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Metal nanoparticles (NPs)
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Synthesis of metal NPs

• General method – reduction 
of metal complexes

• for monodispersity – low 
conc, polymer

• precursors – elements, 
inorganic salts, metal 
complexes – Ni, Co, HAuCl4, 
H2PtCl6, RhCl3, PdCl3 … 

• reduction reagents – sodium 
citrate, H2O2, NH2OH.HCl, 
citric acid, CO, P, H2, HCHO, 
CH3OH, Na2CO3, NaOH …

• polymers – PVA, sodium 
polyacrylate
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Turkevich method – Au NPs
• HAuCl4 in water ~2.5 x 10-4 M, 

20 ml

• Add 1 ml 0.5% sodium citrate 
into boiling solution

• color changes 

• ~20 nm diameter NPs

• large number of nuclei 

• small size

• narrow size distribution

Gold Bull. 18, 86 (1985)
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Influence of reducing agents

• strong reducing agent  fast reaction rate  small NPs

• weak reducing agent  slow reaction rate  large NPs
• if slow reacn leads to continuous formation of nuclei  wide size distribution

• if no more nuclei formed  slow reduction  diffusion-limited growth 
narrow size distribution

• morphology control
• (a) sodium citrate

• (b) citric acid

• (morphology control possible by pH too)
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Reducing reagents
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Pt synthesis using aq. MeOH – role of byproduct conc

• Add high Chloride ion conc.

PtCl6
2− + CH3OH → PtCl4

2− + HCHO + 2H+ + 2Cl−

PtCl4
2− + CH3OH → Pt + HCHO + 2H+ + 4Cl−

• reverse reaction favoured

• increase polymer conc. 
• diffusion control
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Ag NPs – role of reactant conc.

• Reduction of Ag+

2Ag+ + HCHO + 3OH− → 2 Ag + HCOO− + 2H2O

Ag+ + HCHO + OH− → Ag + HCOOH +
1

2
H2

use only NaOH large particles

add Na2CO3  reduces pH  controls size

PVP/PVA stabilized
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effect of polymer stabilizer/capping agent/ligand

• strong adsorption on growth sites  slow growth

• interact with solute, catalyst, solvent
• PVP is a weak acid and combines with OH- ions

• amount of polymer can change the shape
• Pt ions: Na polyacrylate 1:1  cubic NPs, 5:1  Td NPs

• growth rate of {111} and {100} facets of Pt nuclei is affected
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Semiconductor Nanocrystals (NCs) or Quantum dots (QDs)

• quantum size effects

• tunability of band gap

• LEDs – QD vision, Samsung

• solar cells

• bio-labeling
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CdSe synthesis

• TOPO at 300 C + Me2Cd + TOPSe injection, temp drops, control temp

• methanol for flocculation, redisperse in butanol

• size selected precipitation
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x-ray diffraction – broadening 

• Scherrer equation

𝐷 =
4

3

0.9𝜆

𝛽 cos 𝜃
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Thermal decomposition at high T - GaP

• GaCl3 + P SiMe3 3

toluene,r.t.
Cl2GaP SiMe3 2 2

• InClC2O4 + P SiMe3 3

toluene,r.t.
precursor

• heat the precursors in TOP/TOPO for several days  2-6 nm particles, zinc 
blende structure

• MeOH to ppt

• Long chain stabilizers
• hexadecylamine (HDA), octadecylamine (ODA), oleylamine (OLA)

• oleic acid (OA), stearic acid (SA), myristic acid
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Sol-gel synthesis

• hydrolysis
M OEt 4 + xH2O ⇌ M OEt 4−x OH x + xEtOH

• condensation
M OEt 4−x OH x +M OEt 4−x OH x
⇌ OEt 4−x OH x−1M− O −M OEt 4−x OH x−1 + H2O

• results in nanoscale clusters with organic ligands

• hydrolysis and condensation can occur sequentially or in parallel

• rates of reactions of the two materials
• extent of charge transfer
• ability to expand coordination number

• reactivity inc. as ionic radius inc.

• multicomponent materials 

– heterocondensation
• different organic ligands (bulkier slower, Si OC2H5 4 < Si(OCH3))
• modify coordination state of alkoxide with a chelating agent e.g. acac
• multiple step sol-gel processing. partly/fully hydrolyze less reactive first

M OEt 4 + xH2O → M OH 4 + 4EtOH
M OH 4 +M′ OEt 4 → HO 3 −M− O −M′ − OEt 3
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Forced hydrolysis – Silica spheres (Stober process)

• metal salt solutions – hydrolyze

• inc. temp. to deprotonate the attached H2O 
• more intermediate hydroxide at high T

• results in supersaturation nucleation of MO

• NH3 as catalyst, alcohols as solvents, H2O for hydrolysis + add Silicon 
alkoxides with vigorous stirring  50 nm – 2 𝜇m sized particles

• reaction rate depends on 
• solvents

• smallest particles in MeOH – fast reacn, large in n-BuOH – slow reacn

• precursors – alkyl chains

• short ligands favour faster reacn small sizes

• amount of water

• NH3

• linear structures and not 3D in absence of ammonia

• Stober et al. J. Colloid Interf. Sci. 26, 62 (1968)
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Forced hydrolysis - 𝛼-Fe2O3

• mix FeCl3 solution with HCl. Dilute it.

• add mixture to preheated water at 95-99 ⁰C with constant stirring.
• keep sealed for 24 hrs. 

• high T favours fast hydrolysis  high supersaturation large # of nuclei

• quench in cold water.

• dilution before heating – v. imp. to ensure 
• controlled nucleation

• diffusion limited growth

• long aging would lead to Ostwald ripening – narrow size distribution

• metal acac + 1,2-hexadecanediol MFe2O4 (M=Fe, Co, Mn) NPs 3-20 nm
• magnetic studies
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Effect of anions
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Cl- ions
hematite or akageneite
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core shell

• type I

• type II

• SILAR
• Peng et al. Chem Mater (2003)

• cALD
• JACS 134, 18585

• cation exchange
• Chem Rev. 116, 10852 (2016)
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Heterostructures 
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SILAR – successive ion layer adsorption and reaction

• CdS on CdSe cores

• lattice mismatch ~ 5-6%
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SILAR – successive ion layer adsorption and reaction

• Increasing S

• Optimization of SILAR temperature 

23



CML 102: Chemistry of Functional Materials – Sameer Sapra, Department of Chemistry, IIT Delhi

SILAR – growth of CdS on CdSe
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cALD
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NCs: Nanocrystals, FA: Formamide

Colloidal Atomic Layer Deposition (cALD) Technique

 Room temperature

 Based on self-limiting half reactions.

 Phase transfer of NCs or molecular precursors between immiscible nonpolar and polar

phases.

 The phase transfer allows removal of unreacted molecular precursors and prevents

accumulation of the reaction by-products.

J. Am. Chem. Soc., 2012, 134,18585–18590
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cation exchange (CE)

• transformations of nanomaterials driven by cation exchange

• II-VI, I-III-VI, IV-VI semiconductors

• replacement of cations 
• preserves the original anion sublattice (with slight rearrangement sometimes)

• cations are usually smaller and thus can diffuse in and out of the anion lattice

• NCs, NRs, NPLs, NWs possible

• partial CE possible
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anion exchange – an example
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Nanolett. 15, 3692 (2015)
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Thermodynamics of CE

• AX s + B+ sol → BX s + A+ sol

• A-X dissociation, B-X association, B+ desolvation, A+ solvation – need to know the 
energies involved

• not much entropic change. Each A+ solvated = B+ desolvated

• association and dissociation = lattice energy

Δ𝐻𝑙𝑎𝑡𝑡 = −
𝑁𝑀𝑧+𝑧−𝑒

2

𝑟+ + 𝑟−
(1 − 1/𝑛)

• as size inc. Δ𝐻𝑙𝑎𝑡𝑡 dec. MS > MSe > MTe
• use bond dissociation energy in absence of knowledge of lattice energy

• A − X → A + X

• Solvation and desolvation energies
• proper solvent and ligands necessary – HSAB

• F,O,N – hard, P, Cl, S – soft bases
• Zn2+ Cd2+ hard acids, Cu+ Pb2+ Ag+ soft

• 𝐾𝑠𝑝
• aqueous solubility, Δ𝐺0 = Δ𝐺𝑓

0 𝑀+, 𝑎𝑞 + Δ𝐺𝑓
0 𝐴−, 𝑎𝑞 − Δ𝐺𝑓

0(𝑀𝐴, 𝑠)

• ln𝐾𝑠𝑝 = −Δ𝐺0/𝑅𝑇
• e.g. CdS or CdSe gets exchanged with Pb2+, Ag+, Cu+, Cu2+, Hg2+ in water
• S2- > Se2- > Te2-
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Thermodynamics of CE …

• ligands
• water/alcohol good to extract hard acids and insert soft acids

• extract soft – Cu+, Ag+ Pb2+ and replace with harded ones such as Cd2+, Zn2+, In3+, 
Sn2+, Sn4+ in metal chacolgenides and pnictides using TOP, TBP or carboxylates as 
soft bases

• remove Cd2+ using amine Cd-Oleylamine
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