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CO2 Is Becoming a Serious ProblemCO2  Is Becoming a Serious Problem



Drug DeliveryDrug Delivery



Catalysis and SensorsCatalysis and Sensors



Nanotechnology Opens Gate For 
iInnovation

http://www.ecofuel-world-tour.com/

BASF Basostor® Tank
Natural Gas Storage



Just A Few Industrial Applications…Just A Few Industrial Applications…

http://www.catalysts.basf.com/Main/adsorbents/basf_adsorbent_technologies/metal_organic_frameworks



http://www.sigmaaldrich.com/etc/medialib/docs/Aldrich/General_Information/basf_basolite_handout_051908.Par.0001.File.tmp/basf_
basolite_handout_051908.pdf



Basolite C 300 CostBasolite C 300 Cost

http://www.sigmaaldrich.com/catalog/ProductDetail.do?N4=688614|ALDRICH&N5=SEARCH_CON
CAT_PNO|BRAND_KEY&F=SPEC



Important Sponsors of ResearchImportant Sponsors of Research



Innovative Materials & Process in “DOE”

http://arpa-e.energy.gov/ProgramsProjects/IMPACCT.aspx
http://www.energy.gov/



Energy Efficiency & Renewable EnergyEnergy Efficiency & Renewable Energy

http://www1.eere.energy.gov/hydrogenandfuelcells/storage/
http://www.hydrogen.energy.gov/storage.html



http://www.netl.doe.gov/technologies/carbon_seq/core_rd/breakthrough/42121.html



http://www.nsf.gov/news/overviews/chemistry/
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Responsible

Hydrogen Storage in Metal‐
Organic Frameworks.

(2005‐2010)

USDollars
$=1`700.000

7 Omar M. Yaghi

University of California L. A. 

A Biomimetic Approach to 
Metal‐Organic Frameworks 
with High H2 Uptake

USDollars
$=1`400.000

11 Hongcai Zhou

Texas A&M university

(2007‐2012)

Reversible Hydrogen Storage 
Materials – Structure,

USDollars
$=1`600000

6 Ian Robertson & Duane Johnson

U i it f Illi i U bMaterials  Structure, 
Chemistry, and Electronic 

Structure

(2005‐2010)

$ 1 600000  University of Illinois Urbana 
Campaign

(2005 2010)

Hydrogen Trapping through 
Designer Hydrogen Spillover 
Molecules with Reversible 

USDollars $= 
1`512000 

2 Angela D. Lueking, Jing Li           
& Milton W. Cole

Penn State UniversityTemperature and Pressure‐
Induced Switching 

(2009‐2013)

Penn State University

Rutgers University



Project Funding No 
Inst.

Responsible

Advanced separation and 
storage of carbon dioxide: 
Design, Synthesis and 
Applications of Novel

€ 3,51 
Millions

7 Philip Llewellyn

Institut Français du Pétrole

FranceApplications of Novel 
Nanoporous Sorbents  
(2006‐2008)  “DESANNS” 

France

Anchoring of metal‐organic € 2 83 7 Christof WöllAnchoring of metal organic 
frameworks, MOFs, to 
surfaces 

(2006‐2009) “SURMOF” 

€ 2,83 
Millions

7 Christof Wöll

Ruhr‐Universität Bochum, 
Germany

Functional Metal Organic 
Frameworks as  
Heterogeneous Catalysts
(2006 2010) “MOFCAT”

€ 2,87 
Millions

6 Richard Blom

SINTEF Materials and Chemistry 
Norway(2006‐2010) “MOFCAT” Norway

New materials for hydrogen
powered mobile applications

€. 1,18 

Milli
4 Kieschinck Ronald 

Jacobs University Bremenpowered mobile applications
(2009‐2012) “HYPOMAP” Millions Jacobs University Bremen 

GGMBH, Germany



Project Funding No 
Inst.

Responsible

Carbon Dioxide Separation 
with Novel Microporous
Metal OrganicFrameworks
(2007 2010)

USDollars
$= 2`802.000 

3 Richard Willis 

UOP LLC, a Honeywell company

(2007‐2010)

MOFs for CO2 capture, 
control their mesh size to 
improve the selectivity of

USDollars

$=1`019,874
1  JOE Zhou

Texas A&M University 
improve the selectivity of 
adsorbing CO2 and to reduce 
the energy required. 
(“IMPACCT”) (2010‐)

So Far…

Instrumentation tools and 
computational algorithms to 
accelerate the development 
of metal organic framework

USDollars
$=3`663,696 

1 

So Far…

Jeffrey Long 

Lawrence Berkeley National 
Laboratory of metal organic framework

(“IMPACCT”) (2010‐)

MOFs integrated into fiber 
membranes to improve the

USDollars
$= 1`000000

1  Georgia Istitute of Technology
membranes to improve the 
throughput and selectivity 
for CO2 capture.
(“IMPACCT”) (2010‐)

$  1 000000

So Far…



European Agencies Funding ResearchEuropean Agencies Funding Research

http://cordis.europa.eu/fp6/dc/index.cfm?fuseaction=UserSite.FP6HomePage
http://cordis.europa.eu/fp7/home_en.html

http://erc.europa.eu/index.cfm



European Projects On MOFsEuropean Projects On MOFs

http://www.sintef.no/Projectweb/MOFCAT/



http://www.ruhr-uni-bochum.de/pc1/SURMOF/
http://www.desanns.univ-montp2.fr/index.php?option=com_content&task=view&id=1&Itemid=1



http://www.nanomof-project.eu/
http://www.metal-organic-frameworks.de/index.shtml



http://www.macademia-project.eu/



Two Approaches to Nanomaterials 
bFrabrication

BOTTOM‐ TOP‐
UP DOWN

Atoms, Molecules BulkNanoestructured Material

Top Down Approach: Physical Methodologies of Nanofabrication

Bottom Up Approach: Chemical Methodologies of Molecular Self 
Assembly, Supramolecular Chemistry



What is the relation of Supramolecular
h i i h i l ?Chemistry with Nano‐Materials?

1) Design Nano‐materials in a Rational Fashion from 
Atoms and Molecules as a Building Blocks.

2) Design different Architectures of the Materials.

3) Take Advantage of the Interaction of the Molecules 
within the material. 

What does it mean?

‐Nanosized materials (porous materials)
‐Materials with new Properties (Physical & Chemical 
P i ) M i Th l i iProperties) e.g. Magnetic, Thermal, reactivity, 
solubility



With the help of SUPRAMOLECULARWith the help of SUPRAMOLECULAR 
CHEMISTRY we can Understand and Study 

those materialsthose materials



Supramolecular ChemistrySupramolecular Chemistry

A field of chemistry related to species of greaterA field of chemistry related to species of greater
complexity than molecules, that are held together
and organized by means of intermolecular 
interactions. The objects of supramolecular 
chemistry are supermolecules and other

l l l titi th t lt f thpolymolecular entities that result from the
spontaneous association of a large number of 
components into a specific phase (membranescomponents into a specific phase (membranes, 
vesicles, micelles, solid state structures
etc.))

1999, 71, 1964
IUPAC Compendium of Chemical Terminology 2006



Supramolecular ChemistrySupramolecular Chemistry

• Self Assembly or Self Organizationy g
• Molecular Host‐Guest Chemistry
• Solid State Host‐Guest Chemistryy
• NanoChemistry / Nanotechnology
• Supramolecular Devices
• Interlocked & Interwoven Systems
• Crystal Engineering
• Biological Chemistry

…..And Many Other Branches



Comparison Between the Scope of 
l l d l l h iMolecular And Supramolecular Chemistry



Bonding EnergiesBonding Energies
Intramolecular Bonding

•Single Bond C‐C (350 kJ/mol)
•Double Bond C=C (609 kJ/mol)
•Triple Bond  N ΞN (942 kJ/mol)

Intrermolecular Bonding

•Van Der Waals (< 5kJ/mol)
•Hydrogene Bonding (4‐120 kJ/mol)
•Ion‐Ion (100‐350 kJ/mol)

Supramolecular
Chemistry is 

fIon Ion (100 350 kJ/mol)
•Dipole‐Dipole (5‐50 kJ /mol)
•Ion‐Dipole (40‐200 kJ/mol)

/

focus on 
Intermolecular 

Bonding
•π‐ π stacking (0‐50 kJ/mol)

•Cation‐ π (5‐80 kJ/mol)



Supramolecular Self AssemblySupramolecular Self Assembly

4X4X

4X

Steed Jonathan W., Turner David R.,Wallace Karl J. Core Concepts in Supramolecular Chemistry and 
Nanochemistry, 2007 John Wiley & Sons pp 108

Self Assembling -Square



Definition of a Network Solid

Is a chemical compound in which the
atoms are bonded by covalent bondsatoms are bonded by covalent bonds

in a continuous network. 

Th i di id l l l dThere are no individual molecules and 
the entire crystal may be considered a 

macromolecule. 

Covalent crystal model diamond

Formulas as those for ionic
compounds; simple ratios of 

hthe component atoms
represented by a formula unit.3D topology network connected by Cd

atoms and Acid Carboxymethilphophonate Inorganica Chimica Acta, 2009, 362, 1605–1610



Examples of  Network Solids

Diamond Graphite Quartz, SiO2



Network Solids
C

Citrine
Cupper 
Sulfate Crystal

Diamond

‘Nanocubes’ of MOF materials.

Metal Organic 
Framework MOF 5

Quartz

Crystal Structure of 
NaCl

(Courtesy of BASF.)
Metal Organic 

Polyhedra MOP 28



Dimensionality of Network SolidsDimensionality of Network Solids
1D 2D2D

Lineal Zig‐Zag Double Helix
HoneyComb Wall Intercalated Birks

g g

3D 0 D Coordination 
Cluster

Morphology & Composition 
are required to properly 

Diamond Octahedral NbO
q p p y

describe the material

Coord. Chem. Rev., 2006, 250, 2127‐2157Chem. Rev. 2001, 101, 1629−1658



Coordination PolymersCoordination Polymers

Coordination polymer Bonding:

Ligand‐ Coordination Metal‐ Ligand

Any reticular 
structure can be 
obtained by 

controlling the ligandcontrolling the ligand 
architecture and 
central ions 

di ti

Coordination Chemistry Reviews, 2006, 250, 2127–2157

coordination  
geometry 



Metal Organic MaterialsMetal Organic Materials

Chem. Soc. Rev., 2009, 38, 1400–1417



Metal–Organic Frameworks 
(MOFs)

Metal–organic frameworks (MOFs) are extended porous g ( ) p
structures composed of transition metal ions (or clusters) 
that are linked by organic bridges. They are prepared as 
crystalline solids by solution reactions of metal ion salts 

with organic linkers.

Nature Materials, 2007, 6, 92 - 93J. Mater. Chem., 2006, 16, 626–636



Main MOF`s CharacteristicsMain MOF s Characteristics
Basically MOFs are/have:

•Crystalline & Porous Materials.
•Thermal stability.
•Well defined structures•Well‐defined structures.
•Low density.
•High surface area (1000‐4500 m /g)2

•Chemically‐tunable structures.
•Morphological properties can be modified.
•They are “easily” synthesized.y y y
•MOFs are frecuently air‐sensitive.
•Not stable under Chemical attack (e.g. Solvents)





Secondary building unit (SBU)



Common ligands in MOFsCommon ligands in MOFs



Ligand‐Metal Dependant GeometryLigand Metal Dependant Geometry

Sigma Aldrich http://www.sigmaaldrich.com/materials-science/alternative-energy-
materials/metal-organic-frameworks.html



Calculated surface area of a 
hypothetical layer of graphite



Metal–Organic Frameworks ModelMetal Organic Frameworks Model

J. Mater. Chem., 2006, 16, 626–636Nature, 1999, 402, November,276-279



MOFs Industrial ProductionMOFs Industrial Production

CH&EN News “Heading To Market With MOFs”  http://pubs.acs.org/cen/coverstory/86/8634cover.html



Adapted from Dr Omar Yaghi (UCLA)  and Dr Ulrich Mueller (BASF) Lectures 2010



Different Pore Size Varying LigandsDifferent Pore Size Varying Ligands

Science, 2002, 295 No. 5554, 469-472



Materials for Argonne StorageMaterials for Argonne Storage

J. Mater. Chem., 2006, 16, 626–636

Adsorption isotherms of argon at 87 K on MOF-5 compared to activated 
carbon and zeolite X.



Uptake increases when MOF is usedUptake increases when MOF is used

C i f A K X d i i fl ti

J. Mater. Chem., 2006, 16, 626–636

Compression curves of rare gases Ar, Kr, Xe and comparison over inflation 
curves into MOF-5-filled gas containers at Room Temperature (298K)



Uptake increases when MOF is usedUptake increases when MOF is used

Compression of propane into gas container with and without MOF-fillingCompression of propane into gas container with and without MOF-filling 
(MOF-5 tablets in lecture bottles, room temperature 298K).

J. Mater. Chem., 2006, 16, 626–636



Gas Storage on MOFs (Hydrogen)  
77K

MRS Bulletin, 2009, 34, 682-690 Taken  From Dr. Yaghi Lecture 2010 New Orleans USA. 



The USDOE 2010 targets for a 
hydrogen storage system arehydrogen storage system are

1) a capacity of 45 g H2 per L, 

2) a refueling time of 10 min or less,2) a refueling time of 10 min or less, 

3) a lifetime of 1000 refueling cycles

4) bilit t t ithi th t t4) an ability to operate within the temperature 
range 30 to 50 °C.]



MOFs ApplicationsMOFs Applications



Properties and 
Applications



2100 m2/g



Absorber y liberar: Ibuprofeno, Procainamida, Oxido Nítrico
Encapsular tanto el “imaging agent” y el “therapeutic agent” 



120 oC-240 oC
O2, CO2, C3H8, H2
H O Et l M t lH2O, Etanol, Metanol



Metal−Organic Polyhedral Frameworks: High H2
Adsorption Capacities and Neutron PowderAdsorption Capacities and Neutron Powder 

Diffraction Studies

4664 m2 / g
9.2 wt % a 77 K, 50 bar

J. Am. Chem. Soc., 2010, 132 (12), pp 4092–
4094



Metal‐Organic Polyhedra (MOPs)g y ( )
Metal‐organic polyhedra (MOPs), are discrete metal‐organic 
molecular assemblies. They are useful as host molecules that 
can provide tailorable internal volume in terms of metrics, 

functionality, and active metal sites. As a result, these materials 
are potentially useful for a variety of applications, such as a e pote t a y use u o a a ety o app cat o s, suc as
highly selective guest inclusion and gas storage, and as 

nanoscale reaction vessels. 

J. Am. Chem. Soc., 1999, 121, 10434-10435
Acc. Chem. Res. 2002, 35, 972-983

Self Assembled of Adamantanoids 



Supramolecular PolygonsSupramolecular Polygons

Tetrahedron 64 (2008) 11495–11503



Common ligands & SBCs in MOPsCommon ligands & SBCs in MOPs





Some Other Molecular PolyhedraSome Other Molecular Polyhedra
Self Assembly of NonDistorted Trigonal Prisms

Self Assembly of Truncated Tetrahedra

Acc. Chem. Res. 2002, 35, 972-983



Some Other Molecular PolyhedraSome Other Molecular Polyhedra
Self Assembled of Cubocahedra

Self Assembled Dodecahedron

Acc. Chem. Res. 2002, 35, 972-983



Polyhedra DesignsPolyhedra Designs

The process of 
obtaining Polyhedra
when replacing the p g
original vertices by a 
polygon with the 

number of sides equalnumber of sides equal 
to the valence of those 

vertices.

The nine edge-transitive convex polyhedra.
Angew. Chem. Int. Ed. 2008, 47, 5136 –5147



Two configurations of six tetravalent SBUs 
linked to form an octahedron

Construction of a cube, The model of the simple cubic 
structure [L8Ru8(bpy)12]16+ (L=1 4 7-trithionane;

Angew. Chem. Int. Ed. 2008, 47, 5136 –5147

structure  [L8Ru8(bpy)12]16+ (L=1,4,7-trithionane; 
bpy=4,4’-bipyridine) proposed based on NMR evidence. 

(Ru blue, C black, N green, S yellow).



Molecular PolygonsMolecular Polygons
Molecular Triangles

(A)The core of the molecular triangle 21 showing three 
[cis Mo2(DAniF)2]3[eq eq 1 4 O2CC6H10CO2]3Mo2

Acc. Chem. Res. 2005, 38, 371-380

Acc. Chem. Res. 2001, 34 No 10, 759-771

[cis-Mo2(DAniF)2]3[eq,eq-1,4-O2CC6H10CO2]3Mo2 
units linked by three cyclohexanedicarboxylate 
anions.

(B)Molecular Triangle



MOPsMOPs



Molecular PolygonsMolecular Polygons
Molecular Squares

A BA B

(A) Molecular square of bipyridine ligands and 
ethylenediamine coordinating the Pd

Chem. Soc. Rev., 1998, 27, 417 - 425 

Acc. Chem. Res. 2005, 38 No 4, 371-380

ethylenediamine coordinating the Pd.
(B) Structure of the molecular square, showing 
four Mo2 units linked by four oxalate anions.

Acc. Chem. Res. 2001, 34 No 10, 759-771



MOPs ApplicationsMOPs Applications



Yamashita, K.; Kawano, M.; Fujita, M. Ru(II)‐cornered coordination cage that senses guest inclusion by color change. 
Chem. Commun. 2007, 4102–4103



Yoshizawa, M.; Miyagi, S.; Kawano, M.; Ishiguro, K.; Fujita, M. Alkane Oxidation via Photochemical Excitation of a Self‐Assembled Molecular Cage.
J. Am. Chem. Soc. 2004, 126, 9172‐9173.



Cooke, M.; Chartrand, D.; Hanan, G. Self‐assembly of discrete metallosupramolecular luminophores. Coord. Chem. Rev.  2008,  252,  903–921.



Tapping mode atomic force
microscopy (TMAFM)

Mounir, M.; Lorenzo, J.; Ferrer, M.; Prieto, M.; Rossell, O.; Avile`s, F.; Moreno, V. DNA interaction and antiproliferative  behavior of the
water soluble platinum supramolecular squares [(en)Pt(N–N)]4(NO3)8 (en = ethylenediamine, N–N = 4,4´‐bipyridine or 1,4‐bis(4‐pyridyl)tetrafluorobenzene). 

J. Inorg Biochem. 2007, 101, 660–666.



Murase, T.; Horiuchi, S.; Fujita, M. Naphthalene Diels‐Alder in a Self‐Assembled Molecular Flask. 
J. Am. Chem. Soc. 2010, 132, 2866–2867.



Catalytic NanoreactorCatalytic Nanoreactor

Induce una alta regioselectividad !



Kieltyka, R.; Englebienne, P.; Fakhoury, J.; Autexier, C.; Moitessier, N.; Sleiman, H. J. Am. Chem. Soc. 2008, 130, 10040‐10041.



Suzuki , K.; Takao, K.; Sato, S.; Fujita, M.. J. Am. Chem. Soc. 2010, 132, 2544‐2545.



Metal Organic Frameworks &Metal Organic Frameworks & 
Metal Organic Polyhedra

Example of a Standard MOF Example of a MOP 



Frequent ApplicationsFrequent Applications  

MOP

•Molecular sieves •Nanoscale reaction vessels

MOPMOF

•Sensors
•Gas absorption/storage

•Catalysis
•Cancer treatment

•Gas 
separation/purification
•Ion exchange

•Metallosupramolecular
•Luminophores
•Molecular recognition•Ion exchange

•Size‐selective separation
•Heterogeneous catalysis

•Molecular recognition
•Sensors

g y
•Potential drug carriers



A ti id d l UNActividades en la UN
1 Curso de posgrado (Química Supramolecular y1. Curso de posgrado (Química Supramolecular y 

Nanomateriales)
2 Cátedra de sede José Celestino Mutis I‐20112. Cátedra de sede José Celestino Mutis, I‐2011, 

Nanotecnología
3 Nuevos materiales: Fullerenos y Nanotubos3. Nuevos materiales: Fullerenos y Nanotubos 

de Carbono
4 Química Supramoleculares (cuadrados4. Química Supramoleculares (cuadrados, 

polímeros de coordinación)
5 Síntesis de ftalocianinas5. Síntesis de ftalocianinas
6. Síntesis de MOF  & caracterización de COLTAN



Nanotecnología: el tamaño sí 
importa!

Cátedra de Sede, José Celestino 
Mutis I‐2011

Facultades de 
Ciencias (Alvaro Duarte Ruiz, Jairo Giraldo y  Eduardo Posada), 
Medicina (Dianney Clavijo y Ciro Casadiego) 
Ingeniería (Alberto Delgado y Hugo Zea).





Ongoing Research At the UNg g

Síntesis del complejo
En presencia de Hidróxido de sodio (NaOH):En presencia de Hidróxido de sodio (NaOH):

Reacción 1
16(CH3)2SO + 4NaOH + 10CH3I →
[Na (DMSO) ]4+[(I)(I ) ]4‐ + 2CH OH + 2CH OCH + CH SCH + 2C H + H O[Na4(DMSO)15]

4+[(I)(I3)3]
4‐ + 2CH3OH + 2CH3OCH3 + CH3SCH3 + 2C2H6 + H2O .

Rendimiento: 28.2%

P.M. 2532,88 g/mol

Reacción 2
(CH3)2SO + CH3I → [(CH3)3SO]

+I‐ Rendimiento: 13.1%

En ausencia de Hidróxido de sodio:

Reacción 2Reacción 2
(CH3)2SO + CH3I → [(CH3)3SO]

+I‐



Supramolecular Self AssemblySupramolecular Self Assembly

1 Organized Structure1. Organized Structure
2. Weak Interactions
3. Reversibility
4 Th di i St bilit4. Thermodinamic Stability

[Na4(DMSO)15]4+[(I)(I3)3]4‐
Research Group: Nuevos Materiales Fullerenos y Nanotubos
de Carbono. Departamento de Química, Universidad 
Nacional de Colombia. Alvaro Duarte



ENSAMBLAJE DE CUADRADOS SUPRAMOLECULARESENSAMBLAJE DE CUADRADOS SUPRAMOLECULARES

Julián Camilo Posada

+

3 5





Stang, P. J.; Olenyuk, B.; 
Muddiman, D. C.; 

Smith, R. D. 
Organometallics.

Fujita, M.; Yazaki, J.; Ogura, K. J. Am. Chem. Soc.
1990, 112, 5645‐5647.

1997, 16, 3094‐3096.

Roche, S.;  Haslam, C.; Adams, H.; 
Heath, S. L.; Thomas, J. A. 

Chem. Commun. 1998, 1681–1682.



FtalocianinasFtalocianinas



Aplicacionesp



Supramolecular Self AssemblySupramolecular Self Assembly

= cis‐Pt(OTf) (PEt )= cis‐Pt(OTf)2(PEt2)2

= trans‐Pt(OTf)2(PEt2)2

= 2

= 5

= 4

= 3= 3

Prof. Luis Echegoyen, Texas University



Synthesis of trans-1 Bis-N-Pyridyl
Pyrrolidinofullerene

Orthogonal Transposition : Protection-Deprotection

Diethylbromomalonate,
DBU,CH2Cl2, 2 days 1950C, 5 min

Krautler . B. et. al J. Am. Chem. Soc. 1997, 119, 9317-9318
Kräutler, Müller, Maynollo, Gruber, Kratky, 

Ochsenbein, Schwzenbach, Bürgi, Angew. Chem. Int. 
Ed. 1996, 35, 1204

4-(N-pyridyl)-
glycineglycine
CH2O

o-dichlorobenzene
retro-Bingel
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Duarte-Ruiz Alvaro, Echegoyen Luis, J. Mex. Chem. Soc. 2009, 53 (3), 168 



Thanks For your Attention!Thanks For your Attention!

I hope to see you guys in the nextD H Q ti ?I hope to see you guys in the next                        
Course of Supramolecular Chemistry !

Do you Have any Questions?

Special Thanks to:
Ing. César López
Ing. Hugo ZeaIng. Hugo Zea

Julian Camilo Posada
Jessica Orrego 
Nelson NúñezNelson Núñez
Luis Garzón
Paulo Torres





Morphology of crystals from
different MOF samples



MOFs at the Electronic MicroscopeMOFs at the Electronic Microscope

J. Mater. Chem., 2006, 16, 626–636



Synthetic Approaches
Solvothermal: 

The most used method; Reactants are dissolved (in organic solvents of high boiling point) 
at high temperature during long times (days). The morphology leads to big crystals. The 

i bl i id d i h l bil li kmain problem is to avoid damage in thermolabile linkers.

Microwaves: 
Fast method reaction time around a few seconds (or min) Reaction temperature mightFast method, reaction time around a few seconds (or min). Reaction temperature might 
be high (above 100ºC). The morphology is almost always a fine powder, not big crystals. 

The main problem is the purification of the crystals.

Ultrasonic: 
Reaction time is reasonable (from minutes to hours). Reaction temperature is kept low ( 
about 45ºC).  No control over the morphology of the material.  Easy purification in most 

cases.

Electrochemical: 
Very Fast Room temperature High control over the morphology of the material TheVery Fast, Room temperature, High control over the morphology of the material. The 

main problem is the inclusion of conductive salts on the material. 
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