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 Introduction

 Fundamentals of Surface Energy

Chemical Potential as a Function of 

Surface Curvature
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CUBE OF 1 cm EDGE

TOTAL SURFACE AREA = 6 cm2

PERCENTAGE OF SURFACE ATOMS 10-5 %

CUBE OF 0.5 mm (0.5  10-4 cm) EDGE 

AREA OF EACH FACE = 0.25  10-8 cm2

TOTAL SURFACE AREA= 1.5  10-9 cm2

8  1012  1.5  10-9 cm2 = 12 000 cm2

CUBE OF 1 cm EDGE

DIVIDED INTO 8  1012

SMALL CUBES OF 0.5 mm EDGE

a = 1 cm
a = 0.5  10-4 cm

N = 1
N = 8  1012

Introduction

6 cm2 12 000 cm2
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 NANOSTRUTURES AND NANOMATERIALS POSSESS A LARGE FRACTION OF 

SURFACE AREA PER UNIT VOLUME.

 DUE TO THE VAST SURFACE AREA NANOSTRUTURES AND NANOMATERIALS 

POSSESS A HUGE SURFACE ENERGY .

 AND THUS, NANOSTRUTURES AND NANOMATERIALS ARE THERMODINAMICALLY 

UNSTABLE OR METASTABLE.

ONE OF THE GREAT CHALLENGES IN FABRICATION AND

PROCESSING OF NANOMATERIALS IS TO OVERCOME THE

SURFACE ENERGY, AND TO PREVENT THE NANOSTRUCTURES OR

NANOMATERIALS FROM GROWTH IN SIZE, DRIVEN BY THE

REDUCTION OF OVERALL SURFACE ENERGY.

Surface Energy
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ATOMS OR MOLECULES ON A SOLID SURFACE POSSESS FEWER NEAREST 

NEIGHBORS OR CN, AND THUS HAVE UNSATISFIED BONDS EXPOSED TO THE 

SURFACE.

 BECAUSE OF THE DANGLING BONDS ON THE SURFACE, SURFACE ATOMS OR 

MOLECULES ARE UNDER INWARDLY DIRECTED FORCE.

AND THUS, THE BONF DISTANCE BETWEEN THE SURFACE ATOMS OR 

MOLECULES AND THE SUB-SURFACE ATOMS OR MOLECULES IS SMALLER THAN 

THAT BETWEEN INTERIOR ATOMS OR MOLECULES.

Surface Energy
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WHEN SOLID PARTICLES ARE VERY SMALL, SUCH A

DECREASE IN BOND LENGTH BETWEEN THE SURFACE ATOMS

AND INTERIOR ATOMS BECOMES SIGNIFICANT AND THE

LATTICE CONSTANTS OF THE ENTIRE SOLID PARTICLES

SHOW AN APPRECIABLE REDUCTION.

Surface Energy
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 FOR A GIVEN SURFACE WITH A FIXED SURFACE AREA, THE SURFACE ENERGY

CAN BE REDUCED THROUGH:

SURFACE RELAXATION, THE SURFACE ATOMS OR IONS SHIFT INWARDLY WHICH 

OCCUR MORE READILY IN LIQUID PHASE THAN IN SOLID SURFACE.

WHEN SOLID PARTICLES ARE VERY SMALL, SUCH A

DECREASE IN BOND LENGTH BETWEEN THE SURFACE

ATOMS AND INTERIOR ATOMS BECOMES SIGNIFICANT AND

THE LATTICE CONSTANTS OF THE ENTIRE SOLID PARTICLES

SHOW AN APPRECIABLE REDUCTION.

Surface Energy
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 THE EXTRA ENERGY POSSESSED BY THE SURFACE ATOMS IS DESCRIBED AS 

SURFACE ENERGY, OR SURFACE TENSION.

 SURFACE ENERGY,  , IS THE ENERGY REQUIRED TO CREATE A UNIT AREA OF 

NEW SURFACE:

- surface energy

G – Gibbs energy 

A – surface area

PTnI
A

G

,,















 ON A NEW CREATED SURFACE, EACH ATOM IS LOCATED IN AN ASYMMETRIC 

ENVIRONMENT AND WILL MOVE TOWARDS THE INTERIOR DUE TO BREAKING OF 

BONDS AT THE SURFACE.  

Surface Energy
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abN 
2

1


 - surface energy

Nb – number of broken bonds

 – half of the bond strength

a – surface atomic density, i.e., the number of 

atoms of each area per area on the new surface

 ON A NEW CREATED SURFACE, EACH ATOM IS LOCATED IN AN ASYMMETRIC 

ENVIRONMENT AND WILL MOVE TOWARDS THE INTERIOR DUE TO BREAKING OF 

BONDS AT THE SURFACE.  

 AN EXTRA FORCE IS REQUIRED TO PULL THE SURFACE ATOMS BACK TO ITS 

ORIGINAL POSITION. FOR EACH ATOM, THIS SURFACE ENERGY IS:

Surface Energy
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Surface Energy
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Surface Energy
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CHEMICAL AND PHYSICAL ADSORPTION ON SOLID SURFACES;

 FOR A GIVEN SURFACE WITH A FIXED SURFACE AREA, THE SURFACE ENERGY

CAN BE REDUCED THROUGH:

Surface Energy
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COMPOSITION SEGREGATION OR ENRICHMENT OF IMPURITIES ON THE 

SURFACES;

 FOR A GIVEN SURFACE WITH A FIXED SURFACE AREA, THE SURFACE ENERGY

CAN BE REDUCED THROUGH:

IN NANOSTRUCTURES AND NANOMATERIALS PHASE

SEGREGATION MAY PLAY A SIGNIFICANT ROLE IN THE

REDUCTION OF SURFACE ENERGY, CONSIDERING THE GREAT

IMPACT OF SURFACE ENERGY AND THE SHORT DIFFUSION

DISTANCE.

Surface Energy



M
A

T
E

R
IA

IS
 N

A
N

O
E

S
T

R
U

T
U

R
A

D
O

S
 E

 N
A

N
O

T
E

C
N

O
L

O
G

IA
S

M. Clara Gonçalves

DEMat

REDUCE THE OVERALL SURFACE AREA, ASSUMING THE 

MATERIAL IS ENTIRELY ISOTROPIC

i) COMBINING INDIVIDUAL  NANOSTRUCTURES 

TOGETHER TO FORM LARGE STRUCTURES SO AS TO 

REDUCE THE OVERALL SURFACE AREA;

 AT THE INDIVIDUAL NANOSTRUCTURE LEVEL, 

THE SURFACE ENERGY CAN BE REDUCED THROUGH:

ii) AGGLOMERATION OF INDIVIDUAL NANOSTRUCTURES

WITHOUT ALTERING THE INDIVIDUAL NANOSTRUCTURES;

SINTERING

OSTWALD RIPENING

Surface Energy
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SINTERING

Surface Energy

http://www.esrf.eu/UsersAndScience/Publications/Highlights/2002/Materials/MAT3

http://www.ameslab.gov/news/sinter.gif
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Surface Energy

SINTERING

Introduction to Ceramics, W.D. Kingery, H.K. Bowen, D.R. Uhlmann, John Wiley & Sons, 1975, p. 475.
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Surface Energy

SINTERING

http://www.emi.fraunhofer.de/images/MAVO/Sinter2.gif
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AS A RESULT OF TRANSFERRING OF dn ATOMS FROM A 

FLAT SOLID SURFACE TO A PARTICLE WITH A RADIUS OF 

R, THE VOLUME CHANGE OF SPHERICAL PARTICLE, dV, IS 

EQUAL TO THE ATOMIC VOLUME, W, TIMES dn, THAT IS:

dndRRdV W 24

LET US CONSIDER TRANSFERING MATERIAL FROM AN 

INFINITE FLAT SURFACE TO A SPHERICAL SOLID 

PARTICLE.

Surface Energy

Nanostructures and Nanomaterials. Synthesis, Properties & Applications, 

G. Cao, ICP Imperial College Press, 2007 (ISBN 1-86094-480-9), p. 27.
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DEMat THE WORK PER ATOM TRANSFERED, Dm, EQUALS TO THE 

CHANGE OF CHEMICAL POTENTIAL, GIVEN BY:

dV
RdR

dn

dA
C

W
D  mmm 8

mc – chemical potential of the particle surface 

m – chemical potential of the flat surface

W– atomic volume

 CHEMICAL POTENTIAL AS A FUNCTION OF SURFACE CURVATURE

Surface Energy as a Function of Surface Curvature
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YOUNG-LAPLACE EQUATION

GENERALIZATION FOR ANY TYPE OF CURVED 

SURFACES:

R

W
D m 2









WD

21

11

RR
m

THE YOUNG-LAPLACE EQUATION DESCRIBES THE CHEMICAL 

POTENTIAL OF AN ATOM IN A SPHERICAL SURFACE, WITH RESPECT 

TO A FLAT REFERENCE SURFACE. 

Surface Energy as a Function of Surface Curvature
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Convex curvatureConcave curvature

+m

-m

Surface Energy as a Function of Surface Curvature

Nanostructures and Nanomaterials. Synthesis, Properties & Applications, 

G. Cao, ICP Imperial College Press, 2007 (ISBN 1-86094-480-9), p. 28.

m0 flat surfacem0 flat surface

rr
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FOR A CONVEX SURFACE , THE CURVATURE IS POSITIVE, AND THUS 

THE CHEMICAL POTENTIAL OF AN ATOM ON SUCH A SURFACE IS 

HIGHER THAN THAT ON A FLAT SURFACE. 

MASS TRANSFER FROM A FLAT SURFACE TO A CONVEX SURFACE

RESULTS IN AN INCREASE IN SURFACE CHEMICAL POTENTIAL.

FOR A CONCAVE SURFACE , THE CURVATURE IS NEGATIVE, AND 

THUS THE CHEMICAL POTENTIAL OF AN ATOM ON SUCH A SURFACE 

IS LOWER THAN THAT ON A FLAT SURFACE. 

MASS TRANSFER FROM A FLAT SURFACE TO A CONCAVE SURFACE

RESULTS IN AN DECREASE IN SURFACE CHEMICAL POTENTIAL.

Surface Energy as a Function of Surface Curvature
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 AT THE INDIVIDUAL NANOSTRUCTURE LEVEL, 

THE SURFACE ENERGY CAN BE REDUCED THROUGH:

REDUCE THE OVERALL SURFACE AREA, ASSUMING THE 

MATERIAL IS ENTIRELY ISOTROPIC

i) COMBINING INDIVIDUAL  NANOSTRUCTURES 

TOGETHER TO FORM LARGE STRUCTURES SO AS TO 

REDUCE THE OVERALL SURFACE AREA;

Surface Energy as a Function of Surface Curvature
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TWO PARTICLES, WITH DIFFERENT RADII, R1 R2, INTO A SOLVENT

GIBBS-THOMPSON EQUATION

Sc – solubility of a curved surface

S - solubility of a flat surface

NOTE THAT THE VAPOR PRESSURE OF SMALL PARTICLES IS NOTABLY HIGHER THAN THAT OF 

THE BULK MATERIAL.

kT

RR

S

Sc

1

2

1

1ln





W










WHEN TWO PARTICLES WITH DIFFERENT RADII ARE PUT INTO A SOLVENT, EACH PARTICLE 

WILL DEVELOP AN EQUILIBRIUM WITH THE SURROUNDING SOLVENT.

THE SOLUBILITY OF THE SMALLER PARTICLE WILL BE LARGER THAN THAT OF THE LARGER 

PARTICLE.

Surface Energy as a Function of Surface Curvature
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OSTWALD RIPENING

Surface Energy as a Function of Surface Curvature

Nanostructures and Nanomaterials. Synthesis, Properties & Applications, 

G. Cao, ICP Imperial College Press, 2007 (ISBN 1-86094-480-9), p. 27.

Michael Bowker

Nature Materials 1, 205 - 206 (2002).
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THERE WOULD BE A NET DIFFUSION OF SOLUTE FROM PROXIMITY OF 

THE SMALL PARTICLE TO PROXIMITY OF THE LARGE PARTICLE.

TO MAINTAIN THE EQUILIBRIUM, SOLUTE WILL DEPOSIT ONTO THE SURFACE 

OF THE LARGE PARTICLE WHEREAS THE SMALL PARTICLE HAS TO CONTINUE 

DISSOLVING SO AS TO COMPENSATE FOR THE AMOUNT OF SOLUTE DIFFUSED 

AWAY.

THE SMALLER PARTICLE GETS SMALLER

THE LARGER PARTICLE GETS LARGER

Surface Energy as a Function of Surface Curvature

OSTWALD RIPENING
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Further Reading

 Nanostructures and Nanomaterials. Synthesis, Properties & Applications, G.

Cao, ICP Imperial College Press, 2007 (ISBN 1-86094-480-9).

 Thin-Film Deposition. Principles & Practice, D. L. Smith McGraw-Hill, 1995

(ISBN 0-07-058502-4).


