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Transmission electron microscope (TEM)
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Nanoparticle Technology

When the resolution of microscope increase…

Light microscope

Electron microscope

Smaller materials can be observed.
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Resolution (R) of light microscope

sin
R K

n




 

Objective lens

Eyepiece

Projector lens

Sample

Air (n = 1)

Resolution:



K: 0.61 (technical limited constant)

λ: wavelength (visible: 400 ~ 750 nm)

n: an index of refraction (air = 1)

When θ = 0.525 rad (= 30°) and λ = 450 nm,

450
0.61 549

1 sin 30

nm
R nm  



To obtain the higher resolution (R ↓), λ and θ should be decreased.

Commonly, the limit of resolution of light microscope is known as ~250 nm.
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Electron microscope

Ernst Ruska (1906 ~ 1988)

Nobel prize winner in physics (1986)

Paper entitled as “The magnetic concentrating coil for fast electron beam” 

- Z. Tech. Phys., 12 (1931) 389-448.

Electron microscope

(1933)

Transmission electron microscope

(present)
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When the incident electron beam meet specimen (sample)…

Scanning electron microscope 

(SEM)

Energy dispersive spectroscopy

(EDS)

Transmission electron microscope 

(TEM)

Auger electron spectroscopy

(AES)

Electron microscope
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de Broglie wavelength

: The wave length associated with a massive particle

1.23

2

h h h
nm

p mv meV V
    

21

2
KE eV mv 

λ: electron wavelength

h: Planck constant (6.63 × 10-34 kg·m2/s)

p: momentum

m: electron mass (9.11 × 10-31 kg)

v: electron velocity

e: electron charge (1.6 × 10-19 C)

V: accelerated voltage (V = J/C = kg·m2/s2·C)

Kinetic energy 

in an electric field

Accelerated voltage (kV) 100 200 300 1000

Electron wavelength (nm) 0.00389 0.00275 0.00224 0.00123

For electron wavelength,

Electron wavelength

2eV
v

m




9

Nanoparticle Technology

sin
R K K

n

 

 
   

K: 0.61 (technical limited constant)

λ: electron wavelength

n: an index of refraction (vacuum = 1)

When accelerated voltage = 200 kV and θ = 0.005 rad (empirical), 

0.00275
0.61 0.335

0.005

nm
R nm

rad
  

The resolution of TEM can be improved at highly accelerated voltage.

Resolution (R) of transmission electron microscope

Electron beam generator
(accelerated)

When θ is very small, sinθ ≈ θ
3 5

sin
3! 5!

 
      (Taylor series:                                              )

Resolution:

1.23
0.00275

200000
nm  
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If the specimen (sample) has crystal structure, electron diffraction occurs.

Transmission electron microscope 

(TEM)

: shape observation

Electron diffraction

Electron diffraction

: crystal structure analysis
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X-ray diffraction vs. electron diffraction

X-ray diffraction (XRD) Electron diffraction (TEM)

Electron diffraction

Transmission electron

Sample (crystal)

Electron beam generator

(accelerated)

Screen
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Electron diffraction (TEM)

Electron diffraction

Transmission electron

Sample (crystal)

Electron beam generator

(accelerated)

Screen

Transmission 

electron

Electron 

diffraction

Screen

L

rhkl

θθ

2θ

θ Sample (crystal)

2 sin 2hkl hkld d   

Bragg’s Law (n = 1),

When θ is very small, sinθ ≈ θ

3 5

sin
3! 5!

 
      

Taylor series of sinθ

   
3 5

2 2
tan 2 2 2

3 15

 
      

From triangle,

tan 2 2hklr

L
  

Taylor series of tan2θ

When 2θ is very small, tan2θ ≈ 2θ

hkl hklL r d 
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How small is diffraction angle of electron?

Table showing the difference of X-ray and electron diffraction from Al2O3 powder
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Electron diffraction on copper (Cu) poly crystal

Screen

When accelerated voltage = 200 kV, length (L) = 600 mm

hkl hklL r d 

λ: electron wavelength

L: length between sample and screen

rhkl: length between transmittance and diffraction beams

dhkl: lattice spacing of (hkl) plane

Lattice parameter of FCC Cu (a) = 0.361 nm

2 2 2
hkl

a
d

h k l


 

100

110

111

0.361

0.256

0.209

d nm

d nm

d nm







121.65 10
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4.57 mm

(100)

6.44 mm

(110)

(111)
7.97 mm

Transmittance beam

FCC



15

Nanoparticle Technology

Selected area electron diffraction (SAED) 

Transmittance beam

Grain Boundary



16

Nanoparticle Technology

375 nm

Example: crystal structure of nickel (Ni) dendrite 

50 nm

Ni dendrites

(220)

(222)

(400)

2 nm

(111)

(111)

(111)

(111)

(110)

(110)
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Introduction to 0-D nanostructures fabrication
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Classification of nanomaterials

0-D

Dimensional classification

1-D 2-D 3-D

x

y

z

x

y

z

x

y

z

x

y

z
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Zero-dimensional (0-D) structures

- Quantum dots - - Fullerenes -- Nanoparticles -

5 nm

Nanoparticle Technology

Classification of nanomaterials
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Fabrication strategy

- Nanoparticle synthesis is one of the representative example of bottom-up approach. 

Bottom-up approach

: small to large

Top-down approach

: large to small

Atom

Cluster

Powder

Bulk

Nanoparticles

Molecule
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Nucleation: homogeneous vs. heterogeneous

Homogeneous 

nucleation

Heterogeneous 

nucleation

+ Carbon powder

Solution

Nanoparticle

Nanoparticle

Carbon
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Typical configuration of solution

Solvent Precursor Reducing agent Capping agent

e-

Precursor ion

Solid

Reduction Oxidation

Reducing agent

Mn+

M

e-

e-

e-

Mn+

Physical methods

Chemical methods

Ex.) AuCl3 powderEx.) H2O or C3H8O 

Substance that 

dissolves a solute

Preventing growth or 

agglomeration

M

Solution Nanoparticles
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Thermodynamics for nanoparticle synthesis
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Gibbs free energy

G H T S    

Gibbs free energy (G)

: Thermodynamic potential that measures the “usefulness” of process-initiating work 

obtainable from a thermodynamic system at a constant temperature and pressure

2nd law of thermodynamics

: Total entropy (Stot) of an isolated system or systems never decreases.

Gibbs free energy change (ΔG):

ΔG < 0 (minus), A → B

a reaction proceeds spontaneously in forward.

(Gibbs-Helmholtz equation)

A B
Reversible reaction

ΔG > 0 (plus), A ← B

the reaction proceeds spontaneously in backward.

ΔG = 0 (zero), 

the reaction is in equilibrium.
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Supersaturation

- Supersaturation is a state of a solution that contains more of the dissolved material 

than could be dissolved by the solvent.

Temperature (°C)

S
o

lu
te

 c
o

n
ce

n
tr

at
io

n

Solvent

Precursor

Unsaturated

Saturated (equilibrium)

Supersaturated
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Nanoparticle Technology

Gibbs free energy + Supersaturation

- At constant temperature and pressure, the Gibbs free energy of supersaturated 

solution is driving force which is going to equilibrium state with precipitation. 

Temperature (°C)

Unsaturated

Saturated (equilibrium state)

Supersaturated

G

Initial (unstable)

Final (stable)Precipitate
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Volumetric Gibbs free energy: Gv

1 , , j
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Raoult’s law Henry’s law

Activity Chemical potential

0
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i ia X
i i id S dT V dP   

G: Gibbs free energy

S: Entropy

T: Temperature

V: Volume

P: Pressure

ni: concentration for i species 

Gv: Volumetric Gibbs free energy

k: Boltzmann constant

Vm: Molar volume of bulk crystal

C: Solute concentration

C0: Equillibrium concentration

σ: Supersaturation

0

C

C
 

Gibbs free energy for 

mixed solution or mixed gas

Volumetric Gibbs 

free energy change
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3 24
4

3
vG r G r     

Supersaturated solution Nanoparticles

r
Assumption

: produced nanoparticle is sphere.

3 24
4

3
vrG rG    3 24

4

3
vrG rG    

Volume energy

(minus)

Surface energy

(plus)

Competition between volume energy and surface energy

Surface energy 

increase
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r

24G r  

Surface energy

34

3
vG r G  

Volume energy

3 24
4

3
vG r G r     

Volume energy + Surface energy

  24 8v

d G
r G r

dr
  


  

r*: critical radius of nucleation

When r = r*, d(ΔG)/dr = 0 

 
2

* *4 8 0vr G r    

G

+

̶̶̶̶̶̶̶̶̶

Always,

r > 0 *r

*G

* 2
2
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m

v
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r

G kT

 



 
    

  

   

23 3
*

2 22 2

1616

33 ln

m

v

V
G

k TG

 



 
    

  

Critical radius of nucleation r* is…

Competition between volume energy and surface energy



30

Nanoparticle Technology

What is the critical radius (r*)?

r

3 24
4

3
vG r G r     

Volume energy + Surface energy

G

+

̶̶̶̶̶̶̶̶̶

*r

*G

Reversible

(nucleation)

Irreversible

(growth)

*2r

Supersaturated

solution

*r r *r r

Nonspontaneous

Spontaneous

Volume energy = Surface energy
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Faster nucleation

- Accelerated nucleation is advantageous to form smaller nanoparticle with the 

uniformity.
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How can we accelerate nucleation?

* 2
2

ln

m

v

V
r

G kT
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Critical radius of nucleation Critical Gibbs free energy change of nucleation

r

3 24
4

3
vG r G r     

G

+
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*r

*G

*r

*G

3 24
4

3
vG r G r     

How can we accelerate nucleation?

 2. Surface energy decrease:

 1. Supersaturation increase:
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How can we accelerate nucleation?

Supersaturation increase 1: temperature control 

Temperature (°C)

Unsaturated

Saturated (equilibrium)

Supersaturated

T 

InitialFinal

TiTf

C0,i

C0,f

C

Initial to Final

Temperature: Ti > Tf

Solubility: C0,i > C0,f

Supersaturation (C/C0): σi < σfS
o

lu
te
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o

n
ce

n
tr

at
io

n
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How can we accelerate nucleation?

Surface energy decrease 1: solvent change 

Liquid Surface energy (× 10-5 N/cm)

Water 73

Glycol 63

Ethylene glycol 48

Nitrobenzene 44

Benzene 29

Silicon oil 21

Hexane 18
cossl sv lv    

: /

: /

: /

:

sl

sv

lv

solid liquid surface energy

solid vapor surface energy

liquid vapor surface energy

contact angle









Young equation Liquid/vapor surface energy (γlv)

If assume that contact angel (θ) is same when solvent changed,

liquid/vapor surface energy (γlv) ↑ → solid/liquid surface energy (γsl) ↓
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How can we accelerate nucleation?

Surface energy decrease 2: chemical adsorption

Sodium citrate 

adsorption

Surface atom

Normal bond (bond strength: ε)

Normal bond (bond strength: 0.5 ε)

Surface energy:
(without surface relaxation) 

0.5 a bN 
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Fabrication methods and case study
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Fabrication methods

Physical methods Chemical methods Lithographic techniques

Ball milling Chemical reduction synthesis Photolithography

Inert gas condensation

Arc discharge

Ion sputtering

Laser ablation

Spray pyrolysis

Flame pyrolysis

Thermal evaporation

Solvothermal synthesis

Photochemical synthesis

Electrochemical synthesis

Sonochemical synthesis

Micelles and microemulsions

Chemical vapor deposition

Sol-gel process

Electron-beam lithography

Focused ion beam lithography

Nanoimprint lithography

Pulsed laser deposition

Molecular beam epitaxy

Nanomaterial fabrication methods
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Fabrication methods: chemical reduction 1

A study of the nucleation and growth processes in the synthesis of colloidal gold

J. Turkevich et al. Discuss. Faraday Soc., 11 (1951) 51.

Solution configuration

Solvent: H2O (~100 °C)

Precursor: 20 mM HAuCl4

Reducing agent: sodium citrate, NaH2C6H5O7

Capping agent: sodium citrate, NaH2C6H5O7

Precursor ion

Au3+

e-

Au Au

Reduction

Au nanoparticles

3 ~ 10 nm

Capping

Reduced Au NP Stabilized Au NP

Electron micrograph
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Fabrication methods: chemical reduction 2

Colloidal rhodium in polyvinyl alcohol as hydrogenation catalyst of olefins

H. Hirai et al. Chem. Lett., (1976) 905.

Solution configuration

Solvent: H2O (79 °C)

Precursor: 0.03 mM RhCl3·3H2O

Reducing agent: methanol, CH3OH

Capping agent: polyvinyl alcohol (PVA), [CH2CH(OH)]n

Precursor ion

e-

Reduction

Rh nanoparticles

0.8 ~ 4 nm

Capping

Reduced Rh NP Stabilized Rh NP

Electron micrograph

Rh3+ Rh Rh
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Fabrication methods: chemical reduction 3 (polyol)

Synthesis and size control of monodisperse copper nanoparticles by polyol method

B. K. Park et al. J. Colloid. Interf. Sci., 311 (2007) 417.

Solution configuration

Solvent: diethyleneglycol (DEG), C4H10O3 (140 ~ 200 °C)

Precursor: 20 mM CuSO4·5H2O

Reducing agent: diethyleneglycol (DEG), C4H10O3

Capping agent: polyvinylpyrrolidone (PVP), (C6H9NO)n

Precursor ion

e-

Reduction Capping

Reduced Cu NP Stabilized Cu NP

Electron micrograph

Cu2+

Polyol method: solvent = reducing agent

200 °C
53 nm

170 °C
51 nm

140 °C
45 nm

Cu Cu
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Fabrication methods: chemical reduction 4 (polyol)

Size-controlled preparation of silver nanoparticles by a modified polyol method

T. Zhao et al. Colloid. Sci. A, 366 (2010) 197.

Solution configuration

Solvent: ethylene glycol (EG), C2H6O2 (160 °C)

Precursor: 10 mM AgNO3

Reducing agent: ethylene glycol (EG), C2H6O2

Capping agent: polyvinylpyrrolidone (PVP), (C6H9NO)n

Precursor ion

e-

Reduction Capping

Reduced Ag NP Stabilized Ag NP

Electron micrograph (PVP : AgNO3, size)

Ag+ Ag Ag

8:1, 50 nm 10:1, 10 nm

15:1, 30 nm 20:1, 80 nm

Polyol method: solvent = reducing agent



42

C

Nanoparticle Technology

Fabrication methods: chemical reduction 5 (hetero) 

Ordered nanoporous arrays of carbon supporting high dispersions of platinum nanoparticles

S. H. Joo et al. Nature, 412 (2001) 169.

Solution configuration

Solvent: acetone, C3H6O (300 °C)

Precursor: H2PtCl6

Reducing agent: hydrogen, H2

Precursor ion

+ carbon

e-

Reduction

Reduced Pt NP on C

Electron micrograph

Pt4+

Pt

Heterogeneous nucleation of Pt on carbon

C Pt NP

Carbon
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Fabrication methods: photochemical reduction 1

Electron micrograph

Photochemical synthesis and characterization of Ag/TiO2 nanotube composites

H. Li et al. J. Mater. Sci., 43 (2008) 1669.

Solution configuration

Solvent: H2O (~25 °C)

Precursor: 10 mM AgNO3

Reducing agent: electron from TiO2 generated by hν

Ag+

Reduction

Ag
e-

Precursor ion

TiO2

Reduced Ag NP

Ag NP

TiO2
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Fabrication methods: photochemical reduction 2

Solution configuration

Solvent: H2O (~25 °C)

Precursor: 5 mM AgNO3, 2.5 mM HAuCl4, 2.5 mM PdCl2, 2.5 mM H2PtCl6

Reducing agent: electron from TiO2 generated by hν

Electron micrograph

Large scale photochemical synthesis of M@TiO2 nanocomposites (M = Ag, Pd, Au, Pt) and their 

optical properties, CO oxidation performance, and antibacterial effect

S. F. Chen et al. Nano Res., 3 (2010) 244.

Ag@TiO2 Pd@TiO2

Au@TiO2 Pt@TiO2
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Fabrication methods: electrochemical reduction 1

Electron micrograph

Anion exchange membrane water electrolyzer with an ultra-low loading of Pt-decorated Ni 

electrocatalyst

S. H. Ahn et al. Appl. Catal. B-Environ., 180 (2016) 674.

Electrochemical cell 

connected to potentiostat

CounterReference Working

M+

M+

M+

e-

e-

e-

Electrochemical cell 

Solution configuration

Solvent: H2O (~25 °C)

Precursor: 0.5 M NiCl2

Reducing agent: electron from potentiostat (-0.95 VSCE for 50 s)
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Fabrication methods: sonochemical reduction 1

Synthesis of palladium nanoparticles by sonochemical reduction of palladium(II) nitrate in 

aqueous solution

A. Nemamcha et al. J. Phys. Chem. B, 110 (2006) 383.

Electron micrograph and SAED pattern

Solution configuration

Solvent: H2O (~25 °C)

Precursor: 2.6 mM Pd(NO3)2

Reducing agent: ultrasonication (50 kHz for 180 min)

Capping agent: polyvinylpyrrolidone (PVP), (C6H9NO)n
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Fabrication methods: sonochemical reduction 2

Electron micrograph

Characterization of self-humidifying ability of SiO2-supported Pt catalyst under low humidity 

in PEMFC

I. Choi et al. Appl. Catal. B-Environ., 168 (2015) 220.

Solution configuration

Solvent: H2O (~25 °C)

Precursor: 15 mM H2PtCl6·6H2O

Reducing agent: ultrasonication (80 W/cm2 for 15 min) 

SiO2 powder

H2PtCl6 powder

Pt NP

SiO2


