal structure of this ternary oxide 
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favored the 1-D growth and thus, it is likely that the material possesses a chain-like 

structure, similar or related to the one known for Ag2Mo2O7
20,21. Substrates consisting of 

different polymorphs of molybdenum trioxide (orthorhombic and hexagonal phases), 

doped (10 % molar V) and undoped, and orthorhombic MoO3 in different morphologies 

(micron-sized platelets and nanofibers, respectively) led to the same 1-D nanostructured 

ternary oxide under identical experimental conditions. The templateless room-

temperature procedure is based on the impregnation of the molybdenum trioxide-based 

substrates with a high excess of Ag+ cations from a silver nitrate aqueous solution and 

likely involves cycles of deconstruction-reconstruction through which the final 

nanostructured material is obtained. Moreover, under reduction conditions promoted by 

the surface oxidative polymerization of pyrrole, the 1-D nanofibers formed 

heterogeneous nanocomposites that had variable structure, depending on the 

polymerization temperature and the monomer’s phase.  

 

3.3. EXPERIMENTAL 

3.3.1. Synthesis 
 

In each of the 4 different MoO3 polymorph substrates cases, 0.005 mol substrate 

was impregnated with a 110 mL solution 0.5 M of AgNO3 (99.9 %-Ag, Strem 

Chemicals). The resulted suspension was placed in a 250 mL round bottom flask under 

inert atmosphere (N2) and stirred for 10 days at room temperature.  The new precipitate 

was then filtered off by water suction and washed several times with distilled water. The 

dry precipitate was left to dry in air at ambient temperature. In the case of the 
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heterogeneous nanocomposites made by the vapor phase polymerization of pyrrole, about 

1.0 g of the ternary oxide was sealed in an evacuated (50 mTorr) house-made Pyrex 

ampoule with 1.4 mL freshly purified pyrrole (99 %, Acros Organics, b.p. 128.9 °C). The 

ampoules were then placed in a regular oven and ramped up (20 °C / hour) to the final 

temperature (140, 175 and 325 °C) where they dwelled for 12 days before being ramped 

down (20 °C / hour) to the ambient temperature. The excess pyrrole was eliminated by 

drying the products under vacuum (50 mTorr) at room temperature for 30 minutes. In the 

case of the liquid phase polymerization of pyrrole, about 1.0 g of the ternary oxide was 

placed in a 250 mL round bottom flask and stirred under dry nitrogen atmosphere with a 

mixture of 25 mL dry acetonitrile (99.9 %, Acros Organics) and 25 mL freshly purified 

pyrrole. The reaction was kept for 5 days at room temperature, before being ramped up to 

50 °C, where after another 3 more days, again, no change in color had been noticed. The 

reaction was then heated up to 95 °C and gradually, the initial pale yellow color changed 

to black, and after 5 days the reaction was stopped and the precipitate filtered off and 

washed several times with dry acetonitrile before being left to dry in air. In all cases, 

pyrrole was purified by passing through a column packed with activated alumina. The 

MoO3 polymorphs were prepared as described in section 2.3.1., while the MoO3 

nanofibers were supplied by Mrs. Alejandra Camacho-Bragado (Dr. Miguel J. Yacaman 

research group) and were synthesized in acetic acid by a solvothermal method, as 

described in the literature22,25. 

 

3.3.2. Characterization 
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The ternary oxide nanofibers and the heterogeneous nanocomposites were 

analyzed for their crystal structure by powder X-ray diffraction (XRD) run on a D8 

Advance (Brucker-Nonius), with Cu target operated at 40 kV and 30 mA. The step size 

of the 2θ sweep was 0.05 °. Scanning electron microscopy (SEM) and X-ray energy 

dispersive spectroscopy (EDS) were performed on a LEO 1530 and operated at 

accelerating voltages of 1, 2, 5, 10 and 15 kV, respectively. High magnification 

transmission electron microscopy (TEM) was done on a HRTEM JEOL 2010F 

instrument, operated at 200 kV. X-ray photoelectron spectroscopy (XPS) survey scans for 

the two analyzed samples were performed on a PHI ESCA System with Mg Kα 

monochromatic radiation. Elemental analysis was done by Galbraith Laboratories and the 

returned compositions were: 41.95 % Ag and 35.85 % Mo for the ternary oxide 

nanofibers and 28.8 % Ag, 24.40 % Mo, 19.33 % C, 6.05 % N and 2.15 % H for the 

heterogeneous nanocomposite. 

 

3.4. RESULTS AND DISCUSSION 
 

 The vanadium-doped hexagonal phase of molybdenum trioxide has the highest 

degree of porosity among the other known MoO3 polymorphs, the orthorhombic α-MoO3 

and the two monoclinic phases, β- and βٰ- MoO3. It is thus, an attractive material for 

insertion of small cationic species in the channels formed by the uniquely interconnected 

metal-oxygen octahedra. Attempts to insert Ag+ ions into the 3.3 Å wide channels of the 

tunnel-like structure23,24 of (NH4)0.1V0.1Mo0.9O3.0 (hexagonal, space group P63, a = b = 

10.580 Å and c = 3.715 Å) led to the unexpected formation of a new phase in the ternary 
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system Ag-Mo-O. The experimental procedure was then repeated for the hexagonal phase 

of MoO3 (space group P63/m, a = b = 10.570 Å and c = 3.720 Å) and the layered 

orthorhombic MoO3 (space group Pbnm, a = 3.960 Å, b = 13.850 Å and c = 3.695 Å), the 

latter in micron-sized platelets and nanofiber morphologies, respectively. Figure 3.1a, b 

shows the diffractograms of the starting materials (the orthorhombic phase in the two 

different morphologies-a, the hexagonal phases-b) and of the final products (c) obtained 

for the four different impregnation substrates. It is relevant to notice that, not 

surprisingly, the most crystalline nanostructured ternary oxide moiety was obtained in the 

case when the impregnated precursor was the orthorhombic MoO3 nanofibers. This may 

be explained by the greater ease in the impregnation, deconstruction and recombination 

of a substrate with analogous nanofiber morphology, when compared to compositionally-

related substrates consisting of micron-sized crystals. 
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Figure 3.1 a. Powder X-ray diffractograms of micron-sized platelets (black) and 

nanofibers (red) of orthorhombic α-MoO3. The 2θ scale is measured in degrees. 

 

a 
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Figure 3.1 b. Powder X-ray diffractograms of hexagonal (NH4)0.1V0.1Mo0.9O3 (blue) and 

hexagonal MoO3 (green). The 2θ scale is measured in degrees. 

 

b



 73

Li
n 

(C
ps

)

0

100

200

300

400

500

2-Theta - Scale
4 10 20 30 40 50 60

 

 

Figure 3.1 c. Powder X-ray diffractograms of the final product obtained from the four 

different substrates, in the colors corresponding to the four different impregnation 

substrates. The 2θ scale is measured in degrees. 

 

Formation of the same 1-D nanostructured material in the system Ag-Mo-O from 

different crystalline phases and morphologies of molybdenum trioxide indicates that, 

under the reaction’s simple experimental conditions, the silver ions form a unique new 

combination with the building blocks of the substrates, the MoO6 octahedra. Attempts to 

c 
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match the crystalline pattern of the nanofibers with the lattices of other two similar silver 

molybdates26, the anorthic triclinic phases Ag2Mo2O7 and Ag6Mo10O33, did not return 

positive matches and led to the conclusion that this novel nanostructured material is a 

new distinct phase in the Ag-Mo-O system. A triclinic unit cell with a = 6.764 Å, b = 

20.224 Å, c = 3.990 Å and α = 95.17 °, β = 101.83 °, γ = 83.85 ° and V = 529.8 Å3 was 

matched for the new 1-D nanostructured ternary oxide crystalline phase. 

The templateless formation of the ternary oxide nanofibers was realized at room 

temperature, by impregnation of each of the MoO3 polymorphs with a ten fold molar 

excess of Ag+ (aqueous solution), in relation to the Mo6+ (Mo6+ and V5+) content, of the 

substrates. Scanning electron micrographs of the ternary oxide nanofibers revealed that 

the morphology of the entire material consisted of high aspect ratio rod-like nanofibers 

that aggregate into bundles (Figure 3.2a and b). When the nanofibers were exposed to the 

high-energy electron beam from short distances, they developed on the backbone small 

(5-10 nm) almost spherical nanoparticles (Figure 3.2c and d). The cross section of the flat 

nanofibers was roughly rectangular, with their width within the range 30 to 100 nm, 

while the length easily reached over 10 microns. 
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Figure 3.2 a. Scanning electron micrograph of the Ag-Mo-O nanofibers taken at low 

magnification. 

 
 

a 
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Figure 3.2 b. Scanning electron micrograph of the Ag-Mo-O nanofibers taken at 

relatively low magnification. 

 

b 
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Figure 3.2 c. Scanning electron micrograph of the Ag-Mo-O nanofibers taken at 

relatively high magnification. 

 

 

c 
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Figure 3.2 d. Scanning electron micrograph of the Ag-Mo-O nanofibers taken at high 

magnification. 

 

The structural and morphological diversity of the employed MoO3-based 

substrates is presented in Figure 3.3 which shows scanning electron micrographs of the 

Ag+ impregnated substrates: the microplatelets of orthorhombic MoO3 (a), the irregular 

microprisms of hexagonal MoO3 (b), the regular microprisms of hexagonal 

(NH4)0.1V0.1Mo0.9O3 (c) and the nanofibers of orthorhombic MoO3 (d).  

d 
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Figure 3.3 a. Scanning electron micrograph of the layered orthorhombic microplatelets 

of MoO3 that were impregnated with a large molar excess of Ag+ and led to the same 1-D 

nanostructured silver molybdenum oxide.  

 

a 
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Figure 3.3 b. Scanning electron micrograph of the hexagonal irregular microprisms of 

MoO3 that were impregnated with a large molar excess of Ag+ and led to the same 1-D 

nanostructured silver molybdenum oxide.  

 
 

b
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Figure 3.3 c. Scanning electron micrograph of the hexagonal regular microprisms of 

(NH4)0.1V0.1Mo0.9O3 that were impregnated with a large molar excess of Ag+ and led to 

the same 1-D nanostructured silver molybdenum oxide.  

 

c 
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Figure 3.3 d. Scanning electron micrograph of the flat nanofibers of α-MoO3 that were 

impregnated with a large molar excess of Ag+ and led to the same 1-D nanostructured 

silver molybdenum oxide.  

 

The structural and morphological diversity of the molybdenum trioxide substrates 

that led to the same nanostructured material (Figure 3.4) indicates the special affinity of 

the silver cations for the MoO3-based lattices and further, their ability to infiltrate, 

deconstruct and recombine in a common new crystalline phase, compositionally related 

substrates with various degrees of porosity. The silver cations success in the dissolution 

of the MoO3-based substrates may be positively influenced by the fact that Ag+ binds 

weakly hydration water molecules. A throughout inspection of the scanning electron 

micrographs of the new ternary oxide nanofibers synthesized from the four different 

d
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substrates showed that association of the 1-D nanostructures in highly oriented bundles 

was encountered mostly when the material derived from precursor substrates that 

consisted of micron-sized crystals, while less associated nanofibers were observed in the 

case when the impregnated substrate was formed of submicron-sized fibers of 

orthorhombic MoO3.  For the first case, the isostructural, open framework, highly porous 

hexagonal phases (undoped and vanadium-doped) of molybdenum trioxide (see Figure 

3.3b and c) were the leading examples (see also Figure 3.4b and c). This conclusion, 

corroborated with the absence of an intermediate solution stage during the transition from 

the process of substrate dissolution to the one of ionic recombination of the silver cations 

and molybdenum oxide clusters, may indicate the possible and highly probable in situ 

mechanism of formation for the ternary oxide nanofibers through the three stages 

previously enumerated.  In this probable mechanism, the impregnation, deconstruction of 

the former substrate and formation of the new nanostructured ternary phase happened 

continuously at the surface of the grains and progressed towards the bulk of the crystal, 

until all the former substrate material was converted to the ternary oxide phase. At all 

times, the substrate dissolution process happened simultaneously with the recombination 

that led to the formation of the final 1-D nanostructured ternary oxide crystalline phase. 

Energy dispersive X-ray spectroscopy (EDS) in the form of elemental map analysis 

illustrates (Figure 3.3e) the planar superposition of the molybdenum and silver signals 

that strongly suggests the presence of a homogeneous phase for the nanostructured 

ternary oxide.  
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Figure 3.4 a. Scanning electron micrographs of the new nanostructured Ag-Mo-O phase 

synthesized from the four different substrates. (a) Micrograph showing the same 1-D 

nanostructured material synthesized from the layered, orthorhombic microplatelets of 

MoO3. 

a 
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Figure 3.4 b. Scanning electron micrographs of the new nanostructured Ag-Mo-O phase 

synthesized from the four different substrates. (b) Micrograph showing the same 1-D 

nanostructured material synthesized from the hexagonal defective microprisms of MoO3. 

 

b 
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Figure 3.4 c. Scanning electron micrographs of the new nanostructured Ag-Mo-O phase 

synthesized from the four different substrates. (c) Micrograph showing the same 1-D 

nanostructured material synthesized from the hexagonal regular microprisms of the 

tunnel-like structure of (NH4)0.1V0.1Mo0.9O3.0.  

c 
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Figure 3.4 d. Scanning electron micrographs of the new nanostructured Ag-Mo-O phase 

synthesized from the four different substrates. (d) Micrograph showing the same 1-D 

nanostructured material synthesized from the orthorhombic nanofibers of MoO3. 

 

Figure 3.4 e. Scanning electron micrograph (left) and EDS individual elemental maps 

(Mo, center and Ag, right) showing superposition of the Ag and Mo signals in the final 

material. 

d 

e 
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High magnification transmission electron microscopy (TEM) analysis revealed 

that the ternary oxide nanofibers consisted of a crystalline core surrounded by an 

amorphous phase, on the surface of which crystalline nanoparticles, mostly within the 

dimensional range 5-10 nm in diameter, were embedded. Figure 3.5 displays high 

magnification transmission electron micrographs of the nanostructured ternary oxide in 

which the spacing existent in the crystalline core (a) and the amorphous phase with 

embedded crystalline nanoparticles (b) can be noticed. The presence of the amorphous 

phase encapsulating the crystalline core suggests that this may be an intermediate phase 

in the continuous process started by the dissolution of the MoO3-based lattices and 

finalized in the build-up of the new crystalline material. The relative high density of the 

nanoparticles on the surface of the nanofibers indicates that these were formed during the 

interaction with the high energy electron beam, and most likely represent a phase with 

different structure and composition, compared to the crystalline core of the 

nanostructured fibers. The same nanoparticles were noticed on the backbone of the fibers 

in the scanning electron micrographs taken at short working distances (high 

magnification) and relative high acceleration voltage (5 kV), while in images taken at 

lower magnification levels, only the nanofibers positioned in the center of the micrograph 

developed the backbone nanoparticles. Thus, it may be concluded that the nanoparticles 

most probably originated in the partial dehydration of the amorphous coating surrounding 

the crystalline core of the nanofibers, due to the interaction with the high energy electron 

beam. The structure of the crystalline nanoparticles differed from the one of the core of 

the nanofibers, based on the different spacing values measured for the two different 

lattices. The nanoparticles lattice had periodic gaps of about 2.25 Å, while the crystalline 
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core of the nanofibers exhibited a correspondent spacing of about 6.05 Å. The latter 

distance corresponds most likely to the diffraction observed at a 2θ value of 13.47 ° (d = 

6.57 Å in the superimposed diffractograms in Figure 3.1c) and the two recorded values 

diverge due to further water evaporation that occurred when the nanofiber’s core was 

exposed to the high energy electron beam in the TEM instrument.   

X-ray photoelectron spectroscopy (XPS) analysis was used to determine the 

surface elemental composition and oxidation states of the cationic constituents in the 

ternary oxide nanofibers formed by the vanadium-doped hexagonal phase of 

molybdenum trioxide.  
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Figure 3.5 a. High magnification transmission electron micrograph of the ternary oxide 

nanostructures. The crystalline core of the nanofibers is visible together with the 

amorphous phase encapsulating the core, on top of which polycrystalline oxide 

nanoparticles are found.  

 

 

a 
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Figure 3.5 b. High magnification transmission electron micrograph of the ternary oxide 

nanostructures. The amorphous phase encapsulating the core, on top of which 

polycrystalline oxide nanoparticles are found, is visible in this image. The arrows point 

towards lattice spacing observed in the embedded nanoparticles.  

 

b



 92

The binding energy values for the two metal cations were referenced to a C1s binding 

energy value of 284.4 eV. The binding energy values for the two cationic species, Mo 

and Ag were: Mo3d3 - 235.4 eV, Mo3d5 - 232.2 eV (Figure 3.6a) and Ag3d3 - 373.3 eV, 

Ag3d5 - 367.3 eV (Figure 3.6b), respectively and they indicate ionic charges of +6 and 

+1, respectively, based on very good agreement with previously reported data27-30. This 

fact is assisted by the pale yellow color of the ternary oxide, which excludes the presence 

of lower oxidation states for the molybdenum cations, as it would be the case for the dark 

blue and red colored electroactive molybdenum, mixed valence (Mo5+, Mo6+) oxide-

based bronzes31,32. The pale yellow color of this particular sample was due to the 

presence of V5+ dopant species, while the other nanostructured ternary oxides derived 

from undoped molybdenum trioxide substrates were white. 

Elemental analysis performed by Galbraith Laboratories for Ag and Mo, on the 

pristine Ag-Mo-O nanofibers made by the impregnation of (NH4)0.1V0.1Mo0.9O3, returned 

a calculated Ag : Mo molar ratio of 1.04, based on the molar proportion Ag : V : Mo = 

0.94 : 0.10 : 0.90. The value of this ratio may indicate a possible chain-like, 1-D structure 

for the pristine material, similar or related to the one existent in Ag2Mo2O7. This 

supposition is promoted also by synthesis facts. The present ternary oxide phase 

represents the first example in the Ag-Mo-O series that was synthesized in the absence of 

external sources for lattice oxygen. The experimental procedure was done under 

anaerobic conditions, in an inert gas atmosphere that excluded additional sources of 

oxygen and employed the porous substrates as the only anionic oxygen source for the 

final product.  
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Figure 3.6. X-ray photoelectron spectroscopy diagrams of the metal cations in the 

pristine Ag-Mo-O nanofibers: detail showing the Mo3d3 and Mo3d5 peaks (a) and the 

detail showing the Ag3d3 and Ag3d5 peaks (b). 
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The corroborated analytical evidence points towards a probable 1-D, highly 

anisotropic structure for the ternary oxide phase that would in turn explain the 

templateless, room temperature formation of the 1-D nanofibers, morphology that is 

specific for 1-D, highly anisotropic inorganic materials. 

In the next step, high temperature vapor and liquid phase polymerization of 

pyrrole was conducted on the 1-D nanofibers of the ternary oxide. Previous experiments 

(see Chapter 2) have shown that the oxidative polymerization of pyrrole at 135 °C and 

200 °C on the orthorhombic MoO3 (micron-sized pellets) and the hexagonal phases of the 

same oxide (undoped and 10 % molar V doped), led to surface formation of a nano-thick 

(30-35 nm) polypyrrole membrane at the expense of the surface Mo and V centers that 

were partially reduced (one unit, each) with no major structural rearrangement 

involvement. At higher temperature, 325 °C, monoclinic molybdenum dioxide 

composites were obtained. Upon reduction of the nanostructured ternary oxide at 

different high temperatures (140 °C, 175 °C and 325 °C) with vapor-phase pyrrole, 

bundles of shorter, polymer-covered nanofibers (Figure 3.7a and b) were obtained and the 

X-ray diffractograms of the new heterogeneous nanocomposites displayed only the peaks 

characteristic to the face-centered cubic lattice of the Ag core (Figure 3.8). 
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Figure 3.7 a. Scanning electron micrograph of the 175 °C sample in which bundles of 

shorter, polymer-covered nanofibers are visible. 

 

 

 

a
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Figure 3.7 b. Scanning electron micrograph of the 325 °C sample showing bumpy 

polymer-covered bundles of short nanofibers. 

 

The high temperature reduction of the ternary oxide led, most probably, to an internal 

rearrangement of the totally reduced (Ag) and partially reduced (Mo5+, Mo4+, V4+) 

constituent species of the former ternary oxide and during this process, fragmentation of 

the nanofibers along the growth direction was likely to occur. One of the interesting 

characteristics was the absence of crystalline lattice for the partially reduced MoxOy 

clusters and this feature may be attributed to the fact that the molybdenum oxide units 

were embedded within the polymer shell encapsulating the Ag nanorod core of the 

heterogeneous composite material. The absence of a molybdenum oxide layer, 

b
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intermediate between the polymer shell and the metallic silver nanorod core explains the 

lack of crystalline character for this component of the heterogeneous nanostructure.   
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Figure 3.8. Powder X-ray diffractograms of the heterogeneous nanocomposites 

synthesized by the oxidative polymerization of pyrrole on the surface of the ternary oxide 

nanofibers at three different temperatures: 140 °C-black, 175 °C-red and 325 °C-blue. 

The 2θ scale is measured in degrees. 
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The same amorphous character of the reduced molybdenum oxide clusters was observed 

in a separate experiment in which a polypyrrole – molybdenum oxide heterogeneous 

microcomposite was synthesized at high temperature by a redox simultaneous co-

precipitation method (see Chapter 5).     

XPS analysis on the sample prepared at 140 °C  (Figure 3.9) showed the absence 

of Ag from the probed surface layers as opposed to the case of the partially reduced 

molybdenum species. The observation may be explained by a repositioning and 

concentration of the metallic Ag towards the core of the short nanofiber heterogeneous 

composites, redistribution that contributed to the fragmentation of the initial nanofibers 

and occurred during the redox process involving the monomer and the electroactive 

cationic species in the ternary oxide nanofibers. 
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Figure 3.9. XPS diagrams of the heterogeneous nanocomposite formed at 140 °C: detail 

showing the Mo3d3 and Mo3d5 peaks (a) and the corresponding detail showing the 

absence of the 3d3 and 3d5 Ag peaks (b). 

a 

b 
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The spectral analysis of the heterogeneous nanocomposite displayed binding 

energy values for Mo3d3 at 234.5 eV and Mo3d5 at 231.7 eV. The molybdenum species 

in the intermediate layer were most probably reduced to the 5+ oxidation state, based on 

the difference observed in the binding energies of the molybdenum species, compared to 

the precursor material, but oxidation states of +4 can not be ruled out. The interpretation 

is sustained by the elemental analysis results, which in the case of the heterogeneous 

nanocomposite synthesized at 140 °C, indicate a molar proportion [-(C4H3N)-] : Ag : V : 

Mo of 1.42 : 0.94: 0.10: 0.90. The polymer content per formula unit points out towards 

partial reduction to intermediate oxidation states of +4 for both the initial V5+ and Mo6+ 

species.  

The XPS-predicted absence of the reduced, metallic silver from the surface of the 

heterogeneous composites was validated by transmission electron micrographs of the 

sample prepared at 140 °C (Figure 3.10a and b) in which a nanorod metallic silver core 

can be distinguished based on the interaction with the high energy electron beam. The 

surface of the composite was covered by an amorphous polypyrrole layer with variable 

thickness, while the silver nanorods appeared to form the core of the composite. It is 

important to mention that no nanoparticles were observed on the backbone of the 1-D 

heterogeneous structures. 
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Figure 3.10 a. Transmission electron micrograph of the heterogeneous composite formed 

by polymerization of pyrrole at 140°C on the surface of the 1-D nanostructures of the 

ternary oxide.  

 

a
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Figure 3.10 b. Transmission electron micrograph of the heterogeneous composite formed 

by polymerization of pyrrole at 140°C on the surface of the 1-D nanostructures of the 

ternary oxide.  

 

b
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Pyrrole in the liquid phase was used for the preparation of heterogeneous 

composites with the 1-D nanostructured ternary oxide at 95 °C and a different material 

was produced. In the new heterogeneous composite material separation of silver platelets 

was visible in the micrographs (Figure 3.11a) of the product. The diffractogram of the 

heterogeneous composite showed a poorly crystalline matrix of reduced MoxOy besides 

the cubic Ag lattice (Figure 3.11b). The separation of metallic silver from the rest of the 

composite in the latter case allowed for a better organization of the ionic MoxOy clusters 

that in turn, led to the unidentified, poorly crystalline lattice assigned to the ionic phase. 

The high temperature liquid phase synthesis conditions that involved permanent 

movement of the reactants for prolonged reaction time were the main factors that led to 

heterogeneous composites similar in aspect, but different in structural organization. In the 

case of the high temperature, liquid phase polymerization of pyrrole, the separation of the 

polymer-covered silver nano-thick platelets led to increased fragmentation of the initial 

nanofibers and a better situation for the increased order in the arrangement of the MoxOy 

clusters.  
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Figure 3.11 a. Scanning electron micrograph of the heterogeneous composites obtained 

at 95 °C, showing separation of polymer-covered Ag platelets and short, polymer-

covered nanofibers. 

a
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Figure 3.11 b. Powder X-ray diffractogram of the same sample, in which ( * ) indicate 

the peaks due to the unidentified poorly crystalline ionic phase. The 2θ axis is measured 

in degrees. 

 

The two different sets of experimental conditions for the redox polymerization of pyrrole 

on the surface of the ternary oxide nanofibers led to heterogeneous composites with a 

different structural organization due to the different mechanics of the interaction process 

between the reactants involved in the redox couple. 

 

b 

   *    *

*      * 
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3.5. CONCLUSIONS 
 
 
 Nanofibers of a new phase of ternary oxide belonging to the Ag-Mo-O system 

were prepared by the templateless, room temperature impregnation of different MoO3 

polymorphs, in what is likely to be, the simplest and most inexpensive experimental 

procedure that have ever led to the formation of a 1-D nanostructure. The final product is 

expected to have a highly anisotropic structure, most probably in the form of alternating 

chains of silver ions and MoO3 octahedra, which would be the main cause of the 

templateless formation for the 1-D nanofibers. For the first time it has been demonstrated 

that at room temperature, silver ions are able to deconstruct different MoO3 polymorphs 

structures and recombine in a totally new crystalline lattice, opening perspectives for 

similar trials in the case of other transitional metal oxide substrates of relevant 

importance in various practical applications. The high and unexpected affinity of the 

silver cations for the MoO6 octahedra was manifested by the formation of identical 

ternary oxide 1-D nanostructures, regardless of the type of lattice (orthorhombic or 

hexagonal) or the morphology of the orthorhombic phase (micro-platelets or nanofibers).  

Reduction of the ternary oxide nanofibers by the oxidative polymerization of 

pyrrole, led to structurally different heterogeneous nanocomposites when the 

experimental conditions that were employed were based on different mechanics of the 

interaction process.   
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CHAPTER 4  

 

HYDROTHERMAL METHOD FOR THE PREPARATION OF 

ARRAYS OF VANADIUM PENTOXIDE NANOSCROLLS 

XEROGEL 

 

4.1. ABSTRACT 
 

 The chapter describes the very first experimental method for the preparation of 

arrays of vanadium pentoxide nanoscrolls in the form of a xerogel, by a simple and 

inexpensive hydrothermal procedure. The main factors involved in the formation of the 

1-D nanostructured vanadium pentoxide were the nature of the acid used in the 

precipitation process, the temperature of the colloidal suspension and the duration of the 

hydrothermal treatment. The hydrothermal conditions disrupted the stacking up of the 

layered material and induced the nanoscroll morphology through a “peel and roll” 

mechanism. The vanadium pentoxide nanoscrolls formed nanosheets of reduced 

vanadium oxide when intercalated with long chain monoamine, by unscrolling the initial 

structure. Redox intercalation of a long chain diamine increased dramatically the 

interlayer spacing, while preserving the initial morphology.  

 



 111

4.2 INTRODUCTION 
 

Vanadium pentoxide is a unique binary d0 transitional metal oxide in terms of 

metal coordination and crystallographic versatility, which exhibits properties derived 

mainly from its unique two-dimensional structure1-3, the exclusive swelling capacity4 and 

the relatively high reduction potential5 of the V5+ centers. The binary transitional metal 

pentoxide is commonly precipitated in the colloidal form, does not form crystals and has 

been investigated mostly in its gel modifications, aero-, ambi- and xerogels. Long before 

the vanadium pentoxide had been synthesized in 1-D nanostructured metastable 

morphologies, applications of the burnt orange gels in various areas of materials science 

were in place, and they included secondary cathode materials for rechargeable lithium ion 

batteries6-9, heterogeneous catalysis substrates in the selective oxidation of alcohols10,11 

and saturated and aromatic hydrocarbons12-14, chemical sensors for NOx detection15,16, 

pigments and coatings, etc. Since the discovery of carbon nanotubes in 1991, a lot of 

research has been focused on the synthetic routes, characterization and potential 

applications of the metastable 1-D nanostructures of the layered transitional metal oxides 

and chalcogenides. The possibility to roll and close graphitic layers into individual multi-

walled concentric nanotubes, has promoted the later experimental attempts made for 

layered oxides and chalcogenides17-21. The 1-D nanostructured materials (tubes, rods, 

wires, belts and scrolls) represent and provide an improved system for the investigation 

of the dependence of electronic transport, optical and mechanical properties on shape and 

size confinement22. During the last decade, the hydrothermal method has been 

extensively used for the structure-directed synthesis of metastable mixed-valence (V5+, 

V4+) vanadium oxide nanotubes and nanoscrolls23-26. The method involves high pressure 
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and high temperature autoclave treatment of various sol-gel vanadium pentoxide 

precursors in the presence of structure-directing agents like long-chain monoamines and 

diamine spacers. The use of an autoclave for the hydrothermal treatment drastically limits 

the amount of precursors, and hence, products used / formed in the synthetic route and 

the use of a distillation kit can circumvent this important limitation, as long as pressure is 

sacrificed as a major player. The use of long-chain mono- and di- primary amines with 

moderate basicity was favorable for their redox intercalation, at the expense of partial 

reduction of the vanadium centers and the formation of a stable amine – mixed-valence 

vanadium oxide composite. The stability of the layered composite with the long-chain 

monoamine was further enhanced by interchain stabilizing hydrophobic interactions. The 

drastic hydrothermal conditions of temperature and pressure induced the formation of 

nanotubes and nanoscrolls with variable number of walls, most probably as the resolve of 

a surface area minimization effect.  

In the present work, a viable alternative to the above mentioned hydrothermal 

procedure is offered by a partial trade-off involving pressure, as a major player in the 1-D 

nanostructure formation process, with pH and thus simplifying the experimental design, 

cost and complexity of the instrumentation. The strong acid precipitation of the vanadium 

pentoxide gel was done in the absence of a redox-active structure-directing agent and 

therefore, the partial reduction of the V5+ centers to V4+ was avoided. Last, but not least, 

the employed precursor for the strong acid precipitation of the vanadium pentoxide gel 

was ammonium metavanadate, a cost-effective choice when compared to the sol-gel 

routes that almost invariably make use of expensive, moisture-sensitive vanadium 

alkoxide precursors27-32. While related vanadium pentoxide nanostructures have been 
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synthesized in recent years by carbon nanotube and microporous polycarbonate 

membrane templating, polymer nanocomposite electrospinning33 and precipitation 

through acidic matrix34, none of these methods can compete in terms of simplicity of the 

experimental procedure, the equipment employed and cost effectiveness, with the present 

hydrothermal method.  

The novel 1-D nanostructured morphologies of the vanadium pentoxide and 

vanadium oxide class of composites are currently intensely researched in terms of 

preparation methods, structure and physico-chemical properties and are viewed as 

potential materials for being employed in a wider range of practical applications, relative 

to their classical counterparts. Their application has already been probed in materials 

science areas like cathode materials for rechargeable lithium batteries29,35, field effect 

transistors36 and mechanical actuators37 and more possible applications are considered, as 

their research is still in its early stages. 

 

4.3. EXPERIMENTAL  

4.3.1. Synthesis 
 

The highly ordered arrays of vanadium pentoxide nanoscrolls were obtained 

through a low cost, inexpensive, simple procedure, which requires the use of a common 

distillation kit. In a 1000 mL round-bottom flask 11.82 g (0.1 mol) NH4VO3 (99 % 

STREM Chemicals) were dissolved in 400 mL distilled water, with magnetic stirring 

employed. The clear pale yellow solution was heated to the boiling point and mixed with 

100 mL hot solution of concentrated HCl (28.93 mL HCl 12.1 N and 71.07 mL distilled 
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water). The amount of HCl employed corresponds to a molar excess of 250 % (3.5 times 

the necessary stoichiometric amount of acid or 0.35 mol HCl) and ensured a very low pH 

of the final solution (between 0.0 and 1.0, based entirely on strong acid contribution). 

Before mixing the two solutions, the acid solution was heated briefly to the boiling point 

and then added at once. Upon addition, precipitation of the vanadium oxide occurred and 

instantly a burnt orange gel appeared. The temperature of the oil bath was set to 125 °C 

and the reaction proceeded for 7-10 days under inert (nitrogen gas) atmosphere and with 

magnetic stirring employed.  At the end of the process the gel was filtered at room 

temperature, washed several times with distilled water and left to dry at room temperature 

for several days (3-5). The resulted xerogel retained most of the structural water 

molecules and displayed resilience towards grinding into finer particles.  

The installation used in the synthesis consisted of a 1000 mL round bottom flask 

connected to a long coiled condenser. The lower and upper joints of the long coiled 

condenser were greased with high vacuum grease and further secured against pressurized 

high temperature water vapors leaks with several rounds of tightly applied Teflon tape 

and plastic rings. The installation was heated by a hot plate through a silicon oil bath.  

Two more hydrothermal acid precipitations were performed, replicas of the main 

experiment, in which glacial acetic acid (specific gravity: 1.048, Acros Organics) and 

oxalic acid dehydrate (99+ %, Acros Organics) were used. The amounts of glacial acetic 

acid and oxalic acid dehydrate that were employed in the hydrothermal process with 

11.82 g ammonium metavanadate, were 20.05 mL and 22.06 g, respectively, and both 

quantities corresponded to a 250 % molar excess. The acids were both added in the form 

of 100 mL aqueous solutions. In the case of acetic acid precipitation of vanadium 
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pentoxide, a bright orange precipitate was obtained, while for the oxalic acid case, a dark 

blue colloidal suspension of mixed valence vanadium oxide hydrogen bronze was 

synthesized. The latter situation involved oxidation of the carboxylic carbon atoms to 

carbon dioxide at the expense of the vanadium cations partial reduction. Three more 

experiments, for vanadium pentoxide precipitation with HCl, CH3COOH and (COOH)2 · 

2 H2O were performed, in which hot solutions of the vanadate and each of the three acids 

were mixed and the resulted colloidal suspensions were cooled off in open air. The 

experiments employed identical amounts of reactants and solutions as in the 

hydrothermal process and were meant to compare the precipitation products obtained by 

the hydrothermal treatment with the ones produced by the instantaneous, non-

hydrothermal precipitation. 

Intercalations of 1-aminohexadecane and 1,10-decanediamine in the vanadium 

pentoxide nanoscrolls were done at room temperature, using absolute ethanol (Acros 

Organics) as solvent and delivery media. For the case of the monoamine intercalation, 1-

aminohexadecane, 0.91 g (0.005 mol) vanadium pentoxide nanoscrolls were magnetically 

stirred with 125 mL ethanol (absolute, Acros Organics) solution containing 6.71 g (0.025 

mol)  C16H33NH2 (90 %, Acros Organics). The intercalation reaction was done under 

inert atmosphere (dry N2), at room temperature, and the duration of the experiment was 7 

days. The green precipitate that was subsequently obtained was filtered by water suction 

and washed several times with absolute ethanol. The intercalation of the diamine was 

performed in the same experimental conditions, and in this particular case,  0.91 g (0.005 

mol) vanadium pentoxide nanoscrolls were stirred with 125 mL ethanol solution 

containing 4.44 g (0.025 mol) H2NC10H20NH2 (97 %, Acros Organics). 
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Intercalation of lithium ions in the vanadium pentoxide nanoscrolls was done 

under inert atmosphere, with magnetic stirring employed at all times and using the host 

material after it has been previously dried at 120 °C for 3 days. The source of lithium 

ions was a hexanes-based solution of n-butyl lithium (2.5 M, Acros Organics). To a 100 

mL colloidal suspension of 0.91 g vanadium pentoxide nanoscrolls in dry n-hexane, 20 

mL n-butyl lithium solution was added dropwise from a syringe and the reaction was 

allowed to proceed at room temperature for 7 days, before the dark blue product was 

filtered off and washed several times with n-hexane. 

The polypyrrole – vanadium pentoxide nanoscrolls heterogeneous composites 

were synthesized by the same experimental procedure as the one employed in the case of 

the molybdenum trioxide polymorphs (see section 2.3.1).  

4.3.2. Characterization 
 

All the materials that were synthesized in the present study were analyzed for 

their crystal structure by powder X-ray diffraction (XRD) run on a D8 Advance 

(Brucker-Nonius), with Cu target operated at 40 kV and 30 mA. The step size of the 2θ 

sweep was 0.05 °. Scanning electron microscopy (SEM) was performed on a LEO 1530 

and operated at accelerating voltages of 1, 2, 5, and 10 kV. High magnification 

transmission electron microscopy (TEM) was done on a HRTEM JEOL 2010F 

instrument, operated at 200 kV.  
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4.4. RESULTS AND DISCUSSION 
 

Vanadium pentoxide nanoscrolls were obtained as a colloidal suspension through 

a simple, efficient and inexpensive method, prone to easy scale up, which can be further 

refined and steered towards morphologically different variations of the nanostructured 

material. The main product of the HCl-assisted precipitation process were arrays of V2O5 

nanofibers (Figure 4.1), which appear as flat sheets of parallel 1-D nanostructures united 

along the long axis. Individual nanofibers had the width within the 100 to 200 nm range 

and the length anywhere between 1 and 20 microns and they appear to be formed by 

stacking up slightly curbed nanoscrolls.  

The observations prove the existence of several levels of association in the 

process of building up macroscopic architectures with nanoscale building blocks, in the 

present case, the flat 1-D nanoscrolls. This process is remarkable from at least one major 

point of view, i.e. the association was occurring along the long direction of the 1-D 

nanostructures and involved the basal planes and the edges. 
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Figure 4.1 a. Low magnification scanning electron micrograph taken at low acceleration 

voltages (2 kV) of the vanadium pentoxide nanofibers arrays.  

 

 

a 
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Figure 4.1 b. High magnification scanning electron micrograph taken at low acceleration 

voltages (2 kV) of the vanadium pentoxide nanofibers arrays.  

 

The nanoscrolls may be better described as straight, flat-surfaced “nanohoses”, with a 

thickness of about 20 to 30 nm, a width of about 100 to 200 nm and various lengths, 

typically above 1 micron (Figure 4.2). The assembly process of the nanoscrolls may 

likely represent a recognition pattern at nanolevel, leading to the formation of the 

nanofibers, which then assembled themselves into flat sheets and occasionally, small 

bundles.  

b 



 120

 

 

Figure 4.2. Scanning electron micrograph of an array of high aspect ratio, highly ordered 

vanadium pentoxide nanofibers. The nanoscrolls appear to be the building blocks of the 

nanofibers by a stack-up process. 

 

Despite their very small thickness, the nanoscrolls had the ability to twist and bend at 

angles greater than 90 ° and even assemble head to tail, suggesting a high degree of 

interaction among them (Figure 4.3) and potential applications towards nanomaterials for 

mechanical actuators, better known as “artificial muscles”.  
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Figure 4.3. The flat nanoscrolls assemble into nanofibers and they show separation upon 

bending.  

 

The common vanadium pentoxide  xerogels have the structure consisting of 

ribbon-like units with a width of about 10 nm and 1 micron in length and do not form 

single crystals, hence the difficulty to structurally characterize this materials at an atomic 

level. X-ray diffraction patterns usually show a turbostratic lamellar ordering with 
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pronounced ( 0 0 l ) reflections, indicating a highly ordered material at nanoscale level, 

less relevant order at a higher level of the hierarchy. The lamellar structure consists of 

bilayers of edge and corner-sharing VO5 distorted square planar pyramids running in the 

ab plane and which are loosely interconnected along the stacking direction, c. The large 

interplanar distance allows variable swelling of the structure with hydrogen-bonded water 

molecules resulting in aero-, ambi- and xerogels with unusual high water content for the 

case of a binary transitional metal oxide.  

The 1-D nanostructured gel showed crystallographic features due to the low 

crystallinity of the vanadium pentoxide xerogels and the transition from a layered 2-D 

structure to a metastable 1-D scrolled nanostructure. A monoclinic unit cell with a = 9.57 

Å, b = 6.75 Å, c = 10.78 Å and β = 98 ° was indexed based on the poorly crystalline 

XRD pattern (Figure 4.4).  
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Figure 4.4. Powder X-ray diffraction pattern of the vanadium pentoxide xerogel showing 

a high degree of preferred orientation along the stacking direction, c and disorder in the 

ab planes. The 2θ scale is measured in degrees. 

 

The layered structure of the nanoscrolls is apparent in Figure 4.5 where the interlayer 

spacing corresponds to the most intense observed diffraction peak, ( 0 0 1 ). 

      0   
      0   
      1   
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Figure 4.5. High magnification transmission electron micrograph showing the crystalline 

layering of a highly bent (> 120 °) nanoscroll. 
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 The redox intercalation of the long chain monoamine (C16H33NH2 ) increased the d-

spacing along the c direction, and slightly decreased the large in-plane a and b 

dimensions. The stabilization of the organic moiety was realized by a partial electronic 

transfer involving the lone pair of the nitrogen in the amine groups and the adjacent 

vanadium centers, as revealed by the green appearance of the material. The new 

composite had the long chain monoamines slightly tilted from a perpendicular direction 

and their amine groups oriented alternatively towards opposite consecutive layers of the 

oxide (up and down), while being stabilized by hydrophobic inter-chain attractions. It is 

highly probable that the anchoring amine groups interacted through hydrogen bonds with 

the double-bonded oxygen atoms in the apex of the distorted square pyramidal units that 

make up the framework of the vanadium pentoxide chains. Intercalation of the 

monoamine led to the unscrolling of the nanoscrolls, thus forming individual nanosheets 

of the new composite (Figure 4.6a, b).  
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Figure 4.6 a. Scanning electron micrograph of the composite nanosheets resulted after 

the redox intercalation of the long chain monoamine. The nanosheets were formed 

through the unscrolling of the nanoscrolls and in the low magnification micrograph the 

transparency of the very thin planar nanostructures is apparent. 

 

a
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Figure 4.6 b. Scanning electron micrographs of the composite nanosheets resulted after 

the redox intercalation of the long chain monoamine. The nanosheets were formed 

through the unscrolling of the nanoscrolls and in the high magnification micrograph 

transparency of the very thin planar nanostructures is apparent. 

 

High magnification transmission electron microscopy proved to be a very useful tool for 

observing individual or overlapped nanosheets of the newly formed composite. Not 

surprisingly, the individual nanosheets displayed transparency when exposed to the high-

energy electron beam (Figure 4.7a, b) due to their extremely small thickness (10-20 nm, 

b 
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estimated from the micrographs). Occasionally, unrolled nanoscrolls were present 

amongst the nanosheets. 

 

 

Figure 4.7 a. High magnification transmission electron micrograph showing individual 

composite nanosheets. 

 

a 
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Figure 4.7 b. High magnification transmission electron micrograph showing overlapped 

composite nanosheets. 

 

The powder diffraction pattern of the composite displayed almost exclusively ( 0 0 l ) 

peaks, as a direct consequence of the preferred orientation induced by the intercalation of 

the long-chain amine molecules. The new d-spacing corresponded to a ( 0 0 1 ) 

b
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diffraction of about 32.0 Å (Figure 4.8) and ultimately led to the unscrolling of the 

nanostructured material.  
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Figure 4.8. Powder X-ray diffraction of the long-chain amine intercalated vanadium 

oxide composite, in which the preferred orientation along the c direction is evidenced by 

the massive presence of ( 0 0 l ) diffraction peaks. The 2θ scale is measured in degrees. 
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The unscrolling of the 1-D nanofibers may be explained by the absence of stress factors 

amongst the experimental conditions of the intercalation reaction, and the partial 

destruction of the hydrogen-bonded network of water molecules that resided in the space 

between consecutive layers in the nanoscrolls. The attractive hydrophobic interactions 

along the hydrocarbon long chain were not able to prevent the unscrolling and thus 

demonstrate the metastable condition of the nanoscrolls in the first place. 

The redox intercalation of a molecular spacer (H2NC10H20NH2) increased the 

interplanar d-spacing and, again decreased slightly the in-plane dimensions of the new 

unit cell. The two amine head groups were strongly interacting through hydrogen bonds 

with the double bonded oxygen atoms from the apex of the square pyramids, thus 

stabilizing the structure along the c direction and removing some of the structural strain 

by decreasing slightly the dimensions of the new unit cell along the a and b directions. 

The new d-spacing associated with the ( 0 0 1 ) diffraction was recorded to be about 28.5 

Å (Figure 4.9), which is almost triple the initial value in the pristine vanadium pentoxide 

nanoscrolls. 
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Figure 4.9. Powder X-ray diffraction of the diamine spacer-intercalated vanadium oxide 

nanoscrolls. The 2θ scale is measured in degrees. 

 

The diamine spacer, H2NC10H20NH2 intercalated the vanadium pentoxide nanoscrolls by 

establishing hydrogen bonds through the two amine groups and, thus stabilized the 

nanoscrolls architecture (Figure 4.10). Like in the previous case, a partial electronic 

transfer between the lone pairs of electrons from the two amine groups to the vanadium 

centers in the edge and corner interconnected square pyramidal constituents of the 

adjacent layers, was evidenced by the green color of the newly formed composite.  
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Figure 4.10. Scanning electron micrograph of the diamine-intercalated vanadium oxide 

nanoscrolls. 

 

 The nature of the acid used in the precipitation of the vanadium pentoxide 

colloidal suspension is very important, as it was revealed by the products formed in each 

of the investigated three different cases. When oxalic acid was used as the precipitation 

agent, a dark blue colloidal suspension was instantly formed and persisted throughout the 

entire hydrothermal treatment. The main product of the redox precipitation was obtained 
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by the partial reduction of the V5+ cations in the metavanadate precursor to a mixed V4+, 

V5+ oxide and their subsequent precipitation in the vanadium pentoxide hydrogen bronze 

form (Figure 4.11).  
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Figure 4.11. Powder X-ray diffractogram of the poorly crystalline vanadium pentoxide 

hydrogen bronze xerogel. Most of the peaks were indexed as ( 0 0 l ) diffractions. The 2θ 

scale is measured in degrees. 
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The crystal structure of the air-dried vanadium pentoxide hydrogen bronze was 

influenced by the presence of water molecules and showed almost exclusively ( 0 0 l ) 

peaks, with a d-spacing value of 10.39 Å. 

 The mixed valence vanadates and vanadium pentoxide bronzes are well known 

stable phases that are usually formed by vanadium pentoxide precursors in precipitation 

reactions with mild reducing agents. In the redox process (Equation 4.1), the carbon 

atoms in the oxalic acid were subsequently oxidized (from a formal charge of 3+ to 4+) 

and converted to carbon dioxide. 

 

2 NH4VO3   +   (1 + x/2) (COOH)2     →      HxV2O5 · n H2O    +    x CO2   +    

(COONH4)2     +     H2O                (4.1) 

 

 The vanadium oxide hydrogen bronze colloidal suspension product of the hydrothermal 

treatment was in 1-D nanostructured morphology, being formed as short, low aspect ratio 

nanofibers, usually under 1 micron in length, as it can be seen in Figure 4.12a and b. The 

nanofibers were subsequently dried in air and converted to the xerogel form. This type of 

materials have been investigated and showed promising potential applications as 

electroactive substrates in electrochromic devices and as hydrogen storage materials. 

Release of molecular hydrogen can be realized by a reversible oxidative deintercalation 

of the hydrogen species. 
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Figure 4.12 a. Low magnification scanning electron micrograph of the vanadium oxide 

hydrogen bronze nanofibers obtained during the hydrothermal treatment of the redox 

precipitation of vanadium oxide bronze by the reducing precipitation agent, the oxalic 

acid. 

 

a
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Figure 4.12 b. High magnification scanning electron micrographs of the vanadium oxide 

hydrogen bronze nanofibers obtained during the hydrothermal treatment of the redox 

precipitation of vanadium oxide bronze by the reducing precipitation agent, the oxalic 

acid. 

 

The vanadium pentoxide precipitation with acetic acid led to the formation of a 

bright orange V2O5-CH3COOH coordination complex, in both hydrothermal and 

instantaneous, non-hydrothermal experimental procedures and was not further 

investigated. It is interesting to point out that, while in the non-hydrothermal, 

instantaneous precipitation method the product had a morphology consisting of planar 

b
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lenticular grains with a thickness around 0.5 microns or less (Figure 4.13a), in the 

hydrothermal method, nanoscrolls that peeled off the surface layers were noticed (Figure 

4.13b).  

 

 

 

Figure 4.13 a. Scanning electron micrograph of the planar lenticular grains formed in the 

non-hydrothermal, instantaneous precipitation of the V2O5-CH3COOH coordination 

complex. 

 

a 
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Figure 4.13 b. Scanning electron micrographs of the planar lenticular grains with their 

surface layers peeled off in the form of nanoscrolls due to the strenuous experimental 

conditions in the hydrothermal method. 

 

It is highly probable that the strenuous experimental conditions led to the “peel and roll” 

phenomenon of the surface layers in the form of nanoscrolls for the 2-D layered material.  

However, in a hydrothermal experiment where the bright orange complex was initially 

precipitated with excess acetic acid, it was subsequently converted to the vanadium 

pentoxide xerogel in the nanoscrolled morphology by addition of a large molar excess 

(250 %) of HCl, as described before in the HCl-based precipitation method. The addition 

b 



 140

of HCl deconstructed the initial precipitate and formed under the hydrothermal 

experimental conditions the same nanostructured product as in the standard HCl 

procedure (Figure 4.14). 

 

 

 

Figure 4.14. Scanning electron micrograph of the vanadium pentoxide nanoscrolls 

xerogel that was formed by the strong acid (HCl) hydrothermal treatment of the V2O5-

CH3COOH coordination complex. 

 

The influence of the hydrothermal experimental conditions is best emphasized by 

a comparison of the morphology of the products obtained in the instantaneous, non-
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hydrothermal precipitation of vanadium pentoxide (pristine and in hydrogen bronze form) 

with the ones produced by the hydrothermal method. While the case for the latter 

experimental conditions of the procedure has already been presented, in the former 

situation, the absence of strenuous conditions of temperature over extended periods of 

time, led to common morphologies for the resulted colloidal suspensions. Thus, both 

products precipitated by HCl (Figure 4.15a) and (COOH)2 (Figure 4.15b) showed 

common morphologies expressed through the presence of large (in the dimensional range 

of tenths of micrometers) grains. The layered morphology of the vanadium pentoxide 

xerogel grains is clearly visible in Figure 4.15a. 
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Figure 4.15 a. Scanning electron micrograph of the products obtained by the 

instantaneous, non-hydrothermal precipitation with HCl. The precipitation of pristine 

vanadium pentoxide colloidal suspension in the absence of the hydrothermal treatment 

led to micron-sized grains. 
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Figure 4.15 b. Scanning electron micrograph of the products obtained by the 

instantaneous, non-hydrothermal precipitation with (COOH)2. The precipitation of 

vanadium pentoxide hydrogen bronze colloidal suspension in the absence of the 

hydrothermal treatment led to micron-sized grains. 

 

The parameters that appear to influence the transition from a 2-D microstructure 

to a 1-D nanostructure were found amongst the ones that made up the set of experimental 

conditions in the employed hydrothermal method.  Besides the nature of the acid used in 

the precipitation of the vanadium pentoxide colloidal suspension, the pH resulted from 

the excess precipitation agent likely plays an important role. The nature of the acid is 
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relevant from two separate and different points of view. The first one deals with the 

character of the acid, i.e. the oxidizing, neutral or reducing character of the precipitation 

agent. Oxidizing acids like nitric acid and neutral acids, as the one used in the present 

study, the hydrochloric acid, should promote the formation of vanadium pentoxide 

colloidal suspensions which have the vanadium cation centers in their highest oxidation 

state or d0 electronic configuration. The reducing acids, like the oxalic acid, promote the 

formation of mixed valence vanadium pentoxide hydrogen bronzes colloidal suspensions, 

by taking advantage of the high reduction potential towards reduction with one unit of the 

V5+ cations. Used in combination with their alkali salts, this type of acids may induce the 

formation of alkali bronzes of the vanadium pentoxide colloidal suspensions, materials 

that processed in the gel form, may exhibit interesting electroactive properties. The 

stability of the mixed valence (V4+, V5+) vanadates and vanadium pentoxide bronzes 

contributes to the overall reducing action of this class of precipitation agents. The second 

important factor is the pH of the mother liquor in which the product is formed. Vanadium 

cations form different oxygenated and hydroxylated species, as a function of the pH of 

the environment in which are synthesized and this fact is largely based on the high 

mobility between various structural arrangements that can be formed by the different pH-

dependent VO5-based building blocks. Another parameter in the formation of different 

vanadium pentoxide-based species is the ability of the acid molecules to function as a 

ligand, as demonstrated by the case of the acetic acid. The partial or total replacement of 

the oxide-bound water molecules by the excess molecules of the precipitating agent may 

lead to stable coordination complexes, usually found in the form of a precipitate. 
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Amongst the parameters that are of relevant importance in the hydrothermal 

treatment for inducing the precipitation of 1-D nanostructured vanadium pentoxide-based 

materials, temperature and time play a major role. Long reaction times coupled with 

constant temperature, set above the boiling point of the aqueous media, induces 

supplemental strain on the newly formed solid particulates, translated into induced 

structural stress manifested through a surface minimization effect that takes place in the 

form of 1-D nanostructured morphology. Rolling up layers of a classic, anisotropic 2-D 

material into the form of 1-D nanostructures indicates the presence of external conditions 

that perturb the stacking up of the layers into larger structures.  The nanosheets thus 

resulted have a higher than normal surface area to total volume ratio and adopt a scrolled 

morphology that minimizes the area of their contact surface with the external 

perturbations.  This action is sustained by the limited number of layers and the particular 

nature of these building blocks. In the case of vanadium pentoxide xerogel, the building 

blocks of the 2-D micro-dimensional structure are layers, each of them composed of a 

bilayer of edge- and corner-sharing VO5 square pyramids. The large interstitial spacing 

(around 11.5 Å) and the presence of a stabilizing network of water molecules for the 2-D 

material are favorable factors for the rolling up of the layers into nanoscrolls under 

strenuous hydrothermal conditions. Vanadium pentoxide does not form crystals due to 

structural instability based on the absence of the water molecules stabilizing network. 

The high temperature treatment disrupts the presence in the interlayer spacing of the 

water molecules bound through hydrogen bonds to the vanadium pentoxide framework. 

Comparison with the very similar hydrothermal experimental conditions employed in the 

synthesis of the hexagonal molybdenum trioxide adds to the point previously made. 
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Molybdenum trioxide in its thermodynamically stable orthorhombic form is a layered 

material that forms single crystals and does not exist as a gel, thus no stabilizing water 

molecules bound through hydrogen bonds are involved. Under similar experimental 

hydrothermal conditions, the precipitated molybdenum trioxide does not adopt 1-D 

nanostructured morphology for the thermodynamically stable orthorhombic phase, but 

instead is synthesized in the metastable, highly porous, open frame hexagonal lattice (see 

section 2.3.1). Besides important crystallographic considerations relative to the planes 

involved in the growth of the nucleated grains, the absence of stabilizing interstitial water 

molecules may be an important factor in the rerouting towards formation of the open 

frame, metastable hexagonal phase. Additionally to the thermal influence, the relatively 

high vapor pressure developed under the hydrothermal experimental conditions 

contributes to the induced turbulence in the colloidal suspension when coupled with the 

continuous agitation of the colloidal suspension through magnetic stirring.  

The simple, inexpensive and easy to scale-up hydrothermal method for producing 

vanadium pentoxide (pristine and in the hydrogen bronze form) xerogel nanoscrolls 

shows promising potential in applications where the low dimensionality, the high surface 

area and ease of access to the active sites of the material are important. Under optimized 

conditions of preparation and non-destructive partial dehydration, the 1-D nanostructured 

xerogels are expected to have enhanced electronic transport, higher lithium ions intake 

capability and better accessibility to the active sites in the chemical sensing and 

heterogeneous catalysis applications. The 1-D nanoscrolls were successfully used in 

designing 2-D nanostructures by simple, room temperature intercalation reactions of a 

long chain monoamine, and this procedure holds lots of promises in tailoring 
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nanocomposites for specific applications, like in the area of paints and coatings.   

Preliminary experiments showed that room temperature chemical intercalation of lithium 

ions from an n-hexane based n-butyl lithium solution largely preserved the 1-D 

nanostructured architecture of the initial substrate (Figure 4.16) and this observation 

offers promising perspectives for the possibility to use the vanadium pentoxide 

nanoscrolls xerogel as cathode material in lithium-based rechargeable batteries. 

 

 

 

Figure 4.16. Scanning electron micrograph of lithium intercalated nanoscrolls of 

vanadium pentoxide xerogel showing the well preserved nanostructured architecture of 

the xerogel substrate. 
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Attempts to produce polypyrrole-vanadium pentoxide xerogel nanoscrolls composites by 

vapor phase oxidative polymerization of pyrrole at various high temperatures (135, 200 

and 325 °C) led to the surface oxidative polymerization of the organic moiety on the 

nanostructured xerogel. Remarkably, by this method the structural irreversible conversion 

of the nanostructured xerogel that takes place at high temperature was blocked through 

immobilization of the nanoscrolls in an array of flat nanofibers embedded in the polymer 

matrix (Figure 4.17). 

 

  

Figure 4.17. Array of polypyrrole embedded vanadium pentoxide xerogel nanoscrolls 

synthesized by the vapor phase surface polymerization of pyrrole at high temperature 

(135 °C).  
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During the oxidative polymerization of pyrrole, the surface of the embedded vanadium 

pentoxide xerogel nanoscrolls was subsequently reduced, most probably to a mixed 

valence state. The resulted electroactive composite may find applications as coating 

substrates with tunable electronic conductivity, upon appropriate doping of the 

polypyrrole matrix. The heterogeneous character of these composites prompted research 

towards the synthesis of a more viable, in terms of structure and properties, homogeneous 

polypyrrole - vanadium oxide composite (see Chapter 5). 

 

4.5. CONCLUSIONS 
 

 A simpler, cheaper alternative to the classical hydrothermal method which eludes 

the use of the autoclave for attaining parameter values of a hydrothermal procedure was 

described. The method is suitable for converting 2-D layered lattices that form colloidal 

suspensions into highly anisotropic 1-D nanostructures, by partial exclusion of the 

stabilizing interstitial solvent molecules during the stage in which the nanofibers are 

formed. The detailed experimental procedure represents the very first successful 

synthesis of vanadium pentoxide xerogel nanoscrolls, 1-D nanostructures that may be 

used for the synthesis of nanosheets of derived materials. The hydrothermal method was 

fruitfully applied towards the synthesis of nanofibers of a vanadium pentoxide hydrogen 

bronze xerogel during the redox precipitation with oxalic acid. Both nanostructured 

related materials are expected to possess in a structurally optimized version, improved 

electroactive characteristics, capacity for lithium and hydrogen insertion within their 

framework and catalytic abilities towards selective oxidation of alcohols and 
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hydrocarbons, compared to their regular sized correspondents. The size and shape 

specific to their nanostructured morphology may enhance some of the features that make 

them desirable materials in a wide range of potential applications. The novel 

hydrothermal method offers promising perspectives for similar layered materials that are 

regularly synthesized as colloid suspensions, to be engineered as 1-D nanostructured 

materials. 

 

4.6. REFERENCES 
 

1. Petkov, V., Trikalitis, P.N., Bozin, E.S., Billinge, S.J.L., Vogt, T. and Kanatzidis, 

M.G., Structure of V2O5 · n H2O   Xerogel Solved by the Atomic Pair Distribution 

Function Technique. J. Am. Chem. Soc. 124, 10157-10162 (2002). 

2. Yao, T., Oka, Y. and Yamamoto, N. Layered Structures of Hydrated Vanadium 

Oxides. Part 1.- Alkali-metal intercalates A0.3V2O5·nH2O (A = Na, K, Rb, Cs and 

NH4). J. Mater. Chem. 2(3), 331-337 (1992). 

3. Yao, T., Oka, Y. and Yamamoto, N. Layered Structures of Hydrated Vanadium 

Oxides. Part 2.- Vanadyl intercalates (VO)xV2O5·nH2O. J. Mater. Chem. 2(3), 337-341 

(1992). 

4. Livage, J. Vanadium Pentoxide Gels. Chem. Mater. 3, 578-593 (1991). 

5. CRC Handbook of Chemistry and Physics, edited by D.R. Lide (CRC Press, Boca 

Raton, FL, U.S.A., 1995) 8-26. 

6. Winter, M., Besenhard, J.O., Spahr, M.E. and Novák, P. Insertion Electrode Materials 

for Rechargeable Lithium Batteries. Adv. Mater. 10(10), 725-763 (1998). 

7. Pereira-Ramos, J.P., Baffier, N. and Pistoia, G. Lithium Batteries: New Materials, 

Developments and Perspectives (edited by G. Pistoia, Elsevier, Amsterdam, The 

Netherlands, 1994), 281. 



 151

8. West, K., Zachau-Christiansen, B., Jacobsen, T. and Skaarup, S. Vanadium Oxide 

Xerogels as Electrodes for Lithium Batteries. Electrochim. Acta 38(9), 1215-1220 

(1993). 

9. Nabavi, M., Sanchez, C., Taulelle, F., Livage, J. and De Guibert, A. Electrochemical 

Properties of Amorphous V2O5. Solid State Ionics 28-30 (2), 1183-1186 (1988). 

10. Finocchio, E., Baldi, M., Busca, G., Pistarino, C., Romezzano, G., Bregani, F. and 

Toledo, G. P. A Study of the Abatement of VOC Over V2O5–WO3–TiO2 and 

Alternative SCR Catalysts. Catalysis Today 59 (3-4), 261-268 (2000). 

11. Forzatti, P., Tronconi, E., Elmi, A. S. and Busca, G. Methanol Oxidation Over 

Vanadia-Based Catalysts. Appl. Cat. A: General 157 (1-2), 387-408 (1997). 

12. Kung, H. H. and Kung, M. C. Oxidative Dehydrogenation of Alkanes Over 

Vanadium-Magnesium-Oxides. Appl. Cat. A: General 157 (1-2), 105-116 (1997). 

13. Brückner, A. and Baerns, M. Selective Gas-Phase Oxidation of Polycyclic Aromatic 

Hydrocarbons on Vanadium Oxide-Based Catalysts. Appl. Cat. A: General 157 (1-2), 

311-337 (1997). 

14. Grzybowska-Swierkosz, B. Active Centers on Vanadia-Based Catalysts for Selective 

Oxidation of Hydrocarbons. Appl. Cat. A: General 157 (1-2), 409-420 (1997). 

15. Bosch, M.H., Bongers, A., Enoch, G., Snel, R. and Ross, J. R. H. Lithium-Vanadium 

Bronzes as Model Catalysts for the Selective Reduction of Nitric Oxide. Catalysis 

Today 4, 139-154. (1989). 

16. Szakacs, S., Altena, G. J.,. Fransen, T., Van Ommen, J.G. and Ross, J. R. H. The 

Selective Reduction of NOx with NH3 Over Zirconia-Supported Vanadia Catalysts.  

Catalysis Today 16, 237-245 (1993). 

17. Zelenski, C.M. and Dorhout, P.K. Template Synthesis of Near Monodisperse 

Microscale Nanofibers and Nanotubules of MoS2. J. Am. Chem. Soc. 120, 734-742 

(1998). 

18. Tenne, R. Fullerene-Like Materials and Nanotubes From Inorganic Compounds With 

a Layered 2-D Structure. Colloids and Surfaces A: Physicochemical and Engineering 

Aspects 208, 83-92 (2002). 

19. Nath, M., Mukhopadhyay, K. and Rao, C.N.R. Mo1-xWxS2 Nanotubes and Related 

Structures. Chem. Phys. Lett. 352, 163-168 (2002). 



 152

20. Patzke, G.R.; Krumeich, F. and Nesper, R., Oxidic Nanotubes and Nanorods-

Anisotropic Modules for a Future Nanotechnology. Angew. Chem. Int. Ed. 41, 2446-

2461 (2002). 

21. Patzke, G.R., Michailovski, A., Krumeich, F., Nesper, R., Grunwaldt, J.-D. and 

Baiker, A. One-Step Synthesis of Submicrometer Fibers of MoO3. Chem. Mater. 16, 

1126-1134 (2004). 

22. Xia, Y.; Yang, P.; Sun, Y.; Wu, Y.; Mayers, B.; Gates, B., Yin, Y.; Kim, F. and Yan, 

H, One-Dimensional Nanostructures: Synthesis, Characterization, and Applications. 

Adv. Mater. 15(5), 353-389 (2003). 

23. Niederberger, M., Muhr, H.-J., Krumeich, F., Bieri, F., Guenther, D. and Nesper, R. 

Low-Cost Synthesis of Vanadium Oxide Nanotubes via Two Novel Non-Alkoxide 

Routes. Chem. Mater. 12, 1995-2000 (2000). 

24. Mai, L., Chen, W., Xu, Q., Zhu, Q., Han, C. and Peng, J. Cost-saving Synthesis of 

Vanadium Oxide Nanotubes. Solid State Comm. 126, 541-543 (2003). 

25. Chandrappa, G.T., Steunou, N., Cassaignon, S. and Bauvais, C. Vanadium Oxide: 

From Gels to Nanotubes. J. Sol-Gel Sci. Tech. 26, 593-596 (2003). 

26. Chandrappa, G.T., Steunou, N., Cassaignon, S., Bauvais, C. and Livage, J. 

Hydrothermal Synthesis of Vanadium Oxide Nanotubes From V2O5 Gels. Catalysis 

Today 78, 85-89 (2003). 

27.  Spahr, M.E., Bitterli, P., Nesper, R., Mueller, M., Krumeich, F. and Nissen, H.U. 

Redox-Active Nanotubes of Vanadium Oxide. Angew. Chem. Int. Ed. 37, 1263-1265 

(1998). 

28. Krumeich, F., Muhr, H.-J., Niederberger, M., Bieri, F., Schnyder, B. and Nesper, R. 

Morphology and Topochemical Reactions of Novel Vanadium Oxide Nanotubes. J. 

Am. Chem. Soc. 121, 8324-8331 (1999). 

29. Spahr, M.E., Stoschitzki-Bitterli, P., Nesper, R., Haas, O. and Novák, P. Vanadium 

Oxide Nanotubes. A New Nanostructured Redox-Active Material for the 

Electrochemical Insertion of Lithium. J. Electrochem. Soc. 146 (8), 2780-2783 

(1999). 



 153

30. Muhr, H.-J., Krumeich, F., Schoenholzer, U.P., Bieri, F., Niederberger, M., Gauckler, 

L.J. and Nesper, R. Vanadium Oxide Nanotubes-A New Flexible Vanadate 

Nanophase. Adv. Mater.12 (3), 231-234 (2000). 

31. Reinoso, J. M., Muhr, H.-J., Krumeich, F., Bieri, F. and Nesper, R. Controlled Uptake 

and Release of Metal Cations by Vanadium Oxide Nanotubes. Helv. Chim. Acta 83, 

1724-1733 (2000). 

32. Pillai, K.S., Krumeich, F., Muhr, H.-J., Niederberger, M. and Nesper, R. The First 

Oxide Nanotubes With Alternating Inter-Layer Distances. Solid State Ionics 141-142, 

185-190 (2001). 

33. Kim, H.Y., Viswanathamurthi, P., Bhattarai, N. and Lee, D.R. Vanadium Oxide 

Nanofibers by Electrospinning. Rev. Adv. Mater. Sci. 5, 216-219 (2003). 

34.Gomez-Navarro, C., De Pablo, P.J., Colchero, J., Fan, Y., Burghard, M., Gomez-

Herrero, J. and Baro, A.M. Probing Electrical Transport in Nanowires: Current Maps 

of Individual V2O5 Nanofibers With Scanning Force Microscopy. Nanotechnology 

14, 134-137 (2003). 

35. Nordlinder, S., Edström, K. and Gustafsson, T. The Performance of Vanadium Oxide 

Nanorolls as Cathode Material in a Rechargeable Lithium Battery. Electrochem. Solid 

State Lett. 4 (8), A129-A131 (2001). 

36. Kim, G.T., Muster, J., Krstič, V., Park, J.G., Park, Y.W., Roth, S. and Burghard, M. 

Field-Effect Transistor Made of Individual V2O5 Nanofibers. Appl. Phys. Lett. 76 

(14), 1875-1877 (2000). 

37. Gu, G., Schmid, M., Chiu, P.-W., Minett, A., Fraysse, J., Kim, G.-T., Roth, S., 

Kozlov, M., Muñoz, E. and Baughman, R.H.  V2O5 Nanofiber Sheet Actuators. 

Nature 2, 316-319 (2003). 

 

 

 

 

 



 154

 

CHAPTER 5 

 

 PREPARATION OF A NEW POLYPYRROLE – TETRAMMONIUM 

HEXAVANADATE MICROCOMPOSITE BY A REDOX 

SIMULTANEOUS CO-PRECIPITATION METHOD 

 

5.1. ABSTRACT 
 

The initial synthetic polymer – mixed-valence polyoxovanadate salt hybrid 

material was synthesized in the form of a polypyrrole – tetrammonium hexavanadate 

microcomposite through a simple, cost-effective, easy to scale-up experimental 

procedure. The microcomposite was obtained through the redox simultaneous co-

precipitation of the organic and inorganic components, using an aqueous solution of 

ammonium metavanadate as the precursor of the mixed-valence vanadate component of 

the new material. Despite the insulating character of the as-synthesized pristine 

microcomposite, by appropriate iodine doping, conductivity within the range of a typical 

metal was successfully achieved. The black powder microcomposite displayed plastic 

resilience upon grinding and good adhesion on polished surfaces and further tests may 

indicate its potential application as a solid lubricant. The redox simultaneous co-

precipitation method used in the present study ensured a relative high degree of 

homogeneity, comparable to the ones attained by similar microcomposites formed 
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through different synthetic routes employed in the past for the polypyrrole – vanadium 

pentoxide system.  

 

5.2. INTRODUCTION 
 

 A redox simultaneous co-precipitation method was employed through a facile 

hydrothermal experimental procedure, in order to improve the homogeneity degree of a 

polypyrrole – vanadium oxide composite. The procedure was designed as an alternative 

synthetic method to the heterogeneous microcomposite formed by the vapor-phase, 

surface polymerization of pyrrole onto the vanadium pentoxide nanoscrolls xerogel.  One 

of the problems that affected the homogeneous character in the latter method was the 

presence of a large amount of structural water of hydration, specific in the xerogel form 

for the vanadium pentoxide moiety. The redox simultaneous co-precipitation method 

employed in the study overpasses the need of vanadium pentoxide gel reducible substrate 

by using the solution based on its precursor, NH4VO3, as the source of reducible V5+ 

cations for the radical oxidative polymerization of polypyrrole.  

In terms of electronic properties, polypyrrole – vanadium oxide composites are 

attractive materials due to the potential electron conductive nature of the polymer 

moiety1-4 and the presence of mixed-valence V5+, V4+ in the oxide5-9 counterpart. 

Structure-wise, the system is interesting due to the layered nature of the vanadium 

pentoxide host and the theoretical possibility to design sandwich-like composites with 

anisotropic electronic transport and mechanical properties. Several synthetic designs10-12 

were employed in the recent decades for obtaining homogeneous composites in this 
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system and most of them involve vanadium alkoxide precursors13-17 that were 

polymerized into polyvanadic acid networks and subsequently aged into vanadium 

pentoxide gels by addition of mixtures of water-pyrrole-ethanol or acetone. This 

particular method resembles a co-precipitation, but actually is a sequence of two distinct 

precipitations. The second procedure involved polymerization of polypyrrole by 

vanadium pentoxide gels18-21 and led to less homogeneous materials.   The method 

employed in the present study offers a simple, cost-effective experimental procedure that 

is based upon the synthetic strategy that would theoretically produce the most 

homogeneous polypyrrole – vanadium oxide composite. The redox simultaneous co-

precipitation route solves the time-dependent problem of component formation and 

leaves the only other key parameter for the homogeneity degree, the similar chemical 

nature of the two components, unsolved. As it would be made clear in the next sections, 

the interference of pH influenced the chemical nature of the co-precipitated species and 

may be used in the future to tune up this simple experimental procedure towards the 

synthesis of polypyrrole – vanadium oxide composites with structural characteristics and 

physical properties that are targeted in potential practical applications.  

 

5.3. EXPERIMENTAL 

5.3.1. Synthesis 
 

In a 1000 mL round bottom flask 5.91 g (0.05 mol) ammonium metavanadate 

(NH4VO3, 99%, Strem Chemicals) were dissolved in 470 mL distilled water and the 

reaction vessel was subsequently connected to a long, coiled condenser. The reaction 
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vessel was then placed in a silicon oil bath on a hot plate and heated up to 120 °C with 

magnetic stirring employed at all times, under nitrogen atmosphere. After 60 minutes of 

hydrothermal treatment for the pale yellow ammonium metavanadate solution, 30.0 mL 

(0.43 mol) of freshly purified pyrrole, (C4H5N, b.p. 128.9 °C, 99 %, Acros Organics) was 

added. The pyrrole has been previously passed through a house-made column packed 

with activated alumina (Al2O3, 99 %, Fischer Scientific) until a colorless liquid was 

obtained. The solution was left for 7 to 14 days at 120 °C, while constant rate stirring was 

permanently employed and under a constant flow of nitrogen. Special precaution had to 

be considered due to the high temperature of reaction and besides properly lubricating the 

glass joints of the installation, Teflon tape was intimately applied over them in several 

layers. The joints were further secured by rigid plastic rings. Periodic controls of the 

joints in the tightly secured installation were made every 24 hrs and the flow of the 

cooling water was set to a value that prevented loss of solvent by evaporation. After the 

addition of pyrrole, the initial straw-yellow solution of vanadate changed color to dark 

grey, as a very fine, black suspension started to form and ended up covering the inner 

walls of the reaction vessel. The change in color was not instantaneous and was observed 

to appear and slowly progress after more than 30 minutes after the addition of pyrrole. At 

the end of the experiment, most of the black precipitate was collected off the walls of the 

flask and subsequently filtered off and washed several times with water and acetonitrile. 

The composite was then left to dry in air at ambient temperature for 24-48 hrs. The dry 

black powder was then pressed into a pellet and checked for electronic conductivity with 

an ohmmeter.  
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The iodine doping of the conducting polymer part of the composite was realized 

by sealing together in an evacuated (50 mTorr) house-made Pyrex ampoule, 0.50 g 

composite and 3.81 g iodine (I2, 99.5 %, Strem Chemicals) and placing the ampoule in a 

regular oven ramped up (20 °C / hour) to 100 °C. After 2 days, the ampoule was placed 

in a tubular oven previously set at 100 °C and the excess iodine was separated by 

desublimation at the cold end (room temperature) of the oven for 1 day. The doped 

composite was then pressed into a pellet and its conductivity checked with an ohmmeter 

and then measured by a four-point measurement in air, at room temperature and in liquid 

nitrogen. 

5.3.2 Characterization 
 

The composites (pristine and iodine-doped) were further analyzed for their crystal 

structure by powder X-ray diffraction (XRD) run on a D8 Advance (Brucker-Nonius), 

with Cu target operated at 40 kV and 30 mA. The step size of the 2θ sweep was 0.05 ° 

while the scan rate was 1 ° / minute. Scanning electron microscopy (SEM) and X-ray 

energy dispersive spectroscopy (EDS) were performed on a LEO 1530 and operated at 

accelerating voltages of 1, 2, 5, 10 and 15 kV, respectively. X-ray photoelectron 

spectroscopy (XPS) survey scan for vanadium was done on a PHI ESCA System with Mg 

Kα monochromatic radiation. Elemental analysis was performed by Galbraith 

Laboratories for V, C, N and H on the pristine composite and V, C, N, H and I in the case 

of the iodine-doped material. The returned values were 37.47 % V, 6.41 % C, 9.02 % N 

and 3.01 % H for the components of the pristine composite, and 39.14 % V, 3.84 % C, 
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8.72 % N, 2.69 % H and 9.17 % I for the iodine-doped material. In both cases, the 

oxygen content was determined by difference. 

 

5.4. RESULTS AND DISCUSSION 
 

 The redox simultaneous co-precipitation method was applied successfully to the 

ammonium metavanadate-pyrrole system through a facile hydrothermal method that does 

not make use of an autoclave, as is the case for most of the elevated temperature, high 

pressure type of hydrothermal synthesis. The experimental procedure took advantage of 

the redox couple that is established when reducible metavanadate ions from the aqueous 

precursor solution of ammonium metavanadate, engage in a redox couple with the 

organic monomer that polymerizes by a radical oxidative mechanism. One third of the 

V5+ cations in the metavanadate ions were reduced to V4+ and precipitated (NH4)4V6O16, 

a stable mixed-valence hexavanadate ionically evened by ammonium ions supplied by 

the precursor salt. By this method, the intermediate formation of a vanadium pentoxide 

colloidal suspension was bypassed and one of the direct consequences was the 

hydrothermal synthesis of a crystalline microcomposite (Figure 5.1). The crystalline 

pattern of the microcomposite proved to be single phase and was perfectly matched to the 

one belonging to the black tetrammonium hexavanadate salt and thus revealed the redox 

simultaneous co-precipitation of a polypyrrole - tetrammonium hexavanadate 

microcomposite. The crystalline component of the microcomposite has a tetragonal 

lattice (space group P4bm) with unit cell parameters values a = b = 8.932 Å and c = 
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5.593 Å. The general chemical equation (Equation 5.1) for the redox formation of the 

black composite therefore is: 

 

n C4H5N     +     6n NH4
+

     +     6n VO3
-      →      {[-(C4H3N)-] n · n [(NH4)4V6O16]}     +                    

 

2n NH4
+

        +      2n HO-      (5.1) 

 

The monomer polymerized oxidatively (Equation 5.2) at the expense of two vanadium 

cations which were further reduced from +5 to +4 (Equation 5.3) and formed a stable 

polyoxovanadate with mixed oxidation states, 5+ and 4+ respectively, in a cationic ratio 

of 2 to 1: 

 

C4H5N        →        -(C4H3N)-   +   2 e-   +   2 H+          (5.2) 

 

6 VO3
-   +   2 e-   +   2 H+   →   V6O16

4-   +    2 HO-       (5.3) 
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Figure 5.1. Overlapped powder X-ray diffractograms of the pristine (in red) and iodine-

doped (in black) microcomposite. The 2θ scale is measured in degrees. 

 

The proposed scheme of the redox polymerization for the two components of the 

polypyrrole - polyoxovanadate microcomposite was further validated by the formula unit 

built upon the elemental analysis performed by the Galbraith Laboratories. The 

computational analysis of the reported chemical composition returned a formula unit of [-

(C4H3N)-]1.09 · {[(NH4)4V6O16] · n H2O} for the pristine microcomposite. In the case of 

← (001)        (002)
                              ↓ 
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the iodine-doped microcomposite, a returned formula unit of {[-(C4H3N)-]0.86 · I0.56} · 

{[(NH4)4V6O16] · m H2O}, m < n was calculated. In both cases it is important to notice 

that the polypyrrole :  (V6O16)4- molar ratio is centered around 1.00, value that implies the 

redox formation of this particular  mixed-valence hexavanadate ion at the expense of the 

monomer’s oxidative polymerization.  

Partial elimination of solvent molecules in the form of water of hydration and 

polypyrrole hygroscopically adsorbed, upon the iodine doping thermal treatment, led to 

structural ordering along the stacking direction c, as indicated by the comparison of the 

diffractograms (Figure 5.1) for the pristine (red) and iodine-doped microcomposite 

(black). The relative intensity of the diffraction signals due to the ( 0 0 1 ) and ( 0 0 2 ) 

planes is increased for the iodine-doped microcomposite relative to the pristine 

microcomposite and this indicates a higher degree of preferred orientation along the c 

direction in the former case. The partial dehydration of the microcomposite did not 

change the values of the unit cell parameters and this fact indicates that most probably, 

the larger portion of the water molecules was adsorbed by the hygroscopic polypyrrole 

moiety, and most probably served as a link to the ionic hexavanadate framework through 

hydrogen bonds. Another smaller portion of the water molecules was located in the 

galleries between the (V6O16)4- layers and bonded to the negatively charged hexavanadate 

framework through hydrogen bonds. The preservation of the interlayer spacing was 

expected due to the ammonium ions that are located in the same galleries formed by the 

layered hexavanadate framework and which were ionically stabilizing the entire structure 

by canceling out the overall negative charge of the mixed valence hexavanadate layers. 

The polar character of the hydration species and the ability to participate in hydrogen 
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bonds may have represented the link between the weakly polar character of the 

polypyrrole chains and the ionic nature of the tetrammonium hexavanadate. In turn, this 

allowed for an improved degree of homogeneity for the pristine microcomposite. Their 

stabilizing role for the secondary structure of the pristine microcomposite was greatly 

diminished upon the thermal treatment for the iodine-doping of the material, but was 

replaced by the formation of positive charges located on the backbone of the polypyrrole 

chains, ionically evened by the iodide species. Thus, the covalent character of the pristine 

polymer chains was shifted towards more ionic upon iodine doping and hence was able to 

interact better with its ionic salt counterpart in the microcomposite. 

The main force involved in the stabilization of the crystalline structure, i.e. the 

electrostatic attraction between the oppositely charged constituent ionic species was the 

one responsible for setting up the values of the unit cell parameters, together with the 

type and nature of the participant ions. Figure 5.2 shows scanning electron micrographs 

of the pristine microcomposite taken at low acceleration voltage (2 kV) and presents a 

relatively homogeneous polypyrrole – tetrammonium hexavanadate microcomposite. The 

tetragonal nature of the crystalline lattice for the inorganic component of the 

microcomposite was confirmed by the regular shape of the square-based parallelepipeds 

(Figure 5.2a), while the stacking along the c direction is clearly visible for the layered 

tetragonal lattice in Figure 5.2b. The layered, 2-D nature of the crystalline lattice is better 

revealed in Figure 5.2c, where individual, unstacked nano-thick layers can be noticed.  
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Figure 5.2 a. Scanning electron micrograph taken at low acceleration voltage showing 

the square basal planes of the parallelepiped-shaped grains. 

 

a 
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Figure 5.2 b. Scanning electron micrograph taken at low acceleration voltage showing 

the stacking of the grains. 

 

b 
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Figure 5.2 c. Scanning electron micrograph taken at low acceleration voltage showing 

the individual, unassembled, nano-thick layers, the building blocks of the crystalline 

lattice. 

 

In the process of redox simultaneous co-precipitation, polypyrrole coated (Figure 

5.3a) and formed layered inclusions between the microcrystals of the tetrammonium 

hexavanadate counterpart (Figure 5.3b and c). Figure 5.3 a shows a microcomposite grain 

which has the surface covered by polypyrrole coating, while Figure 5.3b displays a grain 

c 
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in which the alternation of the layers of polypyrrole and tetrammonium hexavanadate led 

to internal tensions manifested through surface cracks. In Figure 5.3c the redox 

simultaneous co-precipitation of the two components formed a disordered pile of 

polypyrrole and tetrammonium hexavanadate. The sub-micron level interaction between 

the two components of the pristine microcomposite was most likely the direct result of 

their chemical nature and the homogeneity degree of the material (Figure 5.4) was similar 

to microcomposites formed by the re-precipitation method, the case when delaminated 

colloids of the inorganic component are re-precipitated onto previously formed polymers 

added to the system.  
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Figure 5.3 a. Scanning electron micrograph showing the coating layer of polypyrrole. 

 

 

a 
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Figure 5.3 b. Scanning electron micrograph showing the surface cracks due to internal 

tensions in the grain. 

 

 

b 
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Figure 5.3 c. Scanning electron micrograph showing the pile of mixed organic – 

inorganic components. 

 

The crystalline pattern of the pristine polypyrrole – tetrammonium hexavanadate 

microcomposite was matched perfectly with the one belonging to the pristine hydrated 

ionic salt, (NH4)4V6O16 · y  H2O, 0.0 < y <1.0 and this proves that the amorphous, 

covalent polypyrrole moiety did not interfere or influence the crystallographic signature 

of the microcomposite. One of the important consequences is that this combination is 

most likely not a nanocomposite, in which layers of the two chemically different 

compositional counterparts interact at nanolevel dimensions in a continuous, periodic 

c



 171

pattern that leads to the build-up of a homogeneous novel type of hybrid composite 

material, with a new, distinct set of physico-chemical properties, relative to the original 

parent compounds.  

 

Figure 5.4. Schematic drawing depicting the homogeneity degree of the polypyrrole – 

tetrammonium hexavanadate microcomposite, as revealed by scanning electron 

micrographs.  

 

The different chemical nature of the two components of the microcomposite holds 

the key to the rational explanation of the interaction between the organic and inorganic 

moieties of the microcomposite. The ammonium hexavanadate salt is an ionic lattice that 
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alternates layers of negatively charged, anionic V6O16
4- units with layers of positively 

charged ammonium ions and its intrinsic stabilization depends upon the complete 

neutrality of the overall structure. The theoretical presence of a neutral, covalent in 

nature, organic moiety, i.e. polypyrrole in the form of a monolayer of polymer chains at 

the nanolevel in the ionic lattice would induce structural destabilization in the 

microcomposite, as the ionic nature of the lattice is manifested in all three dimensions by 

the alternating build-up of oppositely charged ionic monolayers (V6O16
4- and NH4

+). 

Moreover, the electrochemical oxidation potential towards polymerization is apparently 

too low for pyrrole to enter in a redox couple with the V6O16
4- anion, by totally reducing 

the remaining 4 V5+ centers to 4 V4+ and thus forming a neutrally charged nanocomposite 

of the form [-(C4H3N)-] · [(VO2)2]. The specific mechanism of radical oxidative 

polymerization of pyrrole, in which additionally to the two electrons, two protons are 

released, helped the stabilization of the V6O16
4- anion by the formation of hydroxide ions 

with the 2 O2- released in the process of conversion from 6 VO3
- units to one stable unit 

of V6O16
4-. The basic pH thus resulted for the aqueous-based solution, may have directed 

the precipitation process towards the formation of the hexavanadate anion, especially 

since previous evidence6 points towards the intermediate electrochemical formation of 

species of the type VO(OH)+.  

The redox simultaneous co-precipitation of the microcomposite started with the 

dissociation of the ionic ammonium metavanadate salt into individual solvated cations 

and anions, followed by the addition of the organic monomer. Pyrrole has a density value 

in standard conditions (0.9698 g / mL) close to the density value for pure water but has a 

low degree of miscibility with the latter. Magnetic stirring and turbulence induced by the 
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hydrothermal treatment improved the mixing of the two liquids but not to the miscibility 

level of two liquids similar in chemical nature and polar character.  The aromatic 

character of the heterocycle molecule, manifested in the delocalization through total 

conjugation, of the p and π pairs of electrons, induces very low basicity for the amine 

group.  The conjugation of the p and π electrons in the monomer molecule favors the 

occurrence of the radical oxidative polymerization mechanism that in turn, leads to the 

formation of oligomers and subsequently, polymers of the organic moiety and implicitly 

induces extended delocalization for the p and π electrons throughout the macromolecular 

chains. Polymerization of the pyrrole monomer started by reducing the V5+ centers in the 

metavanadate anions to V4+, but the latter cations were subsequently stabilized in the 

newly formed basic pH medium, by the formation of a mixed-valence polyoxovanadate 

anion, V6O16
4-. Thus, for each pair of VO3

- units that were reduced to VO2, four more 

VO3
- units were re-routed from potential complete partial reduction to anion stabilization 

by formation of the mixed-valence, hexavanadate anion. This way, the concentration of 

the available reducible centers dropped sharply, at the expense of more polypyrrole 

formation. Due to the charged nature of the hexavanadate species, stabilization by the 

only cationic species present in the mother liquor, the ammonium ions, happened at the 

expense of a potential, but unlikely polypyrrole – hexavanadate nanocomposite 

formation.  

X-ray energy dispersive spectroscopy maps (Figure 5.5) for grains of the pristine 

microcomposite, revealed planar superposition of the nitrogen and vanadium signals. The 

samples were analyzed on carbon-based grids and no mapping of the carbon content was 

done for this sample due to potential interference with the sample holder material.   
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Figure 5.5. Scanning electron micrograph (left) and X-ray energy dispersive 

spectroscopy maps (center and right) showed superposition of the nitrogen (center, in 

red) and vanadium (right, in green) signals. 

 

Fourier-transformed infrared spectroscopy was used to map the vibrational modes 

of the bonds present in the pristine microcomposite (Figure 5.6) and the transmission 

spectrum showed the presence of the polypyrrole and tetrammonium hexavanadate 

vibrational characteristics. The tetrammonium hexavanadate displayed characteristic 

vibrational modes at 525.5, 931, 994, 1412.6 and 3130.9 cm-1. The last two values 

represent characteristic vibrational modes of the ammonium ion, while the rest belong to 

the V6O16
4- framework. The vibration at 994 cm-1 indicates the presence of V4+ for the 

V=O bond and is a general characteristic for the mixed-valence vanadates and vanadium 

pentoxide bronzes, while the vibration at 525.5 cm-1 accounts for the V-O-V symmetrical 

stretching. The rest of the vibrational modes in the spectrum belong to the polypyrrole 

moiety in this specific microcomposite environment. Thus, the vibrations at 1681.6 and 

1632.5 are stretching C=C and C=N modes and the value at 422.3 cm-1 is an out of plane 
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C=C bend.  The C-H bonds show out of plane and ring bending vibrations at 817.2 and 

725.1 cm-1, and in plane bending at 1261.2 cm-1.  

 

 

Figure 5.6. Fourier-transformed infrared spectrum of the pristine polypyrrole – 

tetrammonium hexavanadate microcomposite. The wavenumbers are measured in cm-1. 

 

Grinding of the air-dried black powder of polypyrrole – tetrammonium 

hexavanadate microcomposite with mortar and pestle, proved to be difficult and similar 

as result to that of a solid lubricant, like an intercalated mica-type of material, where the 

stacked layers are held together by weak physical forces that allow them to slide relative 
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to each other. The main factor that caused this phenomenon to happen was most probably 

the secondary structure of the material that appears to be composed of sufficiently thin 

ionic crystals of tetrammonium hexavanadate embedded in the rather covalent 

polypyrrole matrix. The weak physical forces between the chemically different 

components of the relatively homogeneous material allowed for the sliding of the layers 

under external forces that exert pressure upon the composite. The material may prove to 

be a potential solid lubricant candidate, especially since excellent adhesion on flat, 

polished surfaces was noticed during the synthesis of the material. 

 Conductivity measurements performed on a pressed pellet of the pristine 

microcomposite showed no passing of the current through the material. This was 

probably due to the large amount of water of hydration, most of it hygroscopically 

absorbed on the polypyrrole moiety. Also, in the pristine microcomposite, the polypyrrole 

chains were not doped, and connected to the tetrammonium hexavanadate mixed-valence 

ionic framework most probably through hydrogen bonds. Thus, the iodine-doping of the 

polypyrrole chain recommended itself as a viable choice to boost up the conductivity of 

the material. The process did not affect the crystalline pattern of the ionic tetrammonium 

hexavanadate framework and thus, no redox couple between iodine and vanadium cations 

was established. The iodine-doped microcomposite (Figure 5.7a, b and c) showed better 

conductivity when exposed to the high energy electrons and this was manifested through 

less charging observed in the scanning electron micrographs, compared to the pristine 

material.  
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Figure 5.7 a. Low magnification scanning electron micrograph of the iodine-doped 

microcomposites. No apparent structural modifications were apparent in the image, when 

compared to the pristine microcomposite. 

 

a 



 178

 

 

Figure 5.7 b. High magnification scanning electron micrograph of the iodine-doped 

microcomposites. No apparent structural modifications were apparent in the image, when 

compared to the pristine microcomposite. 

 

b 
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Figure 5.7 c. High magnification scanning electron micrograph of the iodine-doped 

microcomposites. No apparent structural modifications were apparent in the image, when 

compared to the pristine microcomposite. 

 

 Fourier-transformed infrared spectroscopy was used to identify the vibrational 

modes of the bonds in the iodine-doped microcomposite (Figure 5.8) and the 

transmission spectrum showed the same values for the vibrational characteristics of the 

tetrammonium hexavanadate as in the pristine microcomposite. The observation indicates 

c 
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no effect of the iodine-doping procedure upon the ionic inorganic component of the 

microcomposite. One important modification is the diminished intensity of the peak 

assigned to the C-H in plane bending vibrational mode. Also, in terms of the ring 

vibrational modes, the ring bending mode (732.8 cm-1) and the out of plane ring bend 

(427.2 cm-1) moved towards higher energies, each by about 5 cm-1. This is probably the 

effect of the strong delocalization of the p and π electrons along the oxidized polypyrrole 

chain. 

 

Figure 5.8. Fourier-transformed infrared spectrum of the iodine-doped polypyrrole – 

tetrammonium hexavanadate microcomposite. The wavenumbers are measured in cm-1. 
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X-ray photoelectron spectroscopy (XPS) was used for the surface analysis of the 

iodine-doped microcomposite. The data for the vanadium cationic species (Figure 5.9), 

revealed that they exhibit oxidations states of 5+ and 4+ and the position of the maximum 

(517.2 eV) for the V2p3 peak denotes the molar predominance of the higher value for the 

oxidation state22,23. In the interpretation of the XPS data, the value of the binding energy 

for the O1s level was taken as a reference, as this value was demonstrated24 to be more 

accurate than the C1s correspondent in determining the oxidation state of vanadium 

species in the family of vanadium oxides. For the computation of the oxidation states for 

the vanadium species, accepted gradient values within the range 12.80 ± 0.1 eV and 

14.16 ± 0.2 eV, respectively, were taken into consideration. The values correspond to the 

difference in the binding energies of the core levels O1s and V2p3, for the latter in the 

case of V5+ and V4+, respectively. Thus, the iodine-doping redox process did not affect 

the lower oxidation states of the vanadium cations in the pristine material, as showed also 

by the powder X-ray diffractogram (see Figure 5.1) and the FTIR analysis of the doped 

material. 
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Figure 5.9. Detail of the X-ray photoelectron spectrum, showing the mixed-valence 

V2p3 peak. 

 

The other elemental components of the iodine-doped microcomposite displayed the 

following values for their relevant binding energies: C1s – 286.2 eV, N1s – 401.3 eV, 

O1s -530.6 eV and I3d3 -631.4 eV, I3d5 – 619.7 eV.  

Four-point electrical conductivity measurements for the iodine-doped 

microcomposite showed the presence of metallic conductivity at room temperature with 

value similar to the one of pure aluminum. The low temperature measurement was 

conducted at 80 K and the heating curve shows a 10 K portion before the measurement 

contacts were lost with the pressed pellet of iodine-doped microcomposite (Figure 5.10). 
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Figure 5.10. Low temperature heating curve of the electrical conductivity measurement 

for the iodine-doped microcomposite. 

 

The linear decrease of electrical conductivity with increased temperature is typical for 

metallic behavior in the conductivity measurement. The successful iodine-doping of the 

polypyrrole component of the microcomposite was coupled with the presence of mixed-

valence V5+, V4+ in the ionic tetrammonium hexavanadate counterpart and lead to the 

observed metallic electronic conductivity. 

 The redox simultaneous co-precipitation of the polypyrrole – tetrammonium 

hexavanadate microcomposite can be further adapted for the synthesis of the lithium-

based composite, material that may have potential application in the design of cathodes 

for rechargeable batteries. Previous studies performed on electrochemically synthesized 
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M4V6O16, (M = NH4
+, K+, Rb+ and Cs+) showed that lithium inserted in very small 

amounts (about 0.05 mol Li+ per unit formula) and further attempts to  replace the 

ammonium and alkali cations by Li+ led to a diminished incorporation of the lithium 

species and partial oxidation of the hexavanadate framework. Thus, a viable alternative 

would be the direct synthesis of the tetralithium hexavanadate salt by its precipitation as a 

polypyrrole - tetralithium hexavanadate microcomposite. The resulted microcomposite is 

expected to have better overall performances than similar materials based on polypyrrole 

– vanadium pentoxide nanocomposites, as the structure and morphology of the new 

material would allow for higher lithium content, better cyclability and improved lithium 

diffusion.  

 The redox simultaneous co-precipitation of the polypyrrole – tetrammonium 

hexavanadate microcomposite through the facile hydrothermal method can be paralleled 

with the room-temperature redox simultaneous co-precipitation of the polypyrrole – gold 

nanoparticles microcomposite. Vanadates and vanadium pentoxide, in which the cation 

centers are in their highest oxidation state are very prone to be reduced to intermediate 

oxidation states, most likely V4+ and to a lesser extent to V3+ and thus they represent for 

cation reduction to inferior (but not zero) oxidation states what Au3+ represents for total 

cation reduction to the metallic state, Au0. Both cationic species, V5+ and Au3+ are able to 

engage pyrrole in a redox couple that ultimately leads to the formation of 

microcomposites with morphologies most probably dictated by the kinetics of the redox 

simultaneous co-precipitation process. Figure 5.12 shows scanning electron (a) and 

transmission electron (b, c) micrographs of the correspondent polypyrrole – gold 

nanoparticles microcomposites obtained in an almost identical experimental procedure, 
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except for the hydrothermal treatment. The gold nanoparticles aggregates that are visible 

in Figure 5.11a, were formed by aggregation of polypyrrole-coated small Au 

nanoparticles in cluster formations (Figure 5.11b). The last image (Figure 5.11c) displays 

polypyrrole-embedded small (3-5 nm) Au nanoparticles in the filtrated mother liquor, 

before their aggregation into larger structures. The redox simultaneous co-precipitation of 

the polypyrrole – gold nanoparticles aggregates occurred instantaneously, as opposed to 

the present case of the polypyrrole – tetrammonium hexavanadate microcomposite.  

 

 

 

Figure 5.11 a. Scanning electron micrograph of the polypyrrole – gold nanoparticles 

composite. 

a
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Figure 5.11 b. Transmission electron micrograph of the polypyrrole – gold nanoparticles 

composite. 

b
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Figure 5.11 c. Transmission electron micrograph of the polypyrrole – gold nanoparticles 

composite. 

 

c 
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It may be helpful to add that in another experiment, similar, non-instantaneous redox 

simultaneous co-precipitation lead to a polypyrrole – silver microcrystals microcomposite 

and this observation indicates a clear pattern that allows one to predict the level of 

interaction between components for polypyrrole-based composites synthesized by the 

redox simultaneous co-precipitation method. 

The successful synthesis of a crystalline polypyrrole – vanadium oxide composite, 

in the form of the polypyrrole – tetrammonium hexavanadate microcomposite led to the 

attempt to synthesize a polypyrrole – molybdenum oxide composite by applying the same 

redox simultaneous co-precipitation method. In a virtually identical experimental 

procedure, hexammonium heptamolybdate (NH4)6Mo7O24 · 4 H2O was employed as the 

precursor and the resulted black product displayed (Figure 5.12) an amorphous powder 

X-ray pattern and was not further investigated. Scanning electron micrographs of the 

composite showed high levels of charging that were due to the insulating character of the 

material. 
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Figure 5.12. Amorphous powder X-ray pattern of the polypyrrole – molybdenum oxide 

composite. The 2θ scale is measured in degrees. 

 

The precipitation of the polypyrrole – molybdenum oxide composite happened several 

hours after the mixing of the two precursors, as the Mo6+ cations have a lower reduction 

potential compared to their V5+ counterparts. 
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5.5. CONCLUSIONS 
 

The initial polypyrrole – tetrammonium hexavanadate microcomposite was 

produced through a reflux-based redox simultaneous co-precipitation method. The ionic 

inorganic component of the microcomposite, (NH4)4V6O16 was synthesized for the first 

time as part of a composite material and the experimental procedure was the first 

solution-based chemical synthesis for the hexavanadate salt. The material represents a 

unique combination of a layered, ionic salt and polypyrrole in the form of a 

microcomposite. The pH of the mother liquor was the main factor in determining the type 

of the vanadate component, while the chemical nature of the two components was 

responsible for shaping up the secondary structure of the material. The microcomposite 

displays interesting mechanical properties that may qualify it for a solid lubricant and 

upon doping of the polymer moiety, presents tunable electronic conductivity. The 

synthetic method can be easily adapted to precipitate a polypyrrole – tetralithium 

hexavanadate microcomposite, material that may be a good candidate for cathode 

materials in rechargeable batteries. The unique combination of an electron conductive 

polymer and a mixed-valence crystalline ionic lattice within a rather homogeneous 

microcomposite may prove to be interesting for potential applications in areas specific for 

electroactive materials.  
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CHAPTER 6 

 

SYNTHESIS AND CHARACTERIZATION OF POLYPYRROLE – 

INSULATING LAYERED BISMUTHATES NANOCOMPOSITES 

 

6.1. ABSTRACT 

 

 The chapter presents the synthesis and characterization of a set of nanocomposites 

made by the in situ oxidative radical polymerization of pyrrole in the van der Waals gap 

of two structurally related members belonging to a class of insulating, layered 

bismuthates. The method uses pre-intercalated iodine species as the topotactic oxidizing 

agent for the subsequent in situ oxidative radical polymerization of pyrrole and represents 

the first synthesis example in which polypyrrole-based nanocomposites are obtained 

using the halogen species as the oxidizing agent. The experimental procedure is suitable 

for being applied to other layered, anisotropic 2-D inorganic oxide hosts that exhibit van 

der Waals gaps bordered by Bi-O layers and may serve as an example of strategy and 

synthesis design for the production of electron conductive polymer – layered oxide hosts 

nanocomposites. Solvent-mediated intercalation of iodine is demonstrated for the first 

time as a simple, viable alternative to the classic vapor-phase intercalation of iodine into 

layered bismuthates. 
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6.2. INTRODUCTION 

 

 Nanocomposites of layered, anisotropic 2-D inorganic lattices with electron 

conductive polymers have stirred the research interest for the last two decades and they 

continue to be viewed as a pragmatic solution for the synthesis of novel hybrid materials1-

4. The quest for electron conductive polymers – layered inorganic hosts started with the 

attempts to intercalate layered, insulating clays, materials that were attractive for the 

redox intercalation reactions based on their layered structure with trapped inter-gallery 

metal cations that can be ion-exchanged with reducible cations of transitional metals 

(most often Cu2+ and Fe3+)5-8. The weak interlayer forces in these mica-type materials 

allow for expansion of the van der Waals gap without involving major structural changes 

within the layers and, thus are recommended as viable hosts in the synthesis of 

“sandwich”-like nanocomposites with polymer moieties. The major change in physical 

properties upon the intercalation of electron conductive polymers is the switch from the 

insulating character of the layered clays to the tunable electronic conductivity (upon 

appropriate doping of the polymer chains) of the resulted nanocomposite. Significant 

changes in mechanical and optical properties accompany these transformations and 

recommend the novel hybrid nanocomposites as interesting materials for diverse practical 

applications. The in situ oxidative polymerization of the organic monomers at the 

expense of interlayer transitional metal cation reduction led in the next step to the 

employment of layered inorganic hosts with reducible cations within the framework of 
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the 2-D material9-21. The same type of sandwiched nanocomposites were obtained as in 

the previous case, but with the significant difference that the layered material suffered 

structural and electronic conductivity modifications upon the partial reduction of one of 

the framework constituent cations. The two previously mentioned in situ polymerization 

strategies are often employed based on the high degree of homogeneity for the resulted 

nanocomposite and are preferred to other synthesis strategies that include direct polymer 

intercalation methods like co-precipitation of the polymer moiety and the layered 

inorganic matrix, polymer melt intercalation and host exfoliation and subsequent re-

precipitation in a polymer-rich environment.  

 Two members of the family of insulating layered bismuthates with the general 

formula MxBi(9-x)O[(27-x)/2] (M = Ca, Sr and Ba), SrBi8O13 and Sr2CaBi6O12 were 

employed in this study as host lattices for the topotactic, in situ oxidative polymerization 

process of pyrrole. The synthesis strategy involves in the first stage, the non-redox 

intercalation of iodine atoms into the layered bismuthate matrix, followed by their 

subsequent reduction to iodide species at the expense of the topotactic oxidative 

polymerization of a monolayer of polypyrrole chains. The main reason behind the 

employment of these insulating layered bismuthates was their structural22-26 similarities 

with the high-temperature (Tc = 85 K) superconducting 2-D layered bismo-cuprate, 

Bi2Sr2CaCu2O8+δ. The latter ceramic has a very complex structure27 and the two layered 

bismuthates were used as “shadow” structures that would anticipate to a great extent the 

behavior of the superconducting ceramic in identical intercalation reactions. The solid 

solutions Bi2O3 – MO (M = Ca, Sr and Ba), despite their insulating behavior exhibit ionic 

conductivity28-30 at temperatures around 700 °C and the two members of the group 
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employed in the study are remarkable through the simplicity of the structure – the case of 

SrBi8O13 and the good simulation of the compositional complexity of the 

superconducting counterpart, as is the case for Sr2CaBi6O12.  

 Intercalation of iodine atoms in the two insulating layered bismuthates was done 

by the classical vapor-phase intercalation method31,32 and by a new solvent-mediated 

procedure33 that provided a simpler and more cost-effective approach, relative to the 

former one.  

 The synthesis strategy employed for the formation of polypyrrole – layered 

bismuthates nanocomposites preserved the main structural characteristics of the host’s 

layers and produced nanocomposites in which the polypyrrole content is directly 

dependent on the limited amount of pre-intercalated iodine species.  

 

6.3. EXPERIMENTAL 

6.3.1. Synthesis 
 

Sr2Ca Bi6O12 and SrBi8O13 were synthesized by a solid-state procedure in which 

appropriate amounts of cationic precursors (Bi2O3, 99.999 %-Bi, SrCO3, 99.9 %-Sr, 

CaCO3, 99.95 %-Ca, all Strem Chemicals) were subjected to several cycles of grinding 

and annealing. The solid state preparation method for Sr2Ca Bi6O12 and SrBi8O13 

consisted of 12-24 hours high temperature annealing treatments with intermittent 

grindings. The ramp up rate was 100 °C / hour and the annealing temperatures were 725, 
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750, 775, 790 and 800 °C. The crystalline structure of the yellow ceramics was confirmed 

to be single phase by powder X-ray diffraction. 

Sr2CaBi6O12 and SrBi8O13 were further used as host ceramics for the intercalation 

of iodine by the classical method, the vapor diffusion34,35 and by the new procedure, the 

solvent-mediated. In the case of the vapor diffusion method, 1.661 g (0.001 mol) 

Sr2CaBi6O12 and 1.968 g (0.001 mol) SrBi8O13 were separately sealed each with 1.904 g 

iodine (0.0075 mol, recrystalized, Strem Chemicals) in evacuated (50 mTorr) in-house 

made Pyrex ampoules. The ampoules were ramped up (20 °C / hour) in a regular oven to 

225 °C and were dwelled at this temperature for 12 days. After ramping down (50 °C / 

hour) to 100 °C, the ampoules were quickly transferred into a tubular oven previously set 

at 100°C where the excess iodine was collected at the cold end (room temperature) for 2 

days.  

The solvent-mediated procedure was employed for the Bi-rich sample and used 

two different n-alkanes as solvent and transport media for the iodine molecules. In a 500 

mL round bottom flask, 1.904 g iodine was dissolved in 250 mL dry n-hexane (b.p. 68.7 

°C, Acros Organics) and 1.968 g Bi8SrO13 were subsequently added. The suspension  was 

ramped up and kept at 65 °C for 10-14 days, under dry, inert atmosphere (N2) and with 

magnetic stirring employed at all times. After cooling down to room temperature, the 

suspension was filtered off and the solid product washed several times with dry n-hexane. 

In a similar experimental procedure, n-dodecane (b.p. 216 °C, Acros Organics) was used 

without further purification and the temperature of the reaction was set at 150 °C. In all 
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four cases, the dark brown products of the intercalation reactions were stage-I, as 

revealed by powder X-ray diffraction. 

 In the second step of the synthesis strategy, 2.042 g (0.001 mol) IxSr2CaBi6O12 

and 2.348 g (0.001 mol) IySrBi8O13 (1 < x, y < 3) were separately sealed under vacuum 

(30-60 mTorr) with a large excess (1.4 mL, 0.020 mol) of freshly purified pyrrole (b.p. 

128.9 °C, 99 %, Acros Organics) in two Pyrex ampoules (in house made). Prior to the 

use, pyrrole had been purified through a column packed with activated alumina (Fischer 

Scientific). The ampoules were placed in a regular oven and ramped up (20 °C / hour) to 

the final temperature (132 °C) where they were left for 10-12 days. The resulting black 

powders were cooled down to room temperature and further dried under vacuum (30-60 

mTorr) at ambient temperature for about 30 minutes. 

6.3.2. Characterization 
 

The homogeneous nanocomposites were further analyzed for their crystal structure 

by powder X-ray diffraction (XRD) run on a D8 Advance (Brucker-Nonius), with Cu 

target operating at 40 kV and 30 mA. Electron microscopy methods were used for the 

characterization of the materials. Scanning electron microscopy (SEM) and energy 

dispersive spectroscopy (EDS) were performed on a LEO 1530 instrument and operated 

at accelerating voltages of 1, 2, 5, 10 and 15 kV. Elemental analysis was performed on 

both nanocomposites for C, H, N, I and Bi by Galbraith Laboratories, Inc. The 

IxSr2CaBi6O12-based composite had the following composition by mass: 1.32 % C, < 0.50 

% H, < 0.50 % N, 12.54 % I and 57.5 % Bi and the IySrBi8O13-based sample return the 

following values: 1.23 % C, < 0.50 % H, < 0.50 % N, 15.81 % I and 67.1 % Bi. 
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6.4. RESULTS AND DISCUSSION 
 

 The main reason behind the employment of the two insulating, anisotropic layered 

bismuthates in the attempt to synthesize polypyrrole-based nanocomposites was their 

strong structural similarities with the high-temperature superconducting 2-D layered 

bismo-cuprate, Bi2Sr2CaCu2O8+δ. While the latter is a metastable layered structure, highly 

complex in terms of cationic composition, with a relatively high degree of disorder due to 

a wide range of defects, the former ceramics have a simpler structure that can be varied 

within a limited range as a function of the cationic composition. Both classes of layered 

bismuthates present interlayer van der Waals gaps (about 3.5 Å in each case) that are 

bordered by Bi-O layers (Figure 6.1). 
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Figure 6.1. Schematic drawing of the unit cells belonging to the two classes of layered 

bismuthates: the insulating MxBi(9-x)O[(27-x)/2] (M = Ca, Sr and Ba) (left) and the high-

temperature superconductor Bi2Sr2CaCu2O8+δ (right). 

 

 The structure of the hexagonal insulating layered bismuthates consists of slabs of 

octahedrally coordinated (M, Bi)-O (M = Ca, Sr and Ba) units that are sandwiched 

between hexagonal Bi-O sheets and each structural unit thus resulted is stacked up along 

the c direction in an ABC sequence separated by interlayer van der Waals gaps to form 

the unit cell (Figure 6.2).  The anisotropic structure of the layered bismuthates presents 

defects based on the oxygen non-stoichiometry and cationic substitution and the 
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concentration of the latter type of defects increases proportionally to the content and 

diversity in alkaline earth cations.  

 

A
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B

A

c
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O2-
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c / 3

Figure 6.2. Schematic drawing showing two stacked building blocks of the layered 

lattice of the insulating class of bismuthates. 

 

Figure 6.3 shows the powder X-ray diffractograms of the two members of the group that 

were employed in the study. Both were prepared by the classical solid state procedure 

which to this date remains the only synthesis method for this class of ceramics. Sr2Ca 

Bi6O12 had a hexagonal lattice with the unit cell parameter values of a = b = 3.945 Å and 

c = 28.570 Å while the isostructural SrBi8O13 lattice displayed slightly larger in-plane 
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values, a = b = 3.964 Å and significantly shorter dimension along the stacking direction, 

c = 28.100 Å. Both ceramics structures belong to the space group R-3M. 
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Figure 6.3 a. Powder X-ray diffraction pattern of the pristine insulating layered 

bismuthate, Sr2Ca Bi6O12. The 2θ scale is measured in degrees. 

 

Sr 2 Ca Bi 6 O 12 a 
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Figure 6.3 b. Powder X-ray diffraction pattern of the pristine insulating layered 

bismuthate, SrBi8O13. The 2θ scale is measured in degrees. 

 

Inspection of the two diffractograms in Figure 6.3 showed, as expected, a higher degree 

of disorder for the alkaline earth-rich layered bismuthate, due to the higher and more 

diversified content in the divalent cations. In both cases, the most intense peak was the ( 0 

0 9 ) diffraction and besides the well defined ( 0 0 l ) (l = 3, 6, 9,…) signals, the ( h 0 l ) 

and ( 0 k l ) diffractions accounted for the vast majority of the signals. 

 The strategy for the synthesis of the polypyrrole – insulating layered ceramic 

nanocomposites avoided the reduction of the lattice Bi3+ centers by pre-intercalating 

Sr Bi 8 O 13 
b 
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iodine atoms in the interlayer space as topotactic oxidation agents for the subsequent in 

situ oxidative polymerization of pyrrole. Figure 6.4 depicts in a schematic way the two 

stages of the nanocomposite synthesis process, method that can be adapted for other 

sacrificial pre-intercalated / inserted oxidizing agents like Cu2+and Fe3+ and other classes 

of layered and channel-like36,37 inorganic lattices.  

1

23

Iodine atom monomer polymer Iodide anion

 

Figure 6.4. Schematic artwork that depicts the two stages of the nanocomposite 

synthesis, the non-redox intercalation of the oxidizing agent (1) and the addition of 

monomer(2), followed by its subsequent in situ polymerization (3).  
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 The first stage in the synthesis strategy represents the intercalation of iodine 

atoms by vapor diffusion in the layered matrix of the insulating bismuthate. The 

experimental procedure was adapted from the case of the layered high-temperature 

superconductor Bi2Sr2CaCu2O8+δ, which was successfully intercalated 15 years ago and 

its stage-I intercalation product remains to date the most extensively investigated reaction 

product for this particular superconducting ceramic. The iodine intercalation in the three 

identical van der Waals gaps of the layered host led to the doubling of the interlayer 

spacing, with little rearrangement in the ab plane. In both cases, the space group of the 

crystalline lattice of the intercalated products did not change relative to the pristine 

ceramics. Figure 6.5 shows the two diffractograms of the stage-I intercalation products, 

IxSr2CaBi6O12 and IySrBi8O13, 1 < ( x, y ) ≤ 3, obtained by the vapor diffusion method. 
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Figure 6.5 a. Powder X-ray diffraction pattern of the iodine-intercalated insulating 

layered bismuthate, IxSr2CaBi6O12. The 2θ scale is measured in degrees. 
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Figure 6.5 b. Powder X-ray diffraction pattern of the iodine-intercalated insulating 

layered bismuthate, IySrBi8O13. The 2θ scale is measured in degrees. 

 

The new values of the hexagonal unit cells were a = b = 3.968 Å and c = 38.11 Å for 

IxSr2CaBi6O12 and a = b = 4.00 Å and c = 37.40 Å for the IySrBi8O13 ceramic. The same 

trends for the unit cell parameters were observed in the iodine-intercalated lattices, as in 

the case of the pristine materials. Thus, the intercalation of iodine species by the vapor 

diffusion experimental procedure had a major impact only upon the stacking up direction 

Iy Sr Bi8 O13 b 
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c, where an increase of 33.4% and 31.7%, respectively for the two intercalated ceramics 

outweighed the change in the in-plane dimensions that were 0.58% and 0.91%, 

respectively.  

The SrBi8O13 ceramic was further intercalated by a solvent-mediated experimental 

procedure, in which n-alkanes were employed as solvents and transport media for the 

guest species. The two n-alkanes that were used, n-hexane and n-dodecane, are both good 

non-polar solvents for iodine and chemically inert towards the solvated species and the 

host lattice.  Figure 6.6 shows the diffractograms of the two intercalation products, 

Iy1SrBi8O13 and Iy2SrBi8O13 that were obtained in the n-hexane and n-dodecane-mediated 

experimental procedures. 
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Figure 6.6 a. Powder X-ray diffraction pattern of the iodine-intercalated insulating 

layered bismuthates, Iy1SrBi8O13. The product was obtained using n-hexane as the solvent 

for the guest iodine molecules. The 2θ scale is measured in degrees. 
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Figure 6.6 b. Powder X-ray diffraction pattern of the iodine-intercalated insulating 

layered bismuthate, Iy2SrBi8O13. The product was obtained using n-dodecane as solvent 

for the guest species. The 2θ scale is measured in degrees. 

 

In both cases the unit cell dimensions were identical, with a = b = 4.01 Å and c = 37.70 Å 

and the relatively large gradient between the dimensions along the stacking direction for 

the two different methods of intercalation were most likely proportional to the iodine 

content of the intercalated ceramics. The solvent-mediated iodine intercalation represents 

Iy2 Sr Bi8 O13 b 
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a viable alternative to the vapor diffusion method based on its simplicity and lower cost 

of operation. Another advantage over the classical method is the better scale-up 

perspective, the vapor transport procedure being constrained by factors like the 

ampoule’s internal pressure, quality of the seal and expensive equipment.  

In all four intercalation diffractograms, regardless of the employed experimental 

procedure, the signal with the highest intensity was the one due to the ( 0 0 12 ) 

diffraction, while the signals involving the in-plane dimensions were reduced in terms of 

their relative intensity. The intercalation of iodine induced a structural preferred 

orientation along the stacking direction, c while largely preserving the in plane 

symmetrical arrangement of the ionic components.  

Intercalation of iodine is a dynamic process that evolves through relatively 

disordered phases in which iodine species incompletely and randomly intercalate every 

van der Waals gap (stage-I behavior) of the layered host. As the intercalation proceeds, 

the difference in iodine concentration between adjacent regions decreases, trend that is 

observed also in the gradient between the external iodine reservoir concentration and the 

ceramic host iodine concentration. When the dynamic equilibrium is reached, the amount 

of iodine that deintercalates the host is equal to the amount of iodine that intercalates the 

layered ceramic during the same period of time. Optimization of the two most important 

parameters in the vapor diffusion method and in the solvent-mediated procedure, 

temperature and time can increase the value of x and y towards the upper end of this 

range (about 1 I / gap), while employing a large iodine excess in both transport methods.  

In each case of the two different methods, in the absence of a temperature gradient 

between the iodine reservoir and the ceramic host, the intercalation of iodine proceeds 
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due to a gradient in concentration of iodine across the guest reservoir - host ceramic 

interface. For the two different types of transport mechanisms, the presence of a 

temperature gradient is expected to decrease the period of time needed for obtaining the 

stage-I intercalated ceramics, by a faster decrease in the gradient between the two 

chemical potentials of iodine species in the reservoir and the host, respectively. While the 

experimental design of a temperature gradient is easier to be realized for the vapor-

transport method compared to the solvent-mediated procedure, the latter method is easier 

to apply in the absence of the temperature gradient. Formation of stage-I non-

stoichiometric iodine intercalated layered bismuthates in the polycrystalline powder form 

appears to be an entropy-driven process above the low cut-off values for x and y in 

IxSr2CaBi6O12 and IySrBi8O13 respectively, thus leading to the overall decrease of the free 

energy. 

In the process of non-redox iodine intercalation, it was often noticed that the 

actual molar ratio [I / van der Waals gap] is less than 1.00, usually with values within the 

range 0.67 – 1.00. The presence of vacant sites is beneficial for creating space for the 

subsequent monomer intercalation, but on the other hand, decreases the amount of 

intercalated monomer, based on the redox stoichiometry of the iodine – pyrrole couple (2 

/ 1). Thus, the ideal case, in which the concentration of vacant iodine and iodide sites in 

the layered bismuthates is 0, leads to a theoretical unit formula of I3 Mx Bi(9-x) O[(27-x) / 2] 

(M = Ca, Sr and Ba), that in turn would produce a nanocomposite of the type [-(C4H3N)-

]1.50 I3 Mx Bi(9-x) O[(27-x) / 2]. 

Intercalation of pyrrole was done by a vapor diffusion method and led to the 

topotactic, in situ oxidative polymerization of pyrrole that ultimately led to the formation 
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of a polypyrrole – layered insulating bismuthate nanocomposite (see Figure 6.7, second 

stage of the process). 

1 2

c

 

 

Figure 6.7. Schematic artwork depicting the general process of the nanocomposite 

formation. The first stage represents the topotactic, non-redox intercalation of iodine, 

followed in the second stage by the topotactic in situ polymerization of pyrrole and the 

subsequent formation of polypyrrole and iodide species. 

 

The general redox process that takes place in the interlayer galleries can be represented as 

in Equation 6.1: 



 215

 

2n I (intercalated)  +  n C4H5N   →    [-(C4H3N)n-]intercalated   +   2n  H+  +  2n  I-
(intercalated)   (6.1) 

 

 In the particular case of the dark brown, iodine-intercalated IxSr2CaBi6O12 

ceramic, the topotactic in situ polymerization of pyrrole led to the formation of a black 

nanocomposite with a formula unit of [-(C4H3N)-]0.60 I2.15 Sr2CaBi6O12 , based on the 

computation of the elemental analysis data. The polypyrrole load of the nanocomposite 

(Figure 6.8a and b) was within the expected general formula range, but represented less 

than 50% of the amount predicted for the fully loaded ideal case. It is important to notice 

that the iodine to polypyrrole molar ratio in the formula unit of the nanocomposite was 

greater than 3.0 and, at a first glance, this may indicate either the presence of iodide 

species due to the pre-existence of defects within the ceramic framework, or a lower than 

expected accessibility of the interlayer iodine sites, for the monomer molecules.  
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 Figure 6.8 a. Low magnification scanning electron micrograph of the novel material, the 

[-(C4H3N)-]0.60 I2.15 Sr2CaBi6O12 nanocomposite.  

    

a 
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Figure 6.8 b. High magnification scanning electron micrograph of the novel material, the 

[-(C4H3N)-]0.60 I2.15 Sr2CaBi6O12 nanocomposite.  

 

 In terms of the crystalline structure of the novel composite, the in situ oxidative 

polymerization of monolayer of pyrrole molecules, led to a slight increase of the ab in-

plane dimensions and a significant decrease (0.25 Å) of the unit cell dimension along the 

stacking direction, c (Figure 6.9). The new unit cell preserved the initial symmetry of the 

parent structure, as expected in the case of a topotactic, in situ polymerization of a 

monolayer of organic monomer. The new unit cell parameter values were a = b = 3.98 Å 

and c = 37.86 Å. 

b 
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Figure 6.9. Powder X-ray diffraction patterns of the iodine-intercalated insulating 

layered bismuthate, IxSr2CaBi6O12 (in black) and the final nanocomposite, [-(C4H3N)-]0.60 

I2.15 Sr2CaBi6O12 (in red). The 2θ scale is measured in degrees. 

 

 The diffractogram of the polypyrrole-based nanocomposite showed a significantly 

higher degree of disorder compared to its precursor, manifested through less defined, 

broader peaks.  The in situ, topotactic polymerization of pyrrole in the form of a 

monolayer of organic moiety located in the periodic van der Waals gaps of the layered 

IxSr2CaBi6O12
 
[-(C4H3N)-]0.60 I2.15 Sr2CaBi6O12 
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host lattice produced a stage-I polypyrrole-intercalated nanocomposite that is 

characterized by a periodic, sandwiched structure with different levels of interaction 

within and between the constituent layers (Figure 6.10a and b).  

 

 

 

Figure 6.10 a. Scanning electron micrograph showing a high magnification image of an 

agglomeration of grains with a layered structure. 

 

 

a 
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Figure 6.10 b. Scanning electron micrograph showing a high magnification image of an 

incipient exfoliation of a layered grain of nanocomposite. 

 

 Energy dispersive X-ray spectroscopy analysis was performed on the 

nanocomposite by elemental mapping of a scanning electron micrograph (Figure 6.11) 

and showed a relatively uniform distribution of the targeted constituent species. 

 

 

 

b 



 221

 

 

 

 

 

 

Figure 6.11. Energy dispersive X-ray spectroscopy elemental mapping for the layered 

nanocomposite. 

  

 The Bi-rich insulating layered ceramic had a simpler, less disordered structure, as 

revealed by the comparison of the powder X-ray diffractograms in Figure 6.3 and the 

trend was perpetuated in the case of the iodine-intercalation products. Hence, as 

expected, scanning electron micrographs of its polypyrrole-based nanocomposites 

confirmed these expectations (Figure 6.12a and b) and showed a homogeneous material 

displaying a layered structure. 

The computed formula unit [-(C4H3N)-]0.64 I3.10 SrBi8O13, based on the returned 

elemental analysis results had a high content in iodine and lower than expected in 

polypyrrole.  The polymer load was less than half of the maximum amount calculated 

upon the stoichiometry of the redox couple that leads to the formation of the 

nanocomposite. 
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Figure 6.12 a. Low magnification scanning electron micrograph of the novel material, 

the [-(C4H3N)-]0.64 I3.10 SrBi8O13 nanocomposite. 

 

a
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Figure 6.12 b. High magnification scanning electron micrograph of the novel material, 

the [-(C4H3N)-]0.64 I3.10 SrBi8O13 nanocomposite. 

 

The powder X-ray diffractogram (Figure 6.13) of the polypyrrole-based nanocomposite 

showed, as in the case of the related nanocomposite discussed before, an increased degree 

of disorder manifested through a significantly lower intensity of the signals due to planes 

stacked up along the c direction. The analysis of the diffractogram of the nanocomposite 

returned a similar trend as previously observed, with some small differences. Thus, while 

the in-plane unit cell dimensions stayed constant (a = b = 4.00 Å) relative to their 

precursor case, the unit cell dimension along the stacking up direction, c decreased by 

b 
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0.38 Å, to 37.02 Å. A similar trend to the case of the Bi-poor nanocomposite was the 

increase of the intensities for the ( h 0 l ) and ( 0 k l ) diffractions relative to the intensities 

of the ( 0 0 l ) signals, as a result of the increased disorder of the structure. 
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Figure 6.13. Powder X-ray diffraction patterns of the iodine-intercalated insulating 

layered bismuthate, IySrBi8O13 (in black) and the final nanocomposite, [-(C4H3N)-]0.64 

I3.10 SrBi8O13 (in red). The 2θ scale is measured in degrees. 

IySrBi8O13
 
[-(C4H3N)-]0.64 I3.10 SrBi8O13 
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 The layered nature of the polypyrrole-based nanocomposite is clearly defined in 

Figure 6.14a and b and the incipient exfoliation of the grains is assumed to be initiated by 

the presence of the polypyrrole moiety in the sandwiched structure of the nanocomposite. 

 

 

 

Figure 6.14 a. Scanning electron micrograph of the [-(C4H3N)-]0.64 I3.10 SrBi8O13 

nanocomposite showing incipient exfoliation of the grains. Sub-micron thick layers of the 

“sandwich”-like nanocomposite were in the process of detaching off the grains. 

 

 

a
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Figure 6.14 b. Scanning electron micrograph of the [-(C4H3N)-]0.64 I3.10 SrBi8O13 

nanocomposite showing incipient exfoliation of the grains. Sub-micron thick layers of the 

“sandwich”-like nanocomposite were in the process of detaching off the grains. 

 

The covalent character of the intercalated monolayer of polypyrrole chains may 

constitute an electrostatic mismatch with the ionically Bi-O bordering layers, but the 

main source of structural instability may come from the negatively charged iodide 

species. It is highly possible that the calculated 3.10 to 0.64 molar ratio between the 

iodide species and the polymer moiety may account for the subsequent doping of the 

polymer chains and thus a 3 to 1 theoretical ratio for the polymerization plus doping of 

b
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the chains may explain the real situation. It is relevant to notice that in the previous case a 

similar ratio between the iodide species and the polymer moiety was recorded and the 

observation leads to the conclusion that iodine may have served a double role, i.e. the 

oxidation of the monomer in the oxidative polymerization process, followed by the 

subsequent oxidation of the polymer chain by extraction of a π electron from one of the 

ring conjugated C=C bonds. No measurement of the electronic conductivity for the 

pristine nanocomposite was made. 

Energy dispersive X-ray spectroscopy analysis was performed on the 

nanocomposite by elemental mapping of a scanning electron micrograph (Figure 6.15) 

and showed a relatively uniform distribution of the targeted constituent species. 

 

 

 

 

 

Figure 6.15. Energy dispersive X-ray spectroscopy elemental mapping for the layered 

nanocomposite. 

 

 No investigation upon the position of the intercalated monolayer of polypyrrole 

chains relative to the bordering Bi-O layers was made, but most likely they were 

anchored to the host frame through hydrogen bonds of the type >N-H···O-Bi. The 

thickness of one intercalated monolayer of polypyrrole chains would be accommodated 
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in the d-spacing observed in the diffractogram of the nanocomposite, probably in an 

almost perpendicular position to the bordering layers of the gap. 

 Doping of the nanocomposite by iodine vapors in a 1 to 1 molar ratio to 

the polypyrrole content of the material left the crystallographic pattern (Figure 6.16) 

virtually unchanged, as opposed to the case when excess iodine was used and a secondary 

phase of BiIO was observed in the diffractogram.  
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Figure 6.16. Powder X-ray diffraction pattern of the iodine-doped nanocomposite 

showing no differences compared to the pristine nanocomposite. The 2θ scale is 

measured in degrees. 
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Pressed pellets of the doped nanocomposite showed passing of the electric 

current, when a difference in potential was applied between two different points on the 

pellet’s surface. 

 

6.5. CONCLUSIONS 
 

 Nanocomposites of polypyrrole with an insulating layered bismuthate of general 

formula Mx Bi(9-x) O[(27-x) / 2] (M = Ca, Sr and Ba) were synthesized by the topotactic, in 

situ oxidative polymerization of pyrrole in the van der Waals gaps of the ceramic host. 

The insulating, layered bismuthate class of Bi2O3 – MO (M = Ca, Sr and Ba) solid 

solutions was used, based on its strong structural similarities with the high-temperature, 

layered superconducting bismo-cuprate, Bi2Sr2CaCu2O8+δ. The simpler structure of the 

former ceramics allowed for a good modeling of the behavior for the latter ceramic, in 

virtually identical experimental conditions.  

The synthesis strategy involved the non-redox pre-intercalation of iodine atoms in 

the layered host, followed by the vapor phase, in situ oxidative polymerization of pyrrole 

in the van der Waals gaps of the ceramic host. The sacrificial oxidizing agent method 

proved to be viable in the case of the insulating layered ceramics an offered the choice of 

intercalating the monolayer of polypyrrole chains in a topotactic fashion. The pre-

intercalation of iodine was done by the classical vapor diffusion method and by a new 

experimental procedure in which the transport of the guest species was solvent mediated. 

The latter method represents a world premiere in terms of employing the lowest 

temperature (65°C) at which iodine has been ever intercalated in a layered bismuthate.  
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The synthesized nanocomposites had a lower than expected polypyrrole load and 

the suspected main causes were the interlayer steric hindrance and the subsequent doping 

of the polymer chains by the pre-intercalated iodine atoms. 
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CHAPTER 7 

 

SYNTHESIS AND CHARACTERIZATION OF THE INITIAL 

SYNTHETIC METAL – HIGH-TEMPERATURE 

SUPERCONDUCTING CERAMIC NANOCOMPOSITE IN THE 

FORM OF A POLYPYRROLE - BI2SR2CACU2O8+δ  HYBRID 

MATERIAL  

 

 

7.1. ABSTRACT 
 

 The chapter describes the synthesis and characterization of the initial electron 

conductive polymer – high-temperature superconducting layered bismo-cuprate 

nanocomposite, expressed in the particular form of a polypyrrole - Bi2Sr2CaCu2O8+δ 

nanocomposite. The synthesis strategy took advantage of the successful formation of the 

polypyrrole – insulating layered bismuthates nanocomposites and adopted a similar 

approach in reaching the stated goal.  The formation of the polypyrrole - 

Bi2Sr2CaCu2O8+δ  nanocomposite was influenced by the steric factors that limit the 

amount of pre-intercalated iodine which was the topotactic oxidation agent for the in situ 

oxidative polymerization of pyrrole. 
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7.2. INTRODUCTION 
  

 The Bi2Sr2CaCu2O8+δ ceramic is to date one of the most investigated high-

temperature superconducting ceramics, second just to YBa2Cu3O7-δ, in part due to the fact 

that is the most representative ceramic superconductor with no rare-earth metal in its 

composition, its relatively high transition temperature, 85 K and the true 2-D anisotropic 

character, direct consequence of the layered structure of the ceramic. It is the most 

representative bismuth-based superconductor and its discovery1 on the Christmas Eve in 

1988 has lead to the subsequent synthesis of an entire family of related 2-D layered 

superconducting ceramics in which the Bi cations were substituted by Tl2, Pb3 and Hg4 

cations and the Sr ones by Ba. The Bi2Sr2CaCu2O8+δ compound is the most important 

member of the family5-9 of layered, superconducting bismo-cuprates with the general 

formula Bi2Sr2Can-1CunO2n+4+δ, n = 1, 2 and 3, even if the highest transition temperature 

from superconducting to non-superconducting behavior (Tc = 110 K) was attained by the 

member for which n = 3, Bi2Sr2Ca2Cu3O10+δ. The 2-D bismo-cuprate family of layered 

superconductors contains members that are typically synthesized as intergrowth 

polyphase homogeneous mixtures, and the ceramic with the highest Tc, 

Bi2Sr2Ca2Cu3O10+δ is usually doped with lead in order to be stabilized as a single phase. 

Structural defects are very common among the metastable, non-stoichiometric members 

of the bismo-cuprate family and the most encountered ones are oxygen non-stoichiometry 

and cationic substitutions. The direct relationship between the calcium cations and the 

copper-oxygen layers, as pointed out by the general formula of this class of ceramics, is 
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very important for the stabilization of the 2-D anisotropic structure, especially since the 

copper-oxygen layers are the ones responsible for the presence below Tc of the 

superconducting currents10-14.  

 The Bi2Sr2CaCu2O8+δ ceramic is a true 2-D anisotropic layered ceramic and the 

presence of a 3.5 Å Bi-O…Bi-O interlayer gap theoretically offers good prospects for the 

intercalation of guest species and the subsequent synthesis of superconducting ceramic-

based nanocomposites. The main problem however, remains the preservation if not the 

enhancement of the superconducting behavior in the thus resulted nanocomposites and 

this goal translates into the preservation of the oxidation states for the constituent species 

of the layered framework. Intercalation of iodine was the first to pioneer15 in 1990 the 

intercalation reactions for the layered anisotropic superconductor and remains to date the 

most researched chemical reaction of the class of layered bismo-cuprates. Much 

controversy revolves to date about the redox character of the iodine intercalation process, 

based on the observation that the product of intercalation, the stage-I iodine-intercalated 

bismo-cuprate exhibit a 10-15 K lower Tc value than the pristine ceramic counterpart. 

While the Berkeley research group16-19 that intercalated for the first time iodine in the 

layered anisotropic superconductor structure insists on the non-redox character of the 

intercalation, other research groups have brought increasing amounts of scientific 

evidence towards the redox nature of the process.  The decrease in the Tc value observed 

for the iodine-intercalated bismo-cuprate is explained in the first case by a decoupling 

along the stacking up direction, c that is promoted by the intercalation of a monolayer of 

insulating iodine atoms in the gap bordered by the Bi-O layers. The strong anisotropic 

structure of Bi2Sr2CaCu2O8+δ is responsible for strong superconducting currents in the ab 
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planes that are about two orders of magnitude greater than in the c direction, so 

decoupling along the perpendicular direction to the Cu-O layers would slightly decrease 

the transition temperature for the iodine-intercalated ceramic. On the other side20-29 of the 

issue, the redox character of the iodine intercalation process leads to a hole carrier 

overdoping of the superconducting Cu-O layers, manifested through the small decrease in 

the Tc value for the iodine-intercalated ceramic. A far less popular third explanation30 for 

the decrease in the transition temperature suggests the O2- depletion of the Bi-O layers 

that border the van der Waals gap and migration of these species to the Cu-O 

superconducting layers. The unusual controversy about the nature of the intercalated 

iodine species has its roots in the often difficult synthesis reproducibility for the layered 

ceramic and the highly probable variation of the type and concentration of defects in the 

metastable, non-stoichiometric ceramic substrate. It is most likely that presence of defects 

in the adjacent Bi-O layers may favor the partial reduction of the intercalated iodine 

atoms to triiodide and even iodide species, but this phenomenon would be isolated and 

localized by their defect counterpart. Intercalation of iodine leads invariably to the 

formation of the stage-I iodine intercalated ceramic, that has a 1 to 1 molar ratio guest 

species-host structure. As in the case of graphite, the upper stages are formed as a result 

of high temperature (T > 250°C) iodine de-intercalation and usually only the stage-II 

iodine intercalated ceramic31 is isolated as a single phase, the other stages32 being 

observed within polyphase samples consisting of single-phase domains. 

 The layered, anisotropic Bi2Sr2CaCu2O8+δ structure was subsequently intercalated 

by other small size guest species, especially mixed halogen molecules26,33, alkali34-36 and 

transitional metals and metal halides37-41. Initial reports of the intercalation of ring-shaped 
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molecules42-46 lacked the adequate scientific proof and no follow up subsequently 

happened. Of all the above mentioned intercalated species, only the iodine case is well 

documented to date.  

 Polypyrrole represents the most investigated electron conductive polymer and one 

of the few polymers to be recently synthesized as 1-D nanofibers and nanotubes47-51. 

During the last 15 years, lots of research focused on the possibility to produce novel 

hybrid materials that would inherit the desired features from their complementary 

precursors. Inorganic and organic building blocks like layered and microporous matrices 

and electroactive polymers have been investigated as potential candidates for 

homogeneous mixtures or composites that would exhibit an improved set of physical and 

chemical properties relative to their original parent compounds. Polypyrrole was first 

intercalated in ion-exchanged insulating layered clays52-55 like montmorillonite and 

smectite and later in situ polymerized in layered oxides, chalcogenides and even halides 

of transitional metals. The topotactic, in situ oxidative polymerization of pyrrole enabled 

the synthesis of nanocomposites with a higher degree of homogeneity, while largely 

preserving the structural features of the 2-D host lattices. Layered transitional metal 

oxides, like MoO3
56 and V2O5

57-60, layered chalcogenides (MoS2, TaS2 and NbS2)61 and 

chlorides (RuCl3)62 were used as electroactive layered hosts for the synthesis of 

sandwich-like electroactive nanocomposites with polypyrrole. The set of layered, 

reducible inorganic hosts was further extended to electroactive transitional metal oxo-

phosphates63-66, phospho-sulfides56 and chloro-oxides67,68. In most of the above 

mentioned layered matrices, the in situ oxidative polymerization of pyrrole happened at 

the expense of partial reduction of the transitional metal cations from the host matrix. 
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Microporous, channel-like inorganic hosts like zeolites and layered inorganic matrices 

(silicates, clays) with hydrated alkali metal cations trapped in the intragallery spaces were 

ion-exchanged with electroactive transitional metal cations in their maximum oxidation 

state (most often Cu2+ and Fe3+) prior to the topotactic, in situ oxidative polymerization of 

pyrrole that led to electroactive nanocomposites of these insulating, porous hosts. 

Moreover, the experimental procedure was further applied to produce gold nanoparticles 

embedded in a polypyrrole matrix with Au3+ previously trapped in the zeolite host 

pores69.  

 The current synthesis approach for the polypyrrole - Bi2Sr2CaCu2O8+δ 

nanocomposite design makes use of pre-intercalated sacrificial oxidation agents, in this 

case iodine atoms, to direct the topotactic, in situ oxidative polymerization of pyrrole in 

the interlayer gap of the host ceramic. The experimental procedure is similar to the one 

presented in the previous chapter and leads for the very first time to the formation of a 

synthetic metal – superconducting ceramic nanocomposite.  

 

7.3. EXPERIMENTAL 

7.3.1. Synthesis 
 

 Bi2Sr2CaCu2O8+δ was synthesized by the classical solid-state procedure in 

which appropriate amounts of cationic precursors (Bi2O3, 99.999 %-Bi, SrCO3, 99.9 %-

Sr, CaCO3, 99.95 %-Ca, CuO, 99.5+ %-Cu, all Strem Chemicals) were subjected to 

several cycles of grinding and annealing. Preparation of Bi2Sr2CaCu2O8+δ consisted of 
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12-24 hours high temperature annealing treatments with intermittent grindings. The ramp 

up rate was 100 °C / hour and the annealing temperatures were 775, 800, 820, 840 and 

860 °C. The crystalline structure of the final ceramic was confirmed to be single phase by 

powder X-ray diffraction (XRD, run on a D8 Advance, Brucker-Nonius). 

Bi2Sr2CaCu2O8+δ was first intercalated by iodine through the vapor diffusion 

method, and the procedure employed 4.442 g ceramic (0.005 mol) which was sealed with 

3.173 g iodine (0.0125 mol) in an evacuated (50 mTorr) in-house made Pyrex ampoule. 

The ampoule was then placed in a regular oven and ramped up (20 °C / hour) to the final 

temperature, 180 °C, where was left for 12 days. The oven was subsequently ramped 

down (50 °C / hour) to 120 °C and rapidly transferred to a preheated (120 °C) tubular 

oven, where the excess iodine was separated through vapor diffusion at the cold end 

(room temperature) for 2 days. The solvent-mediated procedure used the two n-alkanes, 

as mentioned before, but in this case, only the n-hexane mediated successfully the 

intercalation of the guest species. When n-hexane was used, in a 500 mL round bottom 

flask, 3.173 g iodine was dissolved in 200 mL dry solvent prior to the mixing with 4.442 

g ceramic. The suspension was ramped up and dwelled at 65 °C for 10 days, under dry, 

inert atmosphere while stirred continuously. The product of the intercalation reaction was 

then filtered off and washed several times with dry n-hexane. The procedure employing 

n-dodecane was similar with the only major differences being that the solvent has not 

been purified and dried before use and the dwelling temperature was 150 °C. Powder X-

ray diffraction revealed that the final products of intercalation (except the one for the case 
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when n-dodecane was employed) were single phase stage-I iodine intercalated  

Bi2Sr2CaCu2O8+δ. 

In the second step of the synthesis strategy, 1.015 g (0.001 mol) 

IBi2Sr2CaCu2O8+δ was sealed under vacuum (30-60 mTorr) with a large excess (1.4 mL, 

0.020 mol) of freshly purified pyrrole (99 %, Acros Organics, b.p. 128.9 °C) in a Pyrex 

ampoule (in house made). Prior to the use, pyrrole had been purified through a column 

packed with activated alumina (Fischer Scientific). The ampoule then was placed in a 

regular oven and ramped up (20 °C / hour) to the final temperature (132 °C) where it was 

left for 1 to 3.5 days. The resulting black powder was cooled down to room temperature 

and further dried under vacuum (30-60 mTorr) at ambient temperature for about 30 

minutes. 

7.3.2. Characterization 
 

 The homogeneous nanocomposite was further analyzed for its crystal structure by 

powder X-ray diffraction (XRD) run on a D8 Advance (Brucker-Nonius), with Cu target 

operating at 40 kV and 30 mA. The step size of the 2θ sweep was 0.05 ° and the sweep 

rate 1 ° / minute. Electron microscopy methods were used for the characterization of the 

material. Scanning electron microscopy (SEM) and energy dispersive spectroscopy 

(EDS) were performed on a LEO 1530 and operated at accelerating voltages of 1, 2, 5, 10 

and 15 kV. Elemental analysis was performed on the nanocomposite for C, H, N, I and Bi 

by Galbraith Laboratories, Inc. and returned the following composition by mass: 1.90 % 

C, < 0.50 % H, 0.62 % N, 8.25 % I and 36.8 % Bi. The analyzed sample was based on the 

Bi2Sr1.8Ca1.2Cu2O8+δ modification of the original ceramic. 
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7.4. RESULTS AND DISCUSSION 
 

 The layered, anisotropic superconducting ceramic Bi2Sr2CaCu2O8+δ has proved to 

be the most investigated in terms of chemical reactions, high-temperature superconductor 

ceramic of the wide class of materials that has been discovered since 1986. The main 

reason behind this state of facts is structural, i.e. the true 2-D character offers wide 

possibilities in terms of intercalation reactions that can lead to nanocomposites with 

partial or total retention of the superconducting behavior of the ceramic host. The key 

point in realizing this goal is the preservation in terms of electron conductivity behavior 

of the host structure and this implies the conservation of the integrity for the primary 

feature of the layered material, the Cu-O superconducting layers. Of large interest in this 

important matter, are also the rest of the components of the structural building blocks, as 

they are often referred as “charge reservoirs”. This is why non-redox intercalation 

reactions are the most attractive for the layered, anisotropic host in the goal of 

synthesizing nanocomposite materials. The very complex structural features of the 

superconducting ceramic (see Figure 6.1) consisting of an unusually high cationic 

diversity, the metastable character and the non-stoichiometric nature of the lattice are 

factors responsible for the moisture sensitive character of the material and the tendency to 

decompose into simpler phases. The 2-D anisotropic bismo-cuprate has the structure 

consisting of layered planes parallel to the crystallographic ab plane, in which bilayers of 

rocksalt-like Bi-O are alternating with perovskite-type Sr2CaCu2O5 units. The unit cell 
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along the stacking up direction, c consists of two identical building blocks, shifted along 

the a direction by a/2. Each building block consists of a layered arrangement of metal 

cations and oxygen anions in the following sequence: Bi-O/Sr-O/Cu-O/Ca/Cu-O/Sr-

O/Bi-O (Figure 7.1). As it can be seen from the sequence listing, the plane of calcium 

cations may be viewed as a horizontal symmetry plane for constructing the other half of 

the building block. Figure 7.1 shows a schematic drawing of the complex layered 

structure which accounts for about one fourth of the unit cell along the c direction. 

Oxygen

Bismuth

Strontium

Copper

Calcium

c

b
a

 

Figure 7.1. Schematic artwork depicting the Bi-O/Sr-O/Cu-O/Ca sequence of the 

complex layer structure of Bi2Sr2CaCu2O8+δ. The fragment accounts for about one fourth 

of the unit cell along the c direction. 
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 The layered, anisotropic superconductor ceramic was prepared by the classical 

solid state approach, as reliable sol-gel and other soft chemistry synthesis routes are even 

now difficult to optimize for this highly complex ceramic. The simple, widely employed 

solid state synthesis procedure has multiple recipes and the common variation theme is 

the annealing temperature and duration of the process. Investigative work done on the 

experimental procedure revealed that longer annealing cycle at 775, 800, 820, 840 and 

860°C  led to improved crystallinity and a good preferred orientation of the 

polycrystalline sample along the stacking up c direction (Figure 7.2). The ramp up rate 

and number of grinding-annealing cycles seem to have a lower effect in the synthesis of 

the single-phase material. 

The layered, anisotropic superconducting ceramic had a pseudo-tetragonal 

(orthorhombic) unit cell, space group Cccm and unit cell parameter values a = b = 5.39 Å 

and c = 30.68 Å. The unusually large value along the stacking up direction, c is due to the 

presence of the two identical building blocks shifted by a/2 along the in plane direction a. 

The dominant presence and the high relative intensity in the pristine ceramic’s 

diffractogram of the ( 0 0 l ) signals, shows the preferred orientation of the crystallites 

along the stacking up direction and is a true characteristic of anisotropic, layered 

materials.  
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Figure 7.2. Powder X-ray diffraction pattern of the pristine layered superconducting 

bismo-cuprate, Bi2Sr2CaCu2O8+δ. The 2θ scale is measured in degrees. 

 

  The synthesis strategy employed for the formation of the very first 

polypyrrole - Bi2Sr2CaCu2O8+δ nanocomposite was similar to the one described in 

Chapter 6 and involved the pre-intercalation of iodine atoms in the interlayer gap (3.5 Å) 

of the pristine composite (Figure 7.3). 
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Figure 7.3. Schematic drawing of the synthesis strategy employed for the formation of 

the very first polypyrrole - Bi2Sr2CaCu2O8+δ nanocomposite. The first stage of the 

process is the iodine intercalation that leads to stage-I IBi2Sr2CaCu2O8+δ. The second 

stage is the topotactic, in situ oxidative polymerization of pyrrole in the interlayer space. 

 

The pre-intercalated iodine atoms served multiple purposes and the most important was 

the oxidizing agent role in the topotactic, in situ oxidative polymerization of pyrrole. The 

presence in the interlayer space of a sacrificial oxidizing agent allowed for the lack of 

involvement on the part of the layered ceramic host in the redox process of 

nanocomposite formation. This is an essential aspect of the nanocomposite synthesis, as 
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the electronic conductivity properties of the layered superconducting host are thus most 

likely preserved, at least in the strategically important for this matter, ab planes. In the 

absence of the iodine species, the copper and bismuth cations in the layered framework of 

the superconducting ceramic are the most likely candidates for the oxidizing agent role. 

The topotactic pre-intercalation of the sacrificial oxidizing agent led in a logical way to 

the topotactic nature of the in situ oxidative polymerization process of pyrrole. The 

interlayer presence of the oxidizing agent prevented the massive oxidative polymerization 

of pyrrole on the surface of the Bi2Sr2CaCu2O8+δ grains that in turn would lead to the 

formation of a heterogeneous microcomposite. Iodine intercalation offered good 

perspectives for the interlayer intercalation of the monomer molecules by expanding the 

pristine interlayer spacing by about 100 %. The intercalation process led to the formation 

of stage-I iodine intercalated ceramic with a maximum iodine loading of 1 atom per unit 

formula of layered ceramic. Polycrystalline samples in the powder form rarely attained 

by the standard procedure the upper limit of iodine loading, and many stage-I samples 

exhibited empty spots in the interlayer spacing. Figure 7.4 displays the nature of the 

intercalated species, with triiodide anions most likely formed at the expense of 

neighboring defects with a reducing agent character. 
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iodine iodide vacant site layered framework 

c

 

 

Figure 7.4. Schematic artwork depicting the stage-I iodine intercalated ceramic and the 

types of defects that may arise in the process of iodine intercalation. 

 

Iodine was intercalated in the layered superconducting ceramic by the classical iodine 

vapor diffusion method (Figure 7.5) and by a novel solvent-mediated procedure that set 

the new record to date for the lowest iodine intercalation temperature (65 °C).  



 249

Li
n 

(C
ou

nt
s)

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

10000

11000

12000

13000

14000

15000

16000

17000

18000

19000

20000

21000

22000

23000

24000

25000

26000

27000

28000

29000

30000

31000

32000

33000

34000

35000

36000

37000

38000

2-Theta - Scale
7 10 20 30 40 50

  

Figure 7.5. Powder X-ray diffraction pattern of the iodine intercalated layered 

superconducting bismo-cuprate, IxBi2Sr2CaCu2O8+δ, 0 < x ≤ 1. The intercalation 

experimental procedure employed was the vapor diffusion method. The 2θ scale is 

measured in degrees. 

 

Upon iodine intercalation, the two identical building blocks shifted by a/2 in the pristine 

material, came into registry and thus in the iodine intercalated ceramic there was only one 

building block per unit cell. The increase in the d-spacing (∆d) of the gap due to the 

intercalation of a monolayer of iodine species can be calculated with the formula:  

∆d  =  ci  -  cp / 2 

0  0 
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2             3 
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In the above empirical formula, ci and cp are the unit cell dimensions along the stacking 

up direction for the iodine intercalated and pristine ceramic, respectively. The stage-I 

iodine intercalated ceramic, IxBi2Sr2CaCu2O8+δ (0 < x ≤ 1) synthesized by the classical 

vapor diffusion method had a pseudo-tetragonal structure (space group Pma2) with the 

following values for the unit cell parameters: a = b = 5.39 Å and c = 18.75 Å. The 

increase due to the intercalated monolayer of iodine species was calculated to be 3.41 Å, 

and as expected, the ( 0 0 l ) diffractions dominated in terms of number and relative 

intensity, the diffractogram of the iodine intercalated ceramic. No change in the ab 

dimensions of the unit cell was recorded, indication of poor interaction of the guest 

species with the Bi-O bordering layers. It can be therefore concluded that intercalation of 

a monolayer of iodine atoms in the pristine superconducting ceramic led to the disruption 

of the Bi-O…Bi-O interlayer forces, with the result of shifting back into registry the 

structure along the c direction, while minimal interaction between the guest species and 

the bordering layers was observed based on the powder X-ray diffraction data. An 

experimental design optimization process that was conducted for the determination of the 

optimal intercalation temperature by the vapor diffusion method had multiple samples of 

iodine intercalated ceramic analyzed for their iodine content. It was noticed that single-

phase stage-I iodine intercalated ceramics in the powder form had iodine content within 

the range 0.55 – 0.94, relative to the formula unit of the pristine ceramic (the “x” value in 

IxBi2Sr2CaCu2O8+δ). The range of values indicated that empty spots co-habituated with 

the intercalated ones in the single-phase stage-I iodine intercalated ceramic, while for 
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lower values of x, a dual mixture of stage-I and pristine ceramic was observed in the 

powder X-ray diffractograms. 

 The solvent-mediated experimental procedure employed dry n-hexane as the 

transport media for the guest molecules. The dry solvent met the theoretical requirements 

for the task, i.e. the inert chemical behavior towards the solvated species and the ceramic 

host, good solvent capacity for the large iodine excess, non-polar character and relatively 

low vapor pressure at temperatures close to the boiling point. The solvent-mediated 

method can be extended to other dry n-alkane solvents (C7-C10) and it represents a 

simpler, more viable and cost effective alternative to the classical vapor diffusion 

procedure. In the present case, the stage-I iodine intercalated ceramic synthesized by the 

mediation of n-hexane (Figure 7.6) had the same structural features as in the case 

presented above for the vapor diffusion method. 
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Figure 7.6. Powder X-ray diffraction pattern of the iodine intercalated layered 

superconducting bismo-cuprate, IyBi2Sr2CaCu2O8+δ, 0 < y ≤ 1. The intercalation 

experimental procedure was the solvent-mediated method. The 2θ scale is measured in 

degrees. 

 

The powder X-ray diffractogram showed a higher degree of preferred orientation than in 

the case of the sample made by the vapor diffusion method, as the vast majority of the 

diffractions belonged to the ( 0 0 l ) series of signals. The unit cell dimension along the 

stacking up direction, c had a value of 19.00 Å, which indicated a probable much higher 

intake of guest species by the layered ceramic host. The swelling ability of n-hexane, 
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doubled by the good solvation of the iodine molecules and the chemical inertness of the 

solvent, contributed to the improved outcome for the n-hexane-mediated iodine 

intercalation.  

 The synthesis strategy that was adopted for the formation of the polypyrrole - 

Bi2Sr2CaCu2O8+δ nanocomposite was based on a redox couple between the pre-

intercalated iodine species and the monomer molecules. Iodine has been long known to 

be a good oxidation agent for the oxidative radical polymerization of pyrrole and it was 

used also as doping agent for the subsequently formed polypyrrole chains. The redox 

couple that is established between the two reactants can be modeled as in Equation 7.1: 

 

2n I (intercalated)  +  n C4H5N   →    [-(C4H3N)n-]intercalated   +   2n  H+  +  2n  I-
(intercalated)   (7.1) 

 

Thus, by limiting the pre-intercalated amount of iodine in the layered superconducting 

lattice, due to steric reasons, the subsequent in situ oxidatively polymerized polypyrrole 

loading is restricted. In the ideal situation for the case of Bi2Sr2CaCu2O8+δ, the maximum 

amount of pre-intercalated iodine leads to the stage-I structure, with a formula unit of 

I1.0Bi2Sr2CaCu2O8+δ and this in turn would produce a polypyrrole – layered high-

temperature superconducting ceramic nanocomposite with the following component 

stoichiometry: [-(C4H3N)-]0.5 I1.0 Bi2Sr2CaCu2O8+δ. The polypyrrole load of the 

nanocomposite thus accounts for about 50 % of the 200 Å3 available interlayer space 

(Figure 7.7), as the large iodide species contribute to the steric hindrance. 
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Figure 7.7. Schematic drawing of the interlayer space available in the unit cell of the 

layered ceramic host. 

 

 The experimental procedure led to the formation of a polypyrrole - 

Bi2Sr2CaCu2O8+δ nanocomposite with a formula unit of [-(C4H3N)-]0.50 I0.74 

Bi2Sr2CaCu2O8+δ, as revealed by the elemental analysis calculations. Formation of the 

polypyrrole – layered superconducting ceramic nanocomposite mediated by the pre-

intercalation of iodine, added proof to the theory that the iodine intercalation of 

Bi2Sr2CaCu2O8+δ is a non-redox process. The nanocomposite spheroid grains appeared to 
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be formed of exfoliated layers piled up in a disorderly fashion, as revealed by the 

scanning electron micrographs (Figure 7.8a and b). The appearance showed the mica-like 

character of the anisotropic, layered structure of the high-temperature superconducting 

ceramic precursor.  

 

 

 

Figure 7.8 a. Low magnification scanning electron micrograph of the polypyrrole - 

Bi2Sr2CaCu2O8+δ nanocomposite spheroid grains.  

  

a 
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Figure 7.8 b. High magnification scanning electron micrograph of the polypyrrole - 

Bi2Sr2CaCu2O8+δ nanocomposite spheroid grains.  

 

 The powder X-ray diffraction pattern of the nanocomposite (Figure 7.9) displayed 

some unusual features relative to the stage-I iodine intercalated ceramic and the pristine 

ceramic precursors. Thus, the ( 0 0 l ) diffractions became lower in intensity, as the 

preferred orientation along the c direction greatly diminished at the expense of 

increasingly preeminent ( h k l ) signals. Relaxation in the ab planes is noticeable, as the 

in-plane dimensions slightly expanded relative to the precursor stage-I iodine intercalated 

ceramic. 

b 
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Figure 7.9. Powder X-ray diffraction pattern of the iodine intercalated layered 

superconducting bismo-cuprate, IxBi2Sr2CaCu2O8+δ, 0 < x ≤ 1 (in black) and of the newly 

formed nanocomposite (in red). The most intense diffractions in the nanocomposite 

diffractogram were the ( 1 1 3 ) and ( 1 1 5 ) signals. The 2θ scale is measured in degrees. 

 

The unit cell dimensions of the polypyrrole - Bi2Sr2CaCu2O8+δ nanocomposite were 

calculated and returned the following values: a = b = 5.412 Å and c = 18.520 Å. The 

space group was preserved, as the unit cell modifications relative to the parent material, 

1 1
1 1 
3               5 
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the stage-I iodine intercalated ceramic, did not influence the overall symmetry of the 

precursor structure. Table 7.1 shows a comparison of the structures involved in the 

sequence of chemical events that led to the newly formed nanocomposite. 

 

Table 7.1. The structural features of the pristine superconductor ceramic, the iodine 

intercalated ceramic and the nanocomposite. The last two columns show the dimensional 

differences between two by two precursor-product structures. 

 

- 0.23+ 0.0218.525.41Pma2
Nano-
composite

+ 3.41018.755.39Pma2

Iodine
Intercal’d
Ceramic

N/AN/A30.685.39Cccm
Pristine
Ceramic

∆ c

(Å)

∆ (a,b)

(Å)

c

(Å)

a, b

(Å)

Space 
group

 
 



 259

The small expansion in the ab plane was correlated to the significant decrease 

along the c direction by the highly probable formation of hydrogen bonds of the type >N-

H···O-Bi between the guest polymer and the layered host. The two most important 

possible orientations of the intercalated monolayer of polypyrrole chains relative to the 

Bi-O layers bordering the van der Waals gap are with the plane of the monomer 

perpendicular to the Bi-O planes and parallel, respectively (Figure 7.10). While in the 

latter case, the high electron density residing in the p orbitals of the C sp2 atoms affects 

the host structure in the stacking up c direction, by interacting through repulsive 

electrostatic forces with the high electron density projected by the bordering Bi-O planes, 

in the former case, the possibility to form stabilizing guest-host hydrogen bonds may 

influence the ab in-plane dimensions of the unit cell. 

Intercalation of a monolayer of polypyrrole chains in the parallel orientation 

would induce a structural effect similar to the one produced by the intercalation of a 

monolayer of iodine atoms, i.e. preferred orientation along the c direction. The thickness 

of the polypyrrole chain is about the same as the diameter of the iodine atom and no 

further expansion along the stacking up direction c would be expected in these 

conditions. The most likely orientation for the monolayer of intercalated polypyrrole 

chains would be the perpendicular or tilted position, depending on the steric factors 

surrounding the stabilizing hydrogen bonds. These orientations project the electron 

density due to the π and p electrons in positions that have a minimal electronic interaction 

with the high electron density surrounding the Bi-O bordering layers of the host 

framework. 
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Figure 7.10. Schematic drawing of the two most relevant orientations for the intercalated 

monolayer of polypyrrole chains: with the plane of the monomer parallel (left) and 

perpendicular (right) to the Bi-O bordering layers. 

 

The significant decrease of the c dimension doubled by the small expansion in the 

perpendicular ab plane indicate the presence of stabilizing forces between the guest 

polypyrrole chains and the layered ceramic host. The layered nature of the polypyrrole - 

Bi2Sr2CaCu2O8+δ nanocomposite is apparent in Figure 7.11a and b and this consisted of 

sub-micron thick platelets stacked up along the c direction.  
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Figure 7.11 a. Low magnification scanning electron micrograph of the polypyrrole - 

Bi2Sr2CaCu2O8+δ nanocomposite showing the layered nature of the material.  

 

a 
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Figure 7.11 b. High magnification scanning electron micrograph of the polypyrrole - 

Bi2Sr2CaCu2O8+δ nanocomposite showing the layered nature of the material.  

 

 The stacked up sub-micron thick platelets of nanocomposite showed a certain 

degree of elasticity, as bending of stacks of orderly piled up platelets was often noticed in 

the micrographs. The apparent exfoliation of the layered material in sub-micron thick 

platelets may be the result of surface polymerization of the organic moiety and 

subsequent coating of the polypyrrole intercalated grains.  

b



 263

 X-ray energy dispersive spectroscopy was used for the elemental surface analysis 

of the grains and the substrate was indium foil in order to avoid any interference with the 

constituent elements. Figure 7.12 shows the grain (center) that was selected for EDS 

analysis and the actual areas are delimitated by the black rectangles. The X-ray energy 

dispersive spectroscopy was done in the mapping mode and the elements that were 

sampled for were C and Bi (Figure 7.12, above and below). The superposition of the 

carbon and bismuth signals is a consequence of the nano-level interaction of the organic 

and inorganic moieties in the polypyrrole – layered ceramic. 

No transition temperature measurements were performed as the nanocomposite 

material could not be sintered at high temperatures in the pellet form and is friable in the 

absence of the heat treatment. 

 The topotactic, in situ oxidative polymerization of polypyrrole in the van der 

Waals gap of the layered, anisotropic high-temperature superconducting ceramic led for 

the first time to the synthesis of a synthetic metal – ceramic superconductor 

nanocomposite. A similar synthetic route to the one presented above was designed and 

subsequently explored, in which by the pre-intercalation of Cu2+ from a dry chloroform 

solution of copper (II) acetylacetonate, topotactic, in situ polymerization of pyrrole was 

projected to occur. The low dissociation turnover for the Cu2+ doubled by the use of a 

non-aqueous solvent, were the main causes that led to the failure of the experimental 

procedure. The use of water as solvent and transport media for intercalation reactions can 

not be applied for the layered superconducting ceramic as the host material is prone to 

corrosion.  
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Figure 7.12.  Scanning electron micrograph (center) and the X-ray energy dispersive 

elemental maps (above and below) of some of the key constituent elements of the 

nanocomposite.   
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7.5. CONCLUSIONS 
 

 For the very first time, a synthetic metal – high-temperature superconducting 

ceramic nanocomposite was synthesized in the form of a polypyrrole - Bi2Sr2CaCu2O8+δ 

nanocomposite. The synthesis strategy employed in the first stage the non-redox pre-

intercalation of iodine atoms in the layered ceramic host, followed by the subsequent 

topotactic, in situ oxidative polymerization of pyrrole, at the expense of the pre-

intercalated reducible species. The strategy thus enabled the preservation of the main 

structural and electronic properties of the constituent layers of the anisotropic ceramic 

host and led to the formation of the layered nanocomposite in which monolayers of 

polypyrrole were stacked along the c direction within layers of the host anisotropic 

ceramic.  

A novel experimental procedure for the synthesis of the stage-I iodine intercalated 

intermediate was successfully realized and involved the use of n-hexane as solvent and 

transport media for the guest molecules. The method establishes precedent for the lowest 

employed temperature at which iodine was intercalated in a layered bismuthate to 

produce the stage-I intercalate. 

Synthesis of the very first synthetic metal – high-temperature superconductor 

bismo-cuprate demonstrates for the first time the viability of designing nanocomposites 

of layered high-temperature superconducting ceramic with electroactive materials of 

organic origin and offers a tremendous wealth of options for future advances in this 

important issue. 

 



 266

7.6.  REFERENCES 
 

1. H. Maeda, Y. Tanaka, M. Fukutomo and T. Asano: A New High-Tc Oxide 

Superconductor Without A Rare-Earth Metal, Jap. J. Appl. Phys. 27(2), L209-L210 

(1988). 

2. Z. Z. Sheng and A. M. Hermann: Bulk Superconductivity at 120 K in the Tl–Ca/Ba–

Cu–O System, Nature 332, 138-139 (1988). 

3. R. J. Cava, B. Batlogg, J. J. Krajewski, L. W. Rupp, L. F. Schneemeyer, T. Siegrist, R. 

B. van Dover, P. Marsh, W. F. Peck Jr., P. K. Gallagher, S. H. Glarum, J. 

H. Marshall, R. C. Farrow, J. V. Waszczak, R. Hull and P. Trevor: Superconductivity 

Near 70 K in a New Family of Layered Copper Oxides, Nature 336, 211-215 (1988). 

4. A. Schilling, M. Cantoni, J. D. Guo and H. R. Ott: Superconductivity Above 130 K in 

the Hg–Ba–Ca–Cu–O System, Nature 363, 56-58 (1993). 

5. J. Takada, Y. Ikeda and M. Takano: Phases and Their Relationships in the Bi-Pb-Sr-

Ca-Cu-O System, in Bismuth-Based High-Temperature Superconductors, edited by 

H. Maeda and K. Togano (Marcel Dekker, Inc., New York, U.S.A., 1996), p. 93. 

6. P.J. Majewski: Phase Equilibria and Crystal Chemistry of the High-Temperature 

Superconducting Compounds of the System Bi2O3-SrO-CaO-CuO, in Bismuth-Based 

High-Temperature Superconductors, edited by H. Maeda and K. Togano (Marcel 

Dekker, Inc., New York, U.S.A., 1996), p. 129. 

7. P.J. Majewski: Matrials Aspects of the High-Temperature Superconductors in the 

System Bi2O3-SrO-CaO-CuO, J. Mater. Res. 15(4), 854-870 (2000). 

8. T. Suzuki, K. Yumoto, M. Mamiya, M. Hasegawa and H. Takei: A Phase Diagram of 

the Bi2Sr2CuO6-CaCuO2 System in Relation to Bi-Based Superconductors, Physica C 

301, 173-184 (1998). 

9. A. Santoro, F. Beech, M. Marezio and R.J. Cava: Crystal Chemistry of 

Superconductors: A Guide to the Tailoring of New Compounds, Physica C 156, 693-

700 (1988). 

10. R.J. Cava: Structural Chemistry and the Local Charge Picture of Copper Oxide 

Superconductors, Science 247, 656-662 (1990). 



 267

11. Y. Koike, Y. Iwabuchi, S. Hosoya, N. Kobayashi and T. Fukase: Correlation Between 

Tc and Hole Concentration in the Cation-Substituted Bi2Sr2CaCu2O8+δ System, 

Physica C 159, 105-110 (1989). 

12. J.D. Dow, H.A. Blackstead and D.R. Harshman: High-Temperature 

Superconductivity: The Role of Oxide Layers, Physica C 364-365, 74-78 (2001). 

13. H. Mueller-Buschbaum: The Crystal Chemistry of High-Temperature Oxide 

Superconductors and Materials with Related Structures, Angew. Chem. Int. Ed. Engl. 

28, 1472-1493 (1989). 

14. C.N.R. Rao and A.K. Ganguli: Relation Between Superconducting Properties and 

Structural Features of Cuprate Superconductors, Physica C, 235-240, 9-12 (1994).   

15. X-D. Xiang, S. McKernan, W.A.Vareka, A. Zettl, J.L. Corkill, T.W. Barbee III and 

M.L. Cohen: Iodine intercalation of a high-temperature superconducting oxide, 

Nature 348, 145-147 (1990). 

16. X-D. Xiang, W.A. Vareka, A. Zettl, J.L. Corkill, T.W. Barbee III, M.L. Cohen, N. 

Kijima and R. Gronsky: Tuning High-Tc Superconductors via Multistage 

Intercalation, Science 254, 1487-1489 (1991). 

17. N. Kijima, R. Gronsky, X-D. Xiang, W.A. Vareka, A. Zettl, J.L. Corkill, T.W. Barbee 

III and M.L. Cohen: Crystal Structure of Stage-1 Iodine-Intercalated Superconducting 

IBi2Sr2CaCu2Ox, Physica C, 181, 18-24 (1991). 

18. X-D. Xiang, W.A. Vareka, A. Zettl, J.L. Corkill, T.W. Barbee III and M.L. Cohen: 

Epitaxial Intercalation of the Bi-Sr-Ca-Cu-O Superconductor Series, Phys. Rev. B, 

43(13), 11496-11499 (1991). 

19. N. Kijima, R. Gronsky, X-D. Xiang, J. Hou, W.A. Vareka, A. Zettl, J.L. Corkill, and 

M.L. Cohen: Structural Properties of Stage-1 Iodine-Intercalated Superconducting 

I(Bi0.915, Pb0.085)2 (Sr0.93Pb0.07)2 (Ca0.965Pb0.035)2 Cu3Ox, Physica C, 198, 309-317 

(1992). 

20. Y. Koike, K. Sasaki, A. Fujiwara, M. Mochida, T. Noji and Y. Saito: Crystal 

Structure and Superconductivity of Iodine-Intercalated Bi2Sr2CaCu2O8Ix (0 <= x <= 

1) Physica C, 208, 363-370 (1993). 



 268

21. D. Pooke, K. Kishio, T. Koga, Y. Fukuda, N. Sanada, M. Nagoshi, K. Kitazawa and 

K. Yamafuji: Charge Transfer Associated with Iodine Intercalation in Bi2Sr2Can-

1CunOy,  n = 1-3, Physica C, 198, 349-354 (1992). 

22. D.G. Xenikos, H. Mueller and P. Strobel: Redox Intercalation of Iodine into 

Bi2Sr2Can-1CunOx (n = 2, 3), Physica C, 268, 339-346 (1996). 

23. P. Almeras, H. Berger, L. Perez and G. Margaritondo: Study of Iodine-Intercalated 

Bi2Sr2CaCu2Oy Single Crystals, Physica C, 228, 137-140 (1994). 

24. C.K. Subramaniam, H.J. Trodhahl, D. Pooke and K. Kishio: Thermoelectric Power 

and the Hole Concentration in Iodine-Intercalated Bi2Sr2CaCu2Ox Crystals, Physica 

C, 249, 139-143 (1995). 

25. D.M. Pooke, T. Stoto, Y. Kotaka, R. Kobayashi and K. Kishio: Magnetic and 

HRTEM Studies of Iodine-Intercalated Bi2Sr2CaCu2Oy, Physica C, 235-240, 2725-

2726 (1994). 

26. H. Nakashima, D.M. Pooke, N. Motohira, T. Tamura, Y. Nakayama, K. Kishio, K. 

Kitazawa and K. Yamafuji: Intercalation of Bi2Sr2Can-1CunOy with Iodine and Other 

Halogens, Physica C, 185-189, 677-678 (1991). 

27. Y. Muraoka, M. Kikuchi, N. Ohnishi, K. Hiraga, R. Suzuki, N. Kobayashi and Y. 

Syono: Structural and Superconducting Properties of Iodine-Intercalated Bi2Sr2Ca1-

xYxCu2Oz, Physica C, 204, 65-70 (1992). 

28. Y. Koike, A. Fujiwara, T. Kluge, T. Noji, T. Nishizaki, N. Kobayashi, A. Yamanaka, 

F. Minami and S. Takekawa: Dimensionality, Tc and Cu-Site Substitution Effect of 

Iodine-Intercalated and Oxidized Bi2Sr2CaCu2O8+δ: Interpretation by the Multylayer 

Model, Physica C, 263, 329-332 (1996). 

29. M.A. Subramanian: Iodine Intercalation in Bi2Sr2Y0.5Ca0.5Cu2O8+δ: Evidence of Hole 

Transfer from Iodine to Copper-Oxygen Sheets, J. Solid State Chem. 110, 193-195 

(1994). 

30. L. Jansen and R. Block: Effect of Iodine Intercalation on Superconductivity in the 

High-Tc Series Bi2Sr2CaN-1CuNO2N+4+δ,  N = 1-3, and in the Yttrium Doped N = 2 

Compound. A Quantitative Analysis on the Basis of Indirect Exchange Pairing, 

Physica A, 277, 183-203 (2000). 



 269

31. N. Kijima, R. Gronsky, X-D. Xiang, W.A. Vareka, A. Zettl, J.L. Corkill and M.L. 

Cohen: Crystal Structure of Stage-2 Iodine-Intercalated Superconducting 

IBi4Sr4Ca2Cu4Ox, Physica C, 184, 127-134 (1991). 

32. N. Kijima, R. Gronsky, X-D. Xiang, W.A. Vareka, A. Zettl, J.L. Corkill and M.L. 

Cohen: Crystal Structures of Stage-n Iodine-Intercalated Compounds 

IBi2nSr2nCanCu2nOx, Physica C, 190, 597-605 (1992). 

33. Y. Koike, T. Okubo, A. Fujiwara, T. Noji and Y. Saito: Trial of Intercalation of Br 

and Li into Bi2Sr2Can-1CunO2n+4 (n = 1, 2, 3), Solid State Comm. 79(6), 501-505 

(1991). 

34. M. Ohashi, W. Gloffke and M.S. Whittingham: Iodine and Lithium Intercalation into 

the High-Tc Superconducting Oxide Bi2Sr2CaCu2Oy, Solid State Ionics 57, 183-187 

(1992). 

35. N.A. Fleischer, J. Manassen, P. Coppens, P. Lee, Y.Gao and S.G. Greenbaum: 

Electrochemical Insertion of Lithium into the Bi2Sr2CaCu2O8+y High-Tc 

Superconductor, Physica C, 190, 367-378 (1992). 

36. M. Fujiwara, M. Nakanishi, Y. Kusano, T. Fujii, J. Takada, Y. Takeda and Y. Ikeda: 

Electrochemical Lithium Insertion into the Bi-2212 Phase, Physica C, 279, 219-224 

(1997). 

37. J-H. Choy, N-G. Park, S-J. Hwang and D-H. Kim: New Superconducting 

Intercalation Compounds: (HgX2)0.5 Bi2Sr2CaCu2Oy (X = Br and I), J. Am. Chem. 

Soc. 116, 11564-11565 (1994). 

38. J-H. Choy, N-G. Park, S-J. Hwang and Y-I. Kim: A New High-TC Superconducting 

Intercalation Compound, Synth. Met. 71, 1551-1553 (1995). 

39. J-H. Choy, S-J. Hwang, Y-I. Kim and S-J. Kwon: Intercalation Route to New 

Superconducting and Insulating Hybrid Systems, M-X- Bi2Sr2Can-1CunOy (M = Hg, 

Ag; X = Br, I; Py = pyridine; n =1, 2), Solid State Ionics 108, 17-22 (1998). 

40. J-H. Choy, S-J. Kwon, S-J. Hwang and Y.I. Kim: Intercalation Route to Nano-

Hybrids: Inorganic-Organic High-TC Cuprate Hybrid Materials , J. Mater. Chem., 9, 

129-135 (1999). 



 270

41. J-H. Choy, S-J. Kwon, S-J. Hwang and E-S. Jang: Soft Chemical Routes to 

Heterostructured High- TC Superconducting Materials, MRS Bull., 25(9), 32-39 

(2000). 

42. T. Ishida: Critical Temperature Enhancement of Bi2Sr2CaCu2Ox by Phenolization, 

Appl. Phys. Lett. 55(14), 1457-1459 (1989). 

43.  T. Ishida, S. Okayasu and Y. Kazumata: Bulk Critical Temperature Enhancement of 

Bi1.8Pb0.2Sr2CaCu2O8 by Phenol Treatment, Physica C, 178, 301-304 (1991). 

44. L.S. Grigoryan, R. Kumar, S.K. Malik and R. Vijayaraghavan: Effect of Benzene 

Intercalation on Magnetization of Bi-Oxides, Physica C, 198, 137-140 (1992). 

45. L.S. Grigoryan, R. Kumar, S.K. Malik, R. Vijayaraghavan, K.S. Ajaykumar, M.D. 

Shastry, H.D. Bist and S. Sathaiah: Intercalation of Bi- and Tl-Oxide 

Superconductors with Conjugated Ring-Shaped Organic Molecules, Physica C, 205, 

296-306 (1993). 

46. L.S. Grigoryan, K. Yakushi, C-J Liu, S. Takano, M. Wakata and H. Yamauchi: 

Evolution of Optical Absorption and Superconductivity in Bi-2212 and 2223 Oxides 

Intercalated by Metal-Phtalocyanines, Physica C, 218, 153-163 (1993).  

47. J. Joo, K.T. Park, B.H. Kim, M.S. Kim, S.Y. Lee, C.K. Jeong, J.K. Lee, D.H. Park, 

W.K. Yi, S.H. Lee and K.S. Ryu: Conducting Polymer Nanotube and Nanowire 

Synthesized by Using Nanoporous Template: Synthesis, Characteristics and 

Applications, Synth. Met. 135-136, 7-9 (2003). 

48. B. Rajesh, K. Radvindranathan Thampi, J-M. Bonard, H.J. Mathieu, N. Xanthopoulos 

and B. Viswanathan: Conducting Polymeric Nanotubules as High Performance 

Methanol Oxidation Catalyst Support, Chem. Comm. 2022-2023 (2003). 

49. J. Jang and H. Yoon: Facile Fabrication of Polypyrrole Nanotubes Using Reverse 

Microemulsion Polymerization, Chem. Comm. 720-721 (2003). 

50. C. He, C. Yang and Y. Li: Chemical Synthesis of Coral-Like Nanowires and 

Nanowire Networks of Conducting Polypyrrole, Synth. Met. 139, 539-545 (2003). 

51. J. Jang and J.H. Oh: A Facile Synthesis of Polypyrrole Nanotubes Using a Template-

Mediated Vapor Deposition Polymerization and the Conversion to Carbon 

Nanotubes, Chem. Comm. 882-883 (2004). 



 271

52. C.O. Oriakhi and M.M. Lerner: Poly(Pyrrole) and Poly(Thiophene) / Clay 

Nanocomposites Via Latex-Colloid Interaction, Mater. Res. Bull. 30(6), 723-729 

(1995). 

53. K.A. Carrado and L. Xu: In Situ Synthesis of Polymer-Clay Nanocomposites From 

Silicate Gels, Chem. Mater. 10, 1440-1445 (1998). 

54. M. Kato and A. Usuki: Polymer-Clay Nanocomposites, in Polymer-Clay 

Nanocomposites, edited by T.J. Pinnavaia and G.W. Beall (John Wiley and Sons Ltd., 

New York, U.S.A., 2000), p.97. 

55. M. Kato, Y. Ohnishi and K. Amano: Investigation of Layered Structures of Synthetic 

Smectite / Polypyrrole Composite Powder Prepared by Vapor Phase Polymerization, 

J. Cer. Soc. Jap. 112(4), 224-228 (2004). 

56. P.G. Hill, P.J.S. Foot and R. Davis: Novel Inorganic / Conjugated Polymer Nano-

Composites, Synth. Met. 76, 289-292 (1996). 

57. C.-G. Wu, H.O. Marcy, D.C. DeGroot, C.R. Kannewurf and M.G. Kanatzidis: V2O5 

Xerogels as Hosts for Conductive Polymers. Intercalative Polymerization of Aniline, 

Pyrrole and 2,2’-Bithiophene, Mater. Res. Soc. Symp. Proc. 173, 317-322 (1990). 

58. M.G. Kanatzidis, C.-G. Wu, Y.-J. Liu, D.C. DeGroot, J.L. Schindler, H.O. Marcy and 

C.R. Kannewurf, Intercalation of Layered V2O5 Xerogel with Polymers, Mater. Res. 

Soc. Symp. Proc. 233, 183-194 (1991). 

59. J. Harreld, H.P. Wong, B.C. Dave, B. Dunn and L.F. Nazar: Synthesis and Properties 

of Polypyrrole – Vanadium Oxide Hybrid Aerogels, J. Non-Cryst. Sol. 225, 319-324 

(1998). 

60. H.P. Wong, B.C. Dave, F. Leroux, J. Harreld, B. Dunn and L.F. Nazar: Synthesis and 

Characterization of Polypyrrole / Vanadium Pentoxide Nanocomposite Aerogels, J. 

Mater. Chem. 8(4), 1019-1027 (1998). 

61. H.-U. Hummel, R. Fackler, H. Adrian and M. Lippert: Die Neue 

Intercalationsverbindung TaS2 · 0,5 C4NH5 Darstellung und Physikalische 

Eigenschaften, Z. Anorg. Allg. Chem. 575, 165-170 (1989). 

62. L.Wang, M. Rocci-Lane, P. Brazis, C.R. Kannewurf, Y.-I. Kim, W. Lee, J.-H. Choi 

and M.G. Kanatzidis: α-RuCl3 / Polymer Nanocomposites: The First Group of 



 272

Intercalative Nanocomposites with Transition Metal Halides, J. Am. Chem. Soc. 122, 

6629-6640 (2000). 

63. A.B. Gonçalves, A.S. Mangrich and A.J. Gorgatti Zarbin: Polymerization of Pyrrole 

Between the Layers of α-Tin (IV) Bis(hydrogenphosphate), Synth. Met. 114, 119-124 

(2000). 

64. A. De Stefanis, S. Foglia and A.A.G. Tomlinson: Assembly and Polymerization of 

Some Aromatic Amines in α-VOPO4 · 2 H2O, J. Mater. Chem. 5(3), 475-483 (1995). 

65. H. Nakajima and G. Matsubayashi: Intercalation of Polymerized 3-Methyl and 3,4-

Dimethyl-Pyrrole in the VOPO4 Interlayer Space, J. Mater. Chem. 4(8), 1325-1329 

(1994). 

66. G. Matsubayashi and H. Nakajima: Intercalative Polymerization of 3-Methyl and 3,4-

Dimethyl-Pyrrole in the VOPO4 Interlayer Space, Chem. Lett. 31-34 (1993). 

67. M.G. Kanatzidis, L.M. Tonge, T.J. Marks, H.O. Marcy and C.R. Kannewurf: In Situ 

Intercalative Polymerization in FeOCl: A New Class of Layered, Conducting 

Polymer-Inorganic Hybrid Materials, J. Am. Chem. Soc. 109, 3797-3799 (1987). 

68. M.G. Kanatzidis, M. Hubbard, L.M. Tonge, T.J. Marks, H.O. Marcy and C.R. 

Kannewurf: In Situ Intercalative Polymerization as a Route to Layered Conductive 

Polymer-Inorganic Matrix Microlaminates. Polypyrrole and Polythiophene in FeOCl, 

Synth. Met. 28, C89-C95 (1989). 

69. S.M. Marinakos, L.C. Brousseau, III, A. Jones and D.L. Feldheim: Template 

Synthesis of One-Dimensional Au, Au-Poly(pyrrole), and Poly(pyrrole) Nanoparticle 

Arrays, Chem. Mater. 10, 1214-1219 (1998). 

 

 

 

 

 



 273

CHAPTER 8  

 

A NOVEL METHOD FOR THE PREPARATION OF POLYMER-

COVERED METAL NANORODS AND METAL MICROCRYSTALS 

BY INTRINSIC TWO-DIMENSIONAL CRYSTALLINE LATTICE 

TEMPLATING. 

 

8.1. ABSTRACT 
 

Two-dimensional layered ceramics, highly anisotropic materials in terms of 

structure and properties were used to produce polymer-covered metal nanorods and metal 

microcrystals. The procedure took advantage of the intrinsic planar, layered ordering of 

the metal cations suitable to be reduced and could be further used to engineer one-

dimensional metal alloy nanostructures by appropriate doping of the initial layered 

ceramic lattice with suitable cationic species. The procedure involved the formation in an 

intermediate step of a polymer-intercalated ceramic nanocomposite, highly porous to the 

diffusion of the polymerizable reducing agent, pyrrole. Two structurally similar layered 

bismuthates, Bi2Sr2CaCu2O8+δ and Bi6Sr2CaO12 and a partially Rh-substituted ceramic, 

Bi4Rh2Sr2CaO12 were used as the precursor layered ceramics and the reducible metal 

cations were Cu2+, Bi3+ and Rh3+, respectively. The formation of the polymer-covered 

metal nanorods and metal microcrystals took place at relatively high temperatures of 

reaction (325°C) and long reaction times (10-12 days).  
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8.2. INTRODUCTION 
 

Layered inorganic lattices have been used during the last two decades as host 

materials for guest organic monomers in intercalation reactions1,2, with the goal to create 

homogeneous nanocomposites that exhibit an improved set of physical and chemical 

properties when compared to the individual parent compounds, and which can be 

subsequently implemented in the targeted practical applications3. Overlapping the golden 

age of composite materials is the newly emerged field of 1-D nanostructures, which 

promoted during its first stage the synthesis, characterization and theoretical modeling of 

materials with the new nanostructured 1-D morphologies. The synthesis of carbon 

nanotubes in 1991 was the first among many other examples showing the importance of 

employing extreme values for the synthesis key parameters in producing nanostructured 

materials from layered, anisotropic 2-D precursors. The discovery soon led to the 

synthesis of multi-walled molybdenum disulfide nanotubes and was further extended to 

other layered transitional metal chalcogenides4,5.  Later, it was demonstrated that metal 

nanorods and nanowires can be produced using soft chemistry techniques in the presence 

of an external structure-directing agent or template6-8.  

The above mentioned premises offer good prospects for the investigation of 

layered, anisotropic 2-D ceramics with reducible transitional and p block metal cations in 

their composition, as precursor substrates for the templateless synthesis of metal 

nanorods. The planar, 2-D ordering of the constituent, reducible cations can be used as an 

intrinsic template for the synthesis of 1-D metal nanorods and nanowires, based on a 
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surface area minimization effect that arises as a consequence of close proximity for 

chemical compositions of different nature (ionic and metallic).  

The two structurally-related layered bismuthates used in this study belong to 

different classes in terms of electronic conductivity. Bi2Sr2CaCu2O8+δ is a high-

temperature superconductor9-14 (Tc = 85 K), while Bi6Sr2CaO12 is a room temperature 

insulating oxide15-19 that exhibits ionic conductivity at high temperatures (over 700 °C). 

They are related through similar cationic composition and the presence of van der Waals 

gaps between Bi-O…Bi-O consecutive layers, which can host a monolayer of iodine 

atoms and a sterically constrained monolayer of polypyrrole chains. Appropriate doping 

of the Bi6Sr2CaO12 can lead to compositionally-engineered lattices that present more than 

one reducible metal cation per formula unit, within the same planes of the structure. 

Partial substitution of the Bi3+ centers by Rh3+ yielded Bi4Rh2Sr2CaO12, a layered ceramic 

that retained the structural features of the parent lattice, while preserving the chemical 

behavior of the parent lattice towards intercalation of guest species.  

The intercalative chemistry of these layered bismuthates is not very rich and thus 

far, the only intercalated species analyzed to a greater extent is iodine20-37. The formation 

of polymer-covered metal nanorods uses as precursors the iodine-intercalated composites, 

where the guest halogen atoms act both as a spacer and the topotactic oxidizing agent for 

the subsequent in situ oxidative polymerization of pyrrole. The polypyrrole – layered 

bismuthate nanocomposites formed at lower temperatures of reaction (see Chapter 6 and 

7) offer the prospects of a proper intermediate for the formation of the polymer-covered 

metal nanorods and metal microcrystals based on the ordered, layered disposition of the 
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reducible metal cations and the increased porosity of the structure towards the vapor-

phase reducing agent, pyrrole.  

Polypyrrole is one of the most representative and investigated electronic 

conductive polymers38-41 due to its good chemical stability and tunable electronic 

conductivity and its monomer, pyrrole, has been extensively used as a guest species for 

the in situ polymerization in layered and microporous inorganic lattices42-58.  

The experimental procedure demonstrates for the first time, that 2-D crystalline 

layered ceramic lattices can act as effective intrinsic templating agents for the formation 

of 1-D metal nanostructures and shows great promise for being applied in the case of 

other layered ceramics (layered ruthenates and cuprates, for example) that contain 

reducible cations under the reaction’s circumstances. Pyrrole is a suitable reduction agent 

based on its relatively high oxidation potential and the product of its oxidative 

polymerization is a conductive polymer with good chemical stability in anaerobic 

conditions. Furthermore, the metal nanostructures were intimately covered by a nano-

thick layer of polymer, thus forming a relatively compact 1-D heterogeneous 

nanocomposite that may find useful applications as conductive interconnectors in 

microelectronics and nerve regeneration materials or may be used in micro- and 

nanodevices in areas like opto-electronic and chemical sensing and as patterning 

materials in lithography, etc.  

Copper nanowires and nanotubes were prepared so far by a relatively small set of 

synthetic routes and most of them involved the use of a structure-directing agent or 

template59,60 or employed pyrolysis61,62. The 1-D copper nanostructures are attractive in 

areas like microelectronics where the size and shape associated with the new 
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morphologies may find interesting applications in the near future. Bismuth nanowires 

were reported in the literature and a lot of research has focused on their important 

electronic and magnetic properties like the theoretically-expected semimetal to 

semiconductor transition as a consequence of decreased diameter of the 1-D 

nanostructures and the size-dependent magnetoresistence of the Bi crystals.  They were 

so far prepared by using etched porous membranes63-66, decomposition of an 

organometallic precursor67, ammonia reduction of a ternary oxide substrate68 and by the 

solvothermal method69.   

 

8.3. EXPERIMENTAL  

8.3.1. Synthesis 
 

Bi2Sr2CaCu2O8+δ and Bi6Sr2CaO12 were synthesized by a solid-state procedure in 

which appropriate amounts of cationic precursors (Bi2O3, 99.999 %-Bi, SrCO3, 99.9 %-

Sr, CaCO3, 99.95 %-Ca, CuO, 99.5+ %-Cu, all Strem Chemicals) were subjected to 

several cycles of grinding and annealing. Preparation of Bi2Sr2CaCu2O8+δ consisted of 

12-24 hours high temperature annealing treatments with intermittent grindings. The ramp 

rate was 100 °C / hour and the annealing temperatures were 775, 800, 820, 840 and 860 

°C. A similar annealing treatment was applied for Bi6Sr2CaO12 and the employed 

temperatures were 725, 750, 775, 790 and 800 °C. The crystalline structure of the final 

ceramics was checked by powder X-ray diffraction (XRD, run on a D8 Advance, 

Brucker-Nonius). In the second step of the procedure, iodine atoms were intercalated in 
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the van der Waals gaps of the two ceramics by the vapor diffusion method. Iodine served 

both as a spacer and the topotactic oxidizing agent for the in situ polymerization of 

pyrrole in the van der Waals gap. In the case of the high-temperature superconducting 

ceramic Bi2Sr2CaCu2O8+δ, 1.776 g ceramic (0.002 mol) were sealed with 1.015 g (0.004 

mol) I2 in a 60 mL in-house made Pyrex ampoule, evacuated at 30-60 mTorr and placed 

in an oven that had been ramped up (20 °C / hour) to 180 °C and left at that temperature 

for 12 days before being cooled down to room temperature. The excess iodine was then 

separated by desublimation in a tubular oven, where the hot end of the ampoule was held 

for 2 days at 120 °C and the cold end was placed at room temperature. The final product, 

stage-I IxBi2Sr2CaCu2O8+δ, 0.67 < x < 1.00 was further analyzed by powder XRD and 

proved to be single phase. In the case of the insulating ceramic Bi6Sr2CaO12, a similar 

procedure was applied and this consisted of sealing in the 60 mL evacuated (30-60 

mTorr) ampoule (Pyrex), 1.661 g (0.001 mol) Bi6Sr2CaO12 and 1.523 g (0.006 mol) I2. 

The ampoule was placed in an oven and ramped up (20 °C / hour) to 225 °C where was 

left for 12 days, before being cooled down to room temperature. The separation of the 

iodine excess was identical with the procedure already mentioned and the final product, 

single phase stage-I IyBi6Sr2CaO12, 2.00 < y < 3.00 was further analyzed by powder 

XRD. In all vapor phase iodine intercalation experiments, the limiting factor in terms of 

scaling up was the pressure developed in the ampoules.  

 In the last step of the procedure, 1.015 g stage-I IxBi2Sr2CaCu2O8+δ, 0.67 < x < 

1.00 and 2.042 g stage-I IyBi6Sr2CaO12, 2.00 < y < 3.00 (about 0.001 mol for each 

ceramic) were sealed in two separate, evacuated (30-60 mTorr) two-zone 120 mL in-

house made Pyrex ampoules with 4.0 mL (0.058 mol) freshly purified pyrrole. The 
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pyrrole monomer (99 %, Acros Organics) was purified prior to its use, being passed 

through a column consisting of activated alumina (Fischer Scientific). In each of the two-

zone ampoules the ceramic powder and the pyrrole monomer were placed in separate 

compartments, with no mixing allowed prior to the reaction. To reach this goal, the two-

compartment ampoules were sealed horizontally, in an in-house made metal tray. Each 

ampoule was then placed in an improvised two-zone furnace consisting of two tubular 

ovens in series and simultaneously ramped up at different rates to 325 °C (the ceramic 

powder compartment) and 162 °C (the organic monomer compartment). The high 

temperature tubular oven was ramped up at a rate of 20 °C / hour, while the low 

temperature tubular oven reached the targeted final temperature faster, at a rate of 50 °C / 

hour. This route of the heat treatment prevented iodine deintercalation (T > 250 °C) from 

the host ceramic materials before the organic monomer passed the boiling range (129-130 

°C) and reached the high temperature compartment by vapor diffusion. This specific 

procedure created a permanent movement of the pyrrole vapors, based on a permanent 

gradient in pressure induced by the preset gradient in temperature and the presence of the 

pyrrole reservoir at the cold end of the ampoule. The whole experimental setup was 

insulated from the exterior by being covered with several layers of aluminum foil and 

synthetic cotton and placed inside a polymer box. After the final temperatures for the 

two-zone furnace had been reached, the ampoules were left for 12 days before being 

simultaneously ramped down to room temperature. The excess pyrrole was separated in 

the low temperature compartment by using the initial ramp rates. 

A 33.33 % molar Rh-substituted version of the insulating ceramic Bi6Sr2CaO12 

was synthesized by the same solid-state procedure as the one applied for the 
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correspondent ceramic and the Rh (III) precursor employed was Rh (III) acetylacetonate 

(97+ %, Acros Organics). Bi4Rh2Sr2CaO12 was then subjected to the same sequence of 

experimental procedures as the ones applied for the parent ceramic, Bi6Sr2CaO12.  

A parallel set of experiments for stage-I IxBi2Sr2CaCu2O8+δ, 0.67 < x < 1.00 were 

done, in which about 1.015 g ceramic were separately sealed in evacuated (30-60 mTorr) 

one-zone 60 mL in-house made Pyrex ampoules, each with 1.4 mL (0.02 mol) freshly 

purified pyrrole. The ampoules were ramped up at a rate of 20 °C / hour, to 175 °C and 

200 °C, respectively, where were left for 12 days. The rest of the experimental procedure 

was done as explained above for the main sets of experiments. 

8.3.2. Characterization 
 

The heterogeneous composites were further analyzed for their crystal structure by 

powder X-ray diffraction (XRD) run on a D8 Advance (Brucker-Nonius), with Cu target 

operating at 40 kV and 30 mA. Electron microscopy methods were used for the 

characterization of the heterogeneous microcomposites. Scanning electron microscopy 

(SEM) was performed on a LEO 1530 operated at accelerating voltages of 1, 2, 5, 10 and 

15 kV, while high magnification transmission electron microscopy (TEM) was done on a 

HRTEM JEOL 2010F instrument, operated at 200 kV. Energy Dispersive X-ray 

Spectroscopy (EDS) was performed on the LEO 1530 instrument at accelerating voltages 

of 10 and 15 kV. Elemental analysis performed by Galbraith Laboratories for the 

composites originating from the superconducting ceramic, returned the following results: 

3.21 % C, 0.52 % H, 0.76 % N, 4.80 % I and 11.82 % Cu, for the sample dwelled at 200 
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°C and 3.04 % C, < 0.50 % H, 0.59 % N, 3.15 % I and 37.79 % Bi for the sample 

synthesized at 325 °C. 

 

8.4. RESULTS AND DISCUSSION 
  

The synthesis of the very first synthetic metal – high-temperature superconducting 

ceramic composite material in the form of a polypyrrole - Bi2Sr2CaCu2O8+δ 

nanocomposite at 132 °C prompted research in the direction of high temperature 

interactions of the pyrrole vapors with the layered substrate Figure 8.1). Theoretical 

expectations of the reduction of the lattice constituent reducible metal cations (Cu2+ and 

Bi3+), as the available pool of oxidizing agents in the form of pre-intercalated iodine 

atoms vanished and the reaction temperature was increased, became true during several 

experiments in which the dwelling temperatures were set at 175, 200 and 325 °C.  

At intermediate polymerization temperatures (175-200 °C), polypyrrole-

encapsulated polymer - ceramic nanocomposites were synthesized and, as the 

temperature was increased towards the upper limit of the interval exfoliation occurred, 

leading to 150-200 nm thick nanocomposite platelets. The exfoliation process was largely 

due to the increment in the thickness of the polypyrrole moiety between the Bi-O layers 

at the expense of incipient reduction process for the Cu2+ and Bi3+ centers. 

 



 282

135 135 °°C C …………………….. 200 .. 200 °°C C ………………..……325 325 °°CC

Nanocomposite     Amorphous      Metal NanorodsNanocomposite     Amorphous      Metal Nanorods

Phase         Phase         

11 22 33

   

 

Figure 8.1.  Artwork depicting the general type of products obtained at different high 

temperatures for the pyrrole – layered bismuthate matrices. 

 

Diffractograms of the samples prepared at these two temperatures showed a high 

degree of amorphous character, as the transition from a polypyrrole - Bi2Sr2CaCu2O8+δ 

nanocomposite to the final heterogeneous material took place. As the reaction 

temperature progressed towards the final temperature (325 °C), the depleted ceramic 

matrix became less ordered, while the diffraction peaks associated with the crystalline 

patterns of the Cu and Bi became more pronounced in terms of the intensity of their 
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signals. At higher temperatures of reaction, the radical oxidative polymerization process 

continued with the complete reduction of the Cu2+ and Bi3+ cations, as revealed by the 

powder X-ray diffractogram (Figure 8.2.).  
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Figure 8.2. Polyphase powder X-ray diffractogram showing the corresponding Miller 

indices of the diffraction planes for Bi (in blue, hexagonal lattice, space group R-3m, a = 

b = 4.546 Å, c = 11.862 Å) and Cu (in red, face centered cubic lattice, space group Fm-

3m, a = b = c = 3.608 Å). The 2θ scale is measured in degrees. 
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A polyphase diffraction pattern was obtained due to the formation of polymer-covered Cu 

and Bi nanorods, Bi molten spheroids and the rearrangement of the remaining cations and 

anions in the depleted ceramic matrix. The Cu and Bi nanorods and the Bi 

microstructures (Figures 8.3a and b) showed no mixing in the XRD pattern and this could 

be accounted for by different reduction potentials, segregated planar layered sources for 

the two metal cations in the original matrix and lattice mismatch70 at the interface of the 

two metal structures.  

 

 
 
 

Figure 8.3 a. Scanning electron micrograph displaying the polymer-covered metal (Cu 

and Bi) nanorods. 

a
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Figure 8.3 b. Scanning electron micrograph displaying the sub-micron thick depleted 

nanocomposite platelets on the surface of which nanorod extrusion occurred. 

 
 

The redox process that took place in the layered composite precursor can be 

modeled as in the Equations 8.1 and 8.2, taking in account the initial stoichiometry of the 

metal cations in the original matrix: 

 

2 Cu2+ + 2 Bi3+ + 5 C4H5N  →  2 Cu0 + 2 Bi0 + -[(C4H3N)5]- + 10 H+  (8.1) 
 
 

10 H+ + 5 O2-
(matrix)   →    5 H2O   (8.2) 

b
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Most of the polymer-covered metal nanorods had a diameter within the range 50 to 300 

nm and varied in length from less than 1 to almost 50 microns (Figures 8.4a and b). The 

variation in aspect ratio was most probably due to the size of the initial cationic (Cu2+ and 

Bi3+) reservoir available for reduction at a specific site and the local density of the 

incipient metal nanorods. 

 

 
 
 
 

Figure 8.4 a. Scanning electron micrograph showing high aspect ratio (the length to 

thickness ratio) polymer-covered metal (Cu and Bi) nanorods. 

a 
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Figure 8.4 b. Scanning electron micrograph showing high aspect ratio (the length to 

thickness ratio) polymer-covered metal (Cu and Bi) nanorods. 

  

The reduction of the cationic species most likely occurred inside the ceramic matrix (see 

Figure 8.5a and b) and the Cu and Bi nanorods were subsequently extruded in the form of 

polymer-covered 1-D nanostructures due to an internal pressure effect that took place in 

the process of rearrangement of the depleted matrix. The high porosity of the polymer-

b 
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embedded composite may have contributed to the in situ reduction of the two metal 

cations. 

 

 

 
 
 
 
 

Figure 8.5 a. Scanning electron micrograph of split-open nanocomposite grains along the 

c direction showing the internal growth of the 1-D metal nanostructures in the ab plane of 

the ionically depleted matrix. 

 

a 
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Figure 8.5 b. Scanning electron micrographs of split-open nanocomposite grains along 

the c direction showing the internal growth of the 1-D metal nanostructures in the ab 

plane of the ionically depleted matrix. 

 
 
The polymer-covered Cu and Bi nanorods were formed in the ab planes of the ceramic 

matrix, the same planes in which the copper and bismuth cations form the 

superconducting current and the charge reservoir, respectively, inside the host ceramic 

matrix (Figure 8.6). 

b 
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Bi3+

Cu2+

c

b
a

  

Figure 8.6. Schematic drawing showing the layered disposition of the two reducible 

metal cations in the ab planes of the precursor composite.  

 

Energy dispersive X-ray spectroscopy analysis revealed that many of the 

polymer-covered Cu nanorods grew from an original Bi seed (see Figure 8.7) and thus Bi 

may have catalytically promoted the growth of the copper 1-D nanostructures. The lattice 

mismatch between the hexagonal close packed Bi lattice and the face centered cubic 

lattice of the Cu acted as a low resistance plane when the nanorods were exposed to high-

energy electrons in the high resolution transmission electron microscopy analysis, during 
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which some of the nanostructures broke off the grains from which they were extruded. 

Some micron-thick rods, usually totally separated from the grains were shown by EDS to 

be made of Bi and a Ca, Sr and O matrix. 

 

 
 

Figure 8.7. Energy Dispersive X-ray Spectroscopy analysis (% by mass) of a matrix-

separated polymer-covered metal nanorod sampled along the rod and one in the seed. 

One random point in the depleted nanocomposite matrix was analyzed as well. The SEM 

grid was made of carbon. Each diagram reads the following elements, from left to right: 

C, O, Cu, Bi, Sr and Ca. 
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These 1-D microstructures were probably kinetically formed during the reduction process 

of the Bi3+ cations, with the neighboring ionic planes (Sr-O) drawn in. 

The polymer-covered metal nanorods were often formed at the edges of the 

platelets of the layered matrix and while extruded, adopted various orientations relative to 

the stacking direction of the initial ceramic matrix (see Figure 8.8a and b).  

 

 

 

Figure 8.8 a. Scanning electron micrograph showing high density of incipient and low 

aspect ratio polymer-covered metal nanorods. 

a 
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Figure 8.8 b. Scanning electron micrograph showing high density of incipient and low 

aspect ratio polymer-covered metal nanorods. 

 

Most of the 1-D polymer-covered metal nanostructures adopted parallel and 

almost parallel orientations relative to the main plane of the platelets. Areas with a high 

b 
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density of polymer-covered Cu and Bi nanorods usually exhibited a low aspect ratio for 

the 1-D nanostructures and this was the main effect of the competition for the same 

reservoir of copper and bismuth cations available for reduction.  

Transmission electron microscopy was used to image the structural features and 

characteristics of the polymer-covered metal nanorods and often showed voids inside the 

amorphous polymer shell-metal core 1-D nanostructures. The voids in the metal core 

were due to fragmentation (Figure 8.9a) or lack of homogeneity of the filling material 

(Figure 8.9b). Interaction of the metal core with the high-energy electrons often led to 

fragmentation of the extruded metal core, which was subsequently, able to travel along 

the nanotubular polymeric capsule and the interior of the depleted matrix. This 

observation proves the fact that the 1-D metal nanostructures were initially formed inside 

the ceramic matrix and were later extruded and encapsulated by the amorphous, relatively 

elastic polymer shell that covered the ceramic grains during the low-temperature stage of 

polymer-ceramic nanocomposite formation. The thickness of the elastic, amorphous 

polymer cover was usually between 30 and 50 nm, as revealed by the transmission 

electron micrographs.                                                          
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Figure 8.9 a. Transmission electron micrograph of the polymer-covered metal nanorods, 

showing fragmentation of the metal core. 

 
  

 

a 
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Figure 8.9 b. Transmission electron micrograph of the polymer-covered metal nanorods, 

showing inconsistencies in the core filling. 

 

b
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The polymer-covered Cu and Bi nanorods (50-300 nm in thickness) exhibited 

triangular, pyramidal, hemispheric or rectangular tips and their cross-section was round 

or rectangular (Figure 8.10a through d).  

 

 
 

Figure 8.10 a. High magnification transmission electron micrograph showing triangular 

tip for the polymer-covered metal (Cu and Bi) nanorods. 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

a 
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Figure 8.10 b. High magnification transmission electron micrograph showing pyramidal 

tip for the polymer-covered metal (Cu and Bi) nanorods. 

 
 
 
 

b
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Figure 8.10 c. High magnification transmission electron micrograph showing planar tip 

for the polymer-covered metal (Cu and Bi) nanorods. 

 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

c 
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Figure 8.10 d. High magnification transmission electron micrograph showing 

hemispheric tip for the polymer-covered metal (Cu and Bi) nanorods. 

 

d 
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Most often, the nanorods with a rectangular cross-section were the bismuth ones, 

while the copper nanorods had a round cross-section and were usually thinner than their 

bismuth counterparts. 

The process of copper and bismuth nanorod formation most probably involved in 

the first stage the segregated reduction of the metal cations in the Cu-O and Bi-O planes, 

their agglomeration into sheets and the subsequent nanorod formation due to a surface 

area minimization effect for the metal nanosheets in the largely ionic environment of the 

depleted nanocomposite matrix. Elemental analysis performed on several samples were 

important just for the atomic C to N ratio and the calculation showed lower than normal 

levels for the latter species. Chemical modifications of the polymer moiety may be 

responsible for this observation and they probably happened due to the high temperature 

of reaction and the redox deconstruction process suffered by the initial composite matrix.  

The present experiments demonstrate for the first time that different cations 

located in spatially segregated planes of the same layered ceramic, can lead based on 

their specific reduction potential and topology, to the formation of compositionally 

segregated polymer-covered metal nanorods.  

In a different set of experiments, alumina substrates were impregnated with 

different loadings (5, 10 and 15 % by mass relative to the Cu2+ content) of aqueous 

solutions of copper (II) acetate and annealed at 200 °C for 7 days in air. The procedure 

was similar to the ones employed for producing alumina-supported heterogeneous 

catalysts and resulted in the formation of alumina-supported CuO materials. The 

subsequent treatment with pyrrole at 325 °C for 12 days, as expected, did not lead to the 

formation of copper nanorods. The experiment demonstrated the importance of the 
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intrinsic templating effect that layered cuprate ceramics and oxides in the synthesis of 1-

D copper nanorods by the present method.  

A different situation was encountered in the case of the insulating layered 

bismuthate, Bi6Sr2CaO12 (hexagonal lattice, space group R-3M, a = 3.96 Å, c = 28.31 Å) 

which has only one reducible type of cations (Bi3+) under the system’s particular 

conditions (Figure 8.11). The solid solution MO-Bi2O3 , M = Ca, Sr was used as a mimic 

structure in terms of behavior towards intercalation for the superconducting layered 

bismo-cuprate due to some similar structural features like the presence of Bi-O layers 

alongside the interplanar gap, the virtually identical dimension of this gap and similar 

cationic composition. While important structural aspects like the local coordination 

around the Bi centers and the stacking sequence along the c direction are different for the 

two classes of layered bismuthates, both showed similar behavior towards iodine 

intercalation and it was demonstrated that the simpler structure of the solid solutions MO-

Bi2O3 could be used to predict and model the behavior of the layered superconducting 

class of bismuthates in intercalation reactions. 
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Figure 8.11. Schematic drawing of the planar disposition of the bismuth cations in the 

layered structure of the precursor ceramic. 

 

At low temperatures, during the ramp-up stage, the iodine-intercalated insulating 

layered bismuthate host polymerized pyrrole in situ, between the Bi-O layers bordering 

the van der Waals gap. The monomer polymerized at the expense of the iodine species 

located in the gap, and the resulted polymer-ceramic nanocomposite increased the degree 

of permeability of the material towards the reduction of the bismuth species. The total 
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reduction of the Bi3+ cations occurred accordingly to Equations 8.3 and 8.4, at high 

temperatures of reaction (>150 °C): 

 

6 Bi3+ + 9 C4H5N  →  6 Bi0 +  [-(C4H3N)9-] + 18 H+  (8.3) 
 

 
18 H+ + 9 O2-

(matrix)   →    9 H2O   (8.4)                                 
 

Figure 8.12 shows the almost single-phase X-ray diffractogram of the composite material 

obtained at high temperature. The presence of metallic bismuth was accompanied by the 

discreet presence of a crystalline phase resulted from the rearrangement of the Bi-

depleted ionic matrix. The redox process produced regular Bi microcrystals with each of 

the three dimensions in the range of tenths of micrometers. A common feature of the 

microcrystals was the presence of polymer and depleted ionic matrix in one of their 

corners, characteristic of an extrusion process that took place during the formation of the 

Bi microcrystals. 
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Figure 8.12. Powder X-ray diffractogram showing the corresponding Miller indices (in 

blue) of the diffraction planes for metallic Bi (hexagonal lattice, space group R-3m, a = b 

= 4.546 Å, c = 11.862 Å). The 2θ scale is measured in degrees. 

 
Usually, these particular corners appeared to be incompletely formed (Figures 8.13a, b 

and c), and this observation may be an indication that the extrusion process ended with 

the complete depletion of the bismuth cationic reservoirs in the initial composite matrix. 
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Figure 8.13 a. Scanning electron micrograph of one Bi microcrystal extruded from the 

depleted nanocomposite.. 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

a 
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Figure 8.13 b. Scanning electron micrograph of two Bi microcrystals extruded from the 

depleted nanocomposite.. 

 
 
 
 

b 
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Figure 8.13 c. Scanning electron micrographs of the Bi microcrystal extruded from the 

depleted nanocomposite. The incompletely formed corner where the extrusion process 

started is clearly visible in this micrograph. 

 
The formation of the bismuth microcrystals took place through consecutive steps 

that first involved the reduction of the Bi3+ cations in their original planes, followed by 

the coalescence of these planes into layers that ultimately, built up the hexagonal close 

packed Bi microcrystal. Figure 8.14 shows the layered structure of the Bi microcrystals 

(a) and the folding of the sub-micron thick layers is visible in the high magnification 

detail (b).   

c 
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The crystal build-up process happened inside the nanocomposite matrix and this 

prevented the low melting point (271.4 °C)71 Bi microcrystals from melting, as it was the 

case for the exposed Bi molten spheroids separated from the superconducting ceramic 

matrix. The depleted nanocomposite matrix segregated from the Bi microcrystals most 

probably during the ramp-down process, due to a significant difference in the contraction 

coefficients for the two dissimilar materials.   

   

 
 
  
 
 
 
 
 
 

Figure 8.14 a. Scanning electron micrograph showing the incompletely formed Bi 

microcrystal. 

a 
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Figure 8.14 b. Scanning electron micrograph detail showing the layered structure of the 

metal microstructure. 

 
 

The formation of the micron-sized Bi crystals was largely favored by the 

continuous presence of the Bi3+ cations not only in the Bi-O planes, but also along the 

stacking direction of the initial layered bismuthate, which exhibits mixing of the Ca2+ and 

Sr2+ cations with the Bi3+ species in the M-O (M = Ca, Sr) planes. 

Substitution of one third of the bismuth cations in the insulating layered 

bismuthate by appropriate choices of cations (same positive ionic charge: +3, same 

coordination number: 6, similar ionic radius, positive reduction potential-at least the same 

b 
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value as for the Bi cation, if not greater and ability of that particular metal to make solid 

solutions with bismuth) allowed engineering of a derived ceramic lattice that now 

exhibited two different choices of reducible cations within the same ionic planes (Figure 

8.15).  

A

C

B

C

B

A
c

a

O2- Bi3+

Ca2+, Sr2+ and Bi3+

c / 3

Rh3+

Ca2+, Sr2+ and Rh3+

 

Figure 8.15. Schematic drawing of the planar disposition of the bismuth and rhodium 

cations in the layered structure of the precursor ceramic. 

 

Trials with Rh3+, Ru3+ and Ir3+, showed that the only suitable choice for partially 

substituting the Bi3+ cations was the rhodium cation, the other two transitional metal 



 312

species forming strontium ruthenates and iridates, respectively, as it was revealed by the 

XRD analysis (Figure 8.16).  
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Figure 8.16. Powder X-ray diffractogram of the Bi6Sr2CaO12 (hexagonal lattice, space 

group R-3M, a = 3.96 Å, c = 28.31 Å) parent ceramic (in black) and of the engineered 

lattice Bi4Rh2Sr2CaO12 (in red). Matching of all the peaks of the parent ceramic lattice by 

the newly formed derived structure shows that the partial substitution of bismuth cations 

for the rhodium ones was successful. The 2θ scale is measured in degrees.  
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The new engineered layered lattice, Bi4Rh2Sr2CaO12 was then subjected to the same 

experimental route as its parent lattice and, at high temperature of reaction produced 

polymer-covered Bi-Rh nanorods (Figures 8.17a and b).  

 

 

 
 
 
 

Figure 8.17 a. Scanning electron micrograph of the low aspect ratio polymer-covered Bi-

Rh and Bi nanorods extruded from the depleted platelets of the nanocomposite. 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

a 
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Figure 8.17 b. Scanning electron micrograph of the low aspect ratio polymer-covered Bi-

Rh and Bi nanorods extruded from the depleted platelets of the nanocomposite. 

 
 
 The polymer-covered Bi-Rh nanorods had a small aspect ratio, if compared to 

their Cu and Bi counterparts, and their metal core diameter varied from about 20 nm up 

to 200 nm, while their length was within the range 0.2 to 5 microns (Figure 8.18a and b). 

The small size parameters for the polymer-covered Bi-Rh nanorods were a direct 

consequence of the limited dimension of the available homogeneous reservoir of Bi and 

Rh cations in the (Rh, Bi)-O planes.  

b 
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Figure 8.18 a. Scanning electron micrograph displaying polymer-covered 1-D 

nanostructures with small diameter of the metal core and relatively long. 

 

a
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Figure 8.18 b. Scanning electron micrograph displaying polymer-covered 1-D 

nanostructures with small diameter of the metal core and relatively long. 

b 
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Energy dispersive X-ray spectroscopy analysis revealed the presence of polymer-covered 

Bi nanorods, which were thicker and shorter than their Bi-Rh counterparts (Figure 8.19a) 

and the existence of polymer-covered alloyed metal nanorods which varied in the Rh 

content (Figure 8.19b). The small Rh content led in some cases to increased plasticity 

(Figure 8.19c), due to a higher proportion of Bi that led to smaller melting points and 

lower electronic conductivity for the 1-D nanostructures. The variation in composition for 

the Bi-Rh solid solutions was not surprising due to the very good mixing in different 

proportions of the two metals in Bi-Rh alloys and the fact that the solid state method 

employed for the preparation of the derived layered ceramic did not lead to perfect 

homogeneous materials in terms of cationic composition. 
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Figure 8.19 a. Scanning electron micrograph displaying polymer-covered Bi-Rh and Bi 

nanorods. The Bi-core nanorods have a lower aspect ratio and, as expected, are charging 

more than their alloyed-core counterparts. Bi displays a semimetal behavior when in bulk 

and the charging is a consequence of the low electronic conductivity.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

a 
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Figure 8.19 b. EDS analysis on a Bi-Rh nanorod. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

b 
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Figure 8.19 c. Bent polymer-covered metal nanowire which displays plasticity due to a 

low content in Rh. 

 

c 
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 TEM was employed for the analysis of the 1-D polymer-covered Bi-Rh 

nanostructures (Figure 8.20a and b) and revealed interesting aspects, most of them similar 

to the ones found for the polymer-covered Cu and Bi nanorods. 

 

 
 

 

Figure 8.20 a. Transmission electron micrograph of the polymer-covered Bi-Rh nanorod 

with high outer-to-core diameter ratio.  

a 
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Figure 8.20 b. Transmission electron micrograph of the polymer-covered Bi-Rh 

nanorods with low outer-to-core diameter ratio. The scale bar in the micrograph is 200 

nm. 

 

b 
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The 1-D metal nanostructures were encapsulated by amorphous tubular polymer shells 

with thicknesses varying between 25 and 50 nm and sometimes displayed fragmentation 

of the metal cores. Figure 8.21 shows micrographs of the same polymer-covered metal 

nanorods at two consecutive moments. In the image 8.21a, the absent metal core 

fragment was located in the interior of the depleted nanocomposite matrix, while in 

micrograph 8.21b, due to the interaction with the high energy electron beam, it was able 

to move upwards, along the tubular polymeric nanostructure.This observation indicates 

that the polymer-covered Bi-Rh and Bi nanorods were formed through the same steps as 

their Cu and Bi counterparts, the only major difference between the two cases was the 

reduced aspect ratio for the former 1-D metal nanostructures, most probably due to the 

lack of perfect homogeneity for the engineered lattice in terms of cationic composition. 

Rh3+ has an ionic radius which is less than two thirds of the one for the Bi3+ cation (0.67 

Å vs. 1.03 Å)72 and this important factor could potentially affect the homogeneity in 

cationic composition of the derived lattice.  
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Figure 8.21 a. Consecutive transmission electron micrographs (a, b) showing migration 

of a metal core fragment from inside the depleted nanocomposite to the extruded 1-D 

nanostructure, due to the interaction with the high energy incident electrons. In both 

micrographs the scale bar is 200 nm. 

 

a 
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Figure 8.21 b. Consecutive transmission electron micrographs (a, b) showing migration 

of a metal core fragment from inside the depleted nanocomposite to the extruded 1-D 

nanostructure, due to the interaction with the high energy incident electrons. In both 

micrographs the scale bar is 200 nm. 

 

 

b 
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8.5 CONCLUSIONS 
  

The possibility to produce 1-D metal nanostructures through a nanocomposite 

route from a layered substrate was demonstrated for the very first time. The intrinsic 

template, i.e. the planar, layered disposition of the reducible cations in the ionic metal-

oxygen layers of the 2-D ceramic matrix was essential in the development of the 

polymer-covered metal nanorods. Pyrrole is a good candidate for the formation of 

polymer-covered metal and alloyed metal nanorods or metal microcrystals, due to its 

relatively high oxidation potential exhibited in the radical oxidative mechanism of 

polymerization. Pristine segregation of the reducible cations into separate ionic metal-

oxygen layers led to segregated polymer-covered metal nanorods, while mixing of the 

different, but compatible metal cations within the same ionic layer led to polymer-

covered metal alloys nanorods. High cationic concentration of a singular reducible cation 

led to metal microcrystals. In all cases the cation reduction process took place inside the 

nanocomposite matrix and was to a certain extent facilitated by the increased 

permeability of the structure to the reducing agent’s diffusion. The metal nanorods were 

extruded due to an internal pressure effect based on the incompatibility between neutral 

and ionic species.  

This novel method that takes advantage of the intrinsic templating nature of the 2-

D crystal lattice can be used to produce compositionally tailored 1-D alloy nanostructures 

by initial crystal lattice engineering, through appropriate selection of the doping levels 

and the choice of doping species. 
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CHAPTER 9 

 

RETROSPECTIVE OVERVIEW, GENERAL CONCLUSIONS AND 

FUTURE DIRECTIONS 

 

 The initial goal of synthesizing the very first synthetic metal – high-Tc 

superconducting ceramic composite in the form of a polypyrrole - Bi2Sr2CaCu2O8+δ 

nanocomposite was successfully achieved while the research was further extended to 

encompass other layered inorganic substrates, of similar or simpler structure when 

compared to the primary one. The project was thus overseeing a larger palette of 

representative layered inorganic substrates with the scope in mind to develop a broader 

understanding of the phenomena associated to their complex interaction with an effective 

and structure-directing reducing agent, pyrrole. The set of inorganic layered substrates 

was designed in order to cover the two main synthesis strategies concerning the redox 

nature of the interaction with the organic, polymerizable moiety.  

In the case of the insulating and high-temperature superconducting layered 

bismuthates, pre-intercalated monolayer of iodine atoms served as topotactic oxidizing 

agents for the in situ oxidative polymerization of the guest monomer molecules. Their 

employment thus spared the significant change in oxidation state of the lattice bismuth 

and copper cations, largely preserving the initial framework of the layered ceramics, an 
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aspect that is of uttermost importance for layered inorganic matrices of relevance in 

electronic applications. Orthorhombic molybdenum trioxide and vanadium pentoxide 

were selected as proper layered oxide candidates, based on the large interlayer spacing 

and the electroactive nature of the d0 transitional metal cations, able to engage in redox 

couples with pyrrole. The projected high-temperature redox interaction of the two 

substrates with the organic monomer involved partial reduction of the metal cation 

centers to intermediate oxidation states, most likely in a mixed-valence configuration. 

Investigation of layered, transitional metal binary oxides like molybdenum 

trioxide and vanadium pentoxide was done for a two-fold purpose:  

1. to try novel hydrothermal synthetic routes for the layered substrates, at a time when the 

age of 1-D nanostructured layered oxides started to emerge worldwide, and  

2. to use the as-synthesized layered binary oxides in reactions with pyrrole in the vapor 

phase, in the range of temperatures 130 to 325°C.   

The first goal was based on emerging literature reports (see Chapter 4, reference 

27) which cited evidence towards hydrothermal synthesis of 1-D nanostructured 

morphologies of oxide materials with an anisotropic 2-D layered framework, to be more 

specific, the case of vanadium oxide nanotube composites with structure-directing amine 

spacers. The studies presented the structure-directing long-chain amine intercalates as the 

main factor in inducing the 1-D nanostructured morphology of the subsequent composite. 

No decisive evidence associated with the claim was subsequently presented and this 

enabled the author of this dissertation to predict that the hydrothermal treatment was the 

main factor that led to the 1-D morphology of the vanadium oxide composites. The 

standard hydrothermal method applied in the above mentioned studies made use of an 



 336

autoclave, factor that enabled the synthesis under high temperature and pressure 

conditions, but drastically limited the amount of reactants employed by the synthetic 

route and made the scale-up process difficult. In the present work, an adapted 

hydrothermal method which employed reflux temperatures and a large excess of acid 

precipitation agent was used in a trade-off of the pressure factor with a highly acidic pH. 

The results demonstrated for the first time the possibility to produce nanoscrolls of 

vanadium pentoxide xerogel by a hydrothermal method and showed the capacity of this 

unique layered material towards new 1-D nanostructured architectures. The method 

offers an excellent example of how the simultaneous combination of extreme values for 

the main parameters of the synthesis may lead to a rolled-up morphology instead the 

classical layered one. Appropriate optimization of the method, combined with an 

adequate drying treatment may yield a nanoscrolled morphology that may be attractive in 

the areas of rechargeable lithium ion batteries, heterogeneous catalysts for oxidation of 

various hydrocarbons and chemical sensing applications, all traditional areas of practical 

importance for the classic morphologies of this transitional metal oxide. Unrolling of the 

nanoscrolls was successfully realized with long-chain monoamine and resulted in 

composite sheets with the thickness in the range of tenths on nanometers. The facile 

hydrothermal method may be employed for other layered transitional metal binary oxides 

and chalcogenides that may have useful applications when synthesized in 1-D 

nanostructured morphology.  

 Molybdenum trioxide was synthesized by acid precipitation, employing a 

classical route and the facile hydrothermal method mentioned above. The experiments 

were done at a time (mid 2003) when no data was available regarding the possibility to 
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synthesize the binary transitional metal trioxide in 1-D nanostructured morphology. The 

results obtained in this study were later confirmed by a solvothermal study about the first 

sub-micrometer fibers of molybdenum trioxide.  The facile hydrothermal procedure 

employed in this case was projected to yield nanofibers of the orthorhombic, layered 

phase, but in the end led to the formation of a micro-structured metastable hexagonal 

polymorph of the oxide. The strenuous conditions of temperature and acidic pH 

combined with the long reaction time could not yield individual layers that would 

subsequently roll up in nanoscrolled morphology, but instead switched the arrangement 

of MoO6 distorted octahedra framework building blocks towards a more porous 

morphology, with a smaller ratio surface area to total volume for the grains. The recurrent 

theme of surface area minimization appears to be the main effect of the extreme 

hydrothermal conditions in both cases, but for the molybdenum trioxide instance, the 

hydrothermal treatment could not separate the constituent layers and subsequently roll 

them up, as the hydration water molecules did not play a stabilizing role for the 

morphology of the material like in the case of the vanadium pentoxide xerogel. It may be 

therefore concluded that layered oxides that primarily have a large swelling capacity or 

exist in the colloidal form as a gel, have a better chance of adopting a 1-D nanostructured 

morphology compared to the layered transitional metal oxides for which the hydration 

water molecules do not play a major structure stabilizing role, as the turbulence induced 

by the long hydrothermal treatment permanently disrupts the hydrogen bonds network 

between the oxide layers and induces the surface minimization effect for the detached 

layers.  
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 The diversified morphologies and crystalline phases obtained by employing the 

facile, easy to scale up hydrothermal method compared to the instantaneous precipitation 

method underlines the importance of combined synthesis parameters, a feature that has 

been largely neglected in the past. The employed temperature, time and pH values were 

set up from the start to the end of the experimental procedure within the range of extreme 

synthesis parameter values, as reflux temperatures and long reaction time were combined 

with highly acidic pH.  The present hydrothermal experimental procedure represents an 

intermediate link between the solvothermal and the autoclave-based hydrothermal 

method and may help elucidate the contribution of individual synthesis parameters 

towards the formation of various particular morphologies and crystalline phases for 

layered transitional metal oxides and chalcogenides.  

 The synthesis of the metastable hexagonal molybdenum trioxide phase in the 

hydrothermal acid precipitation process was an important factor in the employment of the 

stable isostructural hexagonal phase of 10 % vanadium-doped molybdenum trioxide in 

the present study. The main reason for the use of the channel-like structure was the 

presence of the V5+ species, as they possess a higher reduction potential towards 

reduction to intermediate oxidation states compared to the predominant Mo6+ cations. 

Preliminary screening room temperature reactions with liquid pyrrole of the layered, 

orthorhombic molybdenum trioxide and the vanadium pentoxide nanoscrolls xerogel 

showed instantaneous reduction of the vanadium pentoxide centers at the expense of 

monomer oxidative polymerization. In the case of the molybdenum cation centers, higher 

temperatures of reaction were required to reach the same goal, the formation of a 

polypyrrole – layered oxide composite.  
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 The thermodynamically stable layered, orthorhombic phase of molybdenum 

trioxide and the two isostructural hexagonal phases of stable vanadium-doped and 

metastable molybdenum trioxide were surveyed for their complex anaerobic interaction 

with vapors of pyrrole at three different temperatures of reaction. At low (135 °C) and 

intermediate (200 °C) process temperatures, structurally similar heterogeneous 

microcomposites were obtained in all three cases. The main features of these materials 

were the polypyrrole membrane coating the surface of the original crystallites and the 

absence of any phase transformation for the initial oxide crystalline phases. The oxide 

samples reacted at the high temperature, 325 °C, yielded the most interesting results that 

ultimately led for the first time to a new class of heterogeneous microcomposites, the 

“metal oxide in a polymer box”.  The distinct feature of the new class of composite 

materials is the polymer cage that confines a volume partially occupied by the reduced 

metal oxide grains. The end result of the complex interaction represents a particular 

feature of the molybdenum trioxide-based polymorph substrates, i.e. the heterogeneous 

catalytic properties towards selective and total oxidation of aliphatic and aromatic 

hydrocarbon π-systems. The polymorph substrates act both as a source of electrophilic 

oxygen species and as heterogeneous catalysts for the total oxidation process of pyrrole at 

325 °C. During the temperature ramp-up process, nanometer-thick polypyrrole membrane 

encapsulated the oxide grains through an oxidative polymerization process at the expense 

of partial reduction of the metal cation centers from the surface of the crystallites. The 

amorphous organic polymer moiety tracked the contour of the grains and displayed 

rigidity, while being permeable to the vapors of excess monomer. During the total 

oxidation of the excess pyrrole molecules the orthorhombic and hexagonal molybdenum 
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trioxide-based substrates were directly converted to the thermodynamically stable 

monoclinic phase of molybdenum dioxide and the reduction in size of the initial 

crystallites happened accordingly to the theoretically predicted conversion of the 

orthorhombic and hexagonal unit cells to the monoclinic counterpart, taking in account, 

as well, the occupancy factor in each of these distinct cases. The thus resulted monoclinic 

molybdenum dioxide phases displayed morphologies derived from the initial starting 

materials and led therefore, to morphologically-diverse inorganic materials encapsulated 

in a polymer box. Moreover, the method can predict the size of the final molybdenum 

dioxide crystallites based on the size of the grains for the initial starting materials, 

through the known values for the unit cell parameters and the occupancy factor of the 

reactant substrates and the final product. Thus, nanostructured starting materials 

(polymorphs of molybdenum trioxide) may easily lead to individual nanostructured 

molybdenum dioxide crystals encapsulated by the polymer membrane that may be further 

used as precursors in a wide variety of applications. Preliminary experiments done in 

collaboration with a research group specialized in molybdenum disulfide precursors for 

heterogeneous catalysts in the hydrodesulfurization process of crude oil, showed that the 

surface of the new class of heterogeneous composite materials can be sulfided and 

subsequently form grains of a mixed-phase material which has the surface consisting of 

catalytically active molybdenum disulfide nano-thick layers and the core formed of 

molybdenum dioxide. This procedure thus enables the formation of this dual phase 

materials in a larger variety of morphologies, based on the initial molybdenum trioxide 

polymorph used in the process. Polymer encapsulation of the initial molybdenum 

trioxide-based crystalline grains offers the possibility to separate the catalytically active 



 341

crystallites during the total oxidation process and thus recommends great practical 

perspectives for the elucidation of the catalytically-active planes in the complex 

heterogeneous interaction. The method may be applied to other solid state substrates that 

exhibit catalytic activity towards selective and total oxidation of aliphatic and aromatic 

hydrocarbon π-systems and may offer one of the best choices to monitor the structural 

transformations of the catalytically-active substrates during the oxidative process.  

 The vanadium pentoxide nanoscrolls xerogel was employed in virtually identical 

reactions with pyrrole and failed to yield composites of relevant interest, based on the 

fact that the crystalline character of the heterogeneous composite materials diminished as 

the employed reaction temperature increased. The unsatisfactory outcome was strongly 

influenced most probably by the xerogel nature of the nanostructured material and the 

metastable character of the nanostructured morphology, and prompted the author to seek 

viable alternatives towards the formation of a polypyrrole – vanadium oxide composite 

material with a higher degree of homogeneity.  

Amongst the experimental procedures screened to fit the degree of homogeneous 

character, the redox co-precipitation method was theoretically the most indicated for the 

polypyrrole – vanadium oxide composite synthesis. The method employed an 

inexpensive, common precursor of vanadium pentoxide, the ammonium metavanadate 

salt, in sharp contrast to other literature reported methods that made use of vanadium 

alkoxide precursors, highly expensive and moisture sensitive. The redox co-precipitation 

experimental procedure was done through a reflux-based method and led to the formation 

of a relatively homogeneous polypyrrole – mixed valence (V5+, V4+) tetrammonium 

hexavanadate microcomposite. The material represents the very first example of 
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chemically synthesized (NH4)4V6O16 and is to date the only stoichiometric polypyrrole – 

vanadium oxide composite. The layered structure of the mixed-valence vanadate played 

an important role in the interesting mechanical properties that recommend at first 

screening the composite for potential applications as a solid lubricant with tunable 

conductivity upon appropriate doping of the polypyrrole component of the material. 

Rheological testing and more investigation of the mechanical and electronic properties of 

the material would be seen as appropriate in this case, especially since the synthesis 

method is highly inexpensive and is based upon an experimental procedure that is easy to 

scale up and does not require any sophistication in terms of equipment. The method is 

highly recommended to be tried for metal oxides and chalcogenides that are able to yield 

mixed-valence derivates, as is the case for vanadium pentoxide and its well known group 

of mixed-valence vanadates. When the experimental procedure was applied in 

conjunction with the precursor of molybdenum trioxide, the hexammonium 

heptamolybdate hydrated salt, an amorphous composite material was obtained, as this 

transitional metal oxide does not have a well-established family of structurally diverse 

mixed valence oxides (except for the blue and red molybdenum trioxide bronzes). The 

redox co-precipitation method represents an excellent example of the versatility of 

chemical synthesis for polypyrrole, due to the fact that the precipitation process was done 

from an aqueous-based solution and should be further extended for this particular system, 

by employing other water soluble vanadium pentoxide precursors. The lithium 

metavanadate is expected to be the best candidate among the alkali metal metavanadates, 

for synthesizing polypyrrole-based composites with promising applications for new 

materials in the area of rechargeable lithium ion batteries.  
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The thermodynamically stable hexagonal phase of 10 % vanadium doped 

molybdenum trioxide has a channel-like structure and its isostructural undoped 

counterpart represents the most porous phase of the family of molybdenum trioxide 

polymorphs. The diameter of the channels running along the c axis of the crystals has a 

value (3.3-3.5 Å) that allows for the insertion of transitional metal cations with high 

reduction potential, and their subsequent total reduction with pyrrole may lead to a 

lattice-templated one atom thick metal wire. While screening reactions showed that this 

strategy has high chances to be successful in the case of Au3+ cations, the room 

temperature impregnation of the highly regular hexagonal microprisms of 

(NH4)0.1V0.1Mo0.9O3 with an aqueous solution employing a large molar excess of Ag+ 

ions led to the dissolution of the initial lattice and the reconstruction of a new 1-D 

nanostructured ternary oxide in the system Ag-Mo-O. The experimental procedure 

represents to date the simplest chemical experiment that has ever led to the synthesis of a 

100 % 1-D nanostructured material and may influence the future synthesis strategies 

concerning the 1-D nanostructured materials. Experimental replications in which the 

layered orthorhombic and channel-like hexagonal molybdenum trioxide phases were used 

as impregnation substrates led to the same nanofibers of the ternary oxide new material 

and directed to the inevitable, logical conclusion that the silver cations exhibit strong 

affinity for the molybdenum combinations with oxygen. When related 1-D nanofiber 

morphology of the layered, orthorhombic molybdenum trioxide was used as an 

impregnation substrate, the newly formed nanofibers of the ternary oxide displayed the 

best crystalline character overall. The result indicates that regardless of the crystalline 

phase, the transition to the 1-D nanostructured architecture is best achieved from another 
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similar 1-D morphology. If this conclusion was somewhat theoretically expected, it was 

here demonstrated for the first time.  

The unexpectedly simple synthesis recipe that led to the formation of the 

nanofibers of the ternary oxide is due most probably to the 1-D character of the material 

and this presumption may be best verified by employing similar synthesis routes for the 

preparation of metal oxides and chalcogenides with known 1-D character. Reduction at 

high temperatures of reaction with pyrrole vapors led to heterogeneous microcomposites 

in which the only crystalline phase was due to the metallic silver core that was formed in 

the redox process. The rearrangement of the structure was largely based on the chemical 

character misfit existent between adjacent layers as a direct result of the surface oxidative 

polymerization of pyrrole at the expense of partial oxidation state reduction for the 

molybdenum cations and total reduction of the silver cations. It may be relevant to point 

out that partially reduced molybdenum oxide clusters formed an amorphous combination 

with the surface layers of polypyrrole, similar to the case of the redox co-precipitation of 

the polypyrrole – molybdenum oxide microcomposite material that was briefly 

mentioned in the above discussion. The redox process thus lead to the formation of a 

heterogeneous microcomposite in which an electronically conductive silver metallic core 

was surrounded by an insulating shell consisting of a complex polypyrrole – reduced 

molybdenum oxide matrix that may be further converted to the conductive state by 

appropriate doping of the surface organic moiety.  

The other half of the project, originally centered on the synthesis of the first 

synthetic metal - high-temperature superconductor ceramic nanocomposite, investigated 

the complex high temperature interaction of pyrrole with Bi2Sr2CaCu2O8+δ and led to the 
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subsequent consideration of the class of insulating layered bismuthates that were used as 

“shadow structures” for the main player. Employment of the two members of the 

insulating class of layered bismuthates Mx Bi(9-x) O[(27-x)/2] (M = Ca, Sr and Ba), SrBi8O13 

and Sr2CaBi6O12 was based on the simpler, less complex crystalline structure, the 

virtually identical gap spacing, the similar cationic composition and the presence of 3 van 

der Waals gaps per unit cell, features that were of great importance during the screening 

of the different intercalation reaction conditions. The successful synthesis of the 

polypyrrole nanocomposites for these materials considerably helped the case for the high-

temperature superconductor ceramic and can be labeled as an interesting example of 

sequence-based synthesis for the design of hybrid nanocomposite materials through 

topotactic intercalation of organic moieties. The experimental procedure indirectly 

offered direct proof of the non-redox character of iodine intercalation, from an angle that 

has not been explored before and may serve as a synthesis design example to be followed 

for other similar systems as well.  

The very first synthetic metal - high-temperature superconductor ceramic hybrid 

material was synthesized in the form of the polypyrrole - Bi2Sr2CaCu2O8+δ 

nanocomposite and subsequent analysis of its electronic characteristics may strongly 

influence the subsequent evolution of this class of new materials. The possible positive 

outcome of this analysis may lead to the employment of thin films of Bi2Sr2CaCu2O8+δ 

made by pulsed laser deposition as precursors for the synthesis of composites with high 

transition temperature and improved resistance to corrosion. On the same note, powder 

and thin film morphologies of the related phase, 2223 may start to be intensively used in 

experimental procedure replicas of the present method, as the transition temperature of 
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the pristine superconducting ceramic is significantly higher than the one of the 2212 

phase. 

The nanocomposites of polypyrrole with the two classes of layered bismuthates 

were synthesized at low temperature of reaction (132-135 °C), and as the dwelling 

temperature was increased towards the upper limit (325 °C) of the interval, the reduction 

of the bismuth and copper cations started to occur at the expense of oxidative 

polymerization of pyrrole. At intermediate reaction temperatures, the major structural 

transformations thus suffered by the initial layered matrices led to irreversible destruction 

of the original crystalline character, manifested through the formation of an amorphous 

heterogeneous material. As the employed reaction temperature neared the upper limit, the 

diffractograms showed the presence of metallic bismuth and copper, signaling the 

completion of the reduction process for the two metal cations.  

The polymer-covered copper and bismuth nanorods formed in the process were 

the effect of the intrinsic templating phenomenon induced by the original planar 

arrangement of the two different reducible metal cations in the layered matrix. The metal 

nanorods were formed inside the grains of the ceramic materials by aggregation and 

surface area minimization of the reduced metal atom planes and were subsequently 

extruded due to an internal pressure effect caused by the chemical character mismatch of 

adjacent regions (metal nanostructures, polypyrrole and the ionic depleted matrix). When 

the insulating layered bismuthates were employed as source of reducible metal cations, 

the high concentration in the original layered matrix of the only reducible cations, Bi3+ 

led to the formation of bismuth microcrystals. They were formed through a similar 

mechanism as their nanorod counterparts, by reduction of the bismuth cations within their 
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original planes and subsequent aggregation into microcrystals that extruded off the initial 

grains. Partial substitution (33 %) of the bismuth cations by isovalent rhodium ones led 

again to the synthesis of polymer-covered metal nanorods, in this particular case, of Bi-

Rh alloy. The lack of homogeneous character throughout the sample led to the formation 

of Bi-rich and Bi-poor volumes and the solid state preparation method was largely 

responsible for the fact.  

The above three examples demonstrate the possibility to synthesize 1-D metal 

nanostructures and microcrystals from layered ceramics through an intermediate 

nanocomposite material and are excellent examples of how the intrinsic templating effect, 

manifested through the pristine 2-D arrangement of the reducible metal cations  in the 

precursor ceramics is crucial in the formation of the end products. Segregated 

arrangement of different reducible cations led to segregated polymer-covered nanorods, 

while high concentration of the singular reducible metal cation induced the formation of 

metal microcrystals. The presence of two different reducible metal cations within the 

same pristine layers induced the formation of polymer-covered alloy metal nanorods. 

The method is highly recommended to be employed in the particular case of 

layered ceramics that contain reducible metal cations in planar, 2-D arrangement and can 

be successfully extended for other transitional metal cations as well.  

A general overlook of the novel research presented in this manuscript shows the 

importance of synthesis parameter values within a range that has been largely suffering of 

lack of consideration in the past. Pyrrole interaction with layered binary oxides and 

structurally complex ceramics at 325 °C, showed activation of these substrates and 

subsequent engagement in redox reactions with the organic moiety.  In all investigated 
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cases, partial reduction of the metal cation centers through a catalytic effect or total 

reduction of the susceptible metal cations led to interesting outcomes. Further 

investigations of pyrrole redox reactions with oxide, chalcogenides and ceramic 

substrates at temperatures that are considered to be within a range between normal and 

high should be promoted by the discoveries made throughout the present research.  

Room-temperature impregnation of binary oxide substrates with large excess of 

transitional metal cations like Ag+ led to unexpected morphologies and underlined the 

affinity of the silver cations to molybdenum-oxygen clusters regardless of the crystalline 

phase or morphology of a particular phase for the impregnated substrate. Screening 

reactions of different systems similar to the Ag+ - (MoO6)lattice are strongly recommended 

especially since the experimental procedure is highly inexpensive and necessitates no 

sophistication in terms of equipment.  

The research presented in this manuscript shows that the original intentions, of 

studying the complex high temperature interactions of pyrrole with layered and channel 

structures of simple, representative structures of transitional metal binary oxides and 

complex layered bismuthate ceramics were reached and hopefully will stir the interest for 

further investigations of the present systems or similar ones in terms of structure and 

properties.    
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