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. Na in NaCl
. 0in UO,,,
. O in a-Al,O; (polycrystalline)

. O in a-Al,O; (single crystalline
. Cin graphite

. Oin Cr,0, 04 ' 06 ' 08 ' 10 ' 12 ' 14
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. O in Si0O, (glass)
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FACTORS INFLUENCING CATION DIFFUSION RATES
IN SOLID STATE REACTIONS: MgO+Al,O,

e Lattice of oxide anions, mobile Mg?* and Al** cations
® Factors influencing cation diffusion rates
= Charge, mass and temperature

= Interstitial Frenkel versus substitutional Schottky
diffusion

® Depends on number and types of defects in reactant
and product phases

= Point, line, planar defects, grain boundaries

= Enhanced ionic diffusion with defects and grain
boundaries



KIRKENDALL EFFECT

OTHER SOLID STATE REACTIONS
® MgO + Fe,O; —» MgFe,O,

= Different color interfaces

=~ Easily monitored rates
® Other examples - calculate the Kirkendall ratio:
= SrO + TiO, — SrTiO; Perovskite, AMO, (type ReO,)

> 2KF + NiF, > K,NiF,
Corner Sharing Oh NiF - Sheets, Inter-sheet K*

> 2Si0, + Li,0 — Li,Si,0
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2 Ca0yCa,,Si04}Si07

Diffusion Mechanism

Diffusion Reaction

n 2 Ca2*+ 2 0=— Ca,5i0,
2 07 4

2+ -

l 2 CaZt+2Si0 o~ Ca,Si0, + Gj4+
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Disilicate Tetrahedra Position of Si** Atoms
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“UWE” B &: 2Ca0(s) + SiO,(s)—>Ca,Si0(s)
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“WE” Fsz: 2Ca0(s) + Si0,(5)—>Ca,Si0,(s)

Ca0 - Si0,
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“ME” B & 2Ca0(s) + Si0,(s)—>Ca,Si0,(s)

SEQUENCE OF PHASES FORMED AS A FUNCTION OF
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2 BaCO3 + Si0z = BagSiO4 (100% yield)
BaCO3 + 8i02 = BaSiO3 (100% yield) BaC0’; -.* ’,_g

3 BaCO3 + Si0s = BasSiOs (100% yield)

FEUTTERPL a2+ + HPO& —BaPos § T35 BaCO,;RMN1FE]
100%Ba,(PO,), =3 .

2 BaHHPO4 + BaCO, = Bag(PO4)g + H9O ¢ + CO, 1
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B+ NiO(s) + Al,O,(s)—>NiALO4(s)

Diffusion Mechanism Diffusion Reaction
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Bz« N10O(s) + Al,O5(s)—>N1AlL,O,(s)
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NANOCLUSTER KIRKENDALL SYNTHESIS OF
HOLLOW NANOCLUSTERS

@
m e )
@
Co,S;

1) Capped cobalt nanoclusters in a high temperature solvent,

2) sulfur injection, coating of sulfur on nanocluster, cobalt sesquisulfide product
shell layer formed at interface,

3) counter-diffusion of Co**/2e(-) and S?- across thickening shell,

4) faster diffusion of Co** creates V-, in core,

5) vacancies agglomerate in core, hollow core created which grows as the product
shell thickens —

6) end result — a hollow nanosphere made of cobalt sesquisulfide Co,S,

S(2-)



TURNING NANOSTRUCTURES INSIDE-OUT

The Kirkendall effect is a well-known phenomenon discovered in the 1930’s.

It occurs during the reaction of two solid-state materials and involves the
diffusion of reactant species, like ions, across the product interface usually at
different rates.

In the special case when the movement of the fast-diffusing component cannot be
balanced by the movement of the slow component the net mass flow is
accompanied by a net flow of atomic vacancies in the opposite direction.

This effect leads to Kirkendall porosity, formed through supersaturation of
vacancies into hollow pores

When starting with perfect building blocks such as cobalt nanocrystals a reaction
meeting the Kirkendall criteria can lead to supersaturation of vacancies
exclusively in the center of the nanocrystal.

This provides a general route to hollow nanocrystals out of almost any given
material

Proof-of-concept - synthesis of a cobalt sulfide nanoshell starting from a cobalt
nanocluster.



Time evolution of a hollow cobalt sulfide nanocrystal grown from a cobalt nanocrystal
via the nanoscale Kirkendall effect Y.D. Yin et al., Science 2004, 304, 711
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Fig. 1. (A) TEM image of cobalt nanocrystals synthesized by the
injection of 0.54g of Co,(CO)g in 3 ml of o-dichlorobenzene into 0.1
ml of oleic acid and 0.1 g of trioctylphosphine oxide in 15 ml of o-
dichlorobenzene at 455 K. (B) TEM image of the cobalt sulfide " 40 50 80 70 &0

I 20
phase synthesized by the injection of sulfur in o-dichlorobenzene (5 ml) into cobalt nanocrystal solution with a Co/S molar ratio of
9:12. Co;S, particles were synthesized from the cobalt sample shown in (A). (C) HRTEM images of Co;S, (left) and CogSq (right). (D)
TEM image of the cobalt sulfide phase synthesized as in (B), but with a Co:S molar ratio of 9:8. CogSq particles started from another
cobalt sample that had an average diameter of [ 11 nm. (E) XRD patterns of (a) cobalt nanocrystals and (b to h) cobalt sulfide
synthesized with different Co/S molar ratios: (b) 9:5, (c) 9:7, (d) 9:8, (e) 9 :10, (f) 9 :11, (g) 9 :12, and (h) 9 :18. The dots, triangles,
and squares represent peaks from cobalt, CogSg, and Co;S, phases, respectively.




Time evolution of a hollow cobalt sulfide nanocrystal grown from a cobalt nanocrystal
via the nanoscale Kirkendall effect Y.D. Yin et al., Science 2004, 304, 711

Cl

Cl

o-dichlorobenzene

A/\/\)/\M/\)LOH

Oleic acid

trioctylphosphine oxide
= IR R U



Time evolution of a hollow cobalt sulfide nanocrystal grown from a cobalt nanocrystal
via the nanoscale Kirkendall effect Y.D. Yin et al., Science 2004, 304, 711
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Fig. 2. Evolution of CoO hollow nanocrystals over time in '

response to a stream of O,/Ar mixture (1: 4 in volume ratio, 40 50 60 70 80 90
120 ml/min) being blown through a cobalt colloidal solution at 20

455 K. (A to D) TEM images of the solutions after flow of O,/Ar for (A) 0 min, (B) 30 min, (C) 80
min, and (D) 210 min. Inset: HRTEM of a CoO hollow nanocrystal. (E) XRD patterns of the sample
obtained from the solution after flow of O,/Ar for (a) 0 min, (b) 2.5 min, (c) 5.5 min, (d) 10 min, (e)
30 min, (f) 80 min, and (g) 210 min. The dots and diamonds represent peaks from cobalt and CoO
phases, respectively.




Time evolution of a hollow cobalt sulfide nanocrystal grown
from a cobalt nanocrystal via the nanoscale Kirkendall effect
Y.D. Yin et al., Science 2004, 304, 711
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Fig. 3 Evolution of CoSe hollow nanocrystals with time by injection of a
suspension of selenium in o-dichlorobenzene into a cobalt nanocrystal
solution at 455 K, from top-left to bottom right: 0 s, 10 s, 20 s, 1min, 2 min,
and 30min. The Co/Se molar ratio was 1:1.



Time evolution of a hollow cobalt sulfide nanocrystal grown from a cobalt nanocrystal
via the nanoscale Kirkendall effect Y.D. Yin et al., Science 2004, 304, 711
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Monocrystalline spinel nanotube fabrication
based on the Kirkendall effect. H.J. Fan, Nat. Mater. 5 (2006) 627-631
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B o Nanowire

l Atomic layer deposition

0
u M“l‘ ! Core—shell nanowlre

l Interfaclal solld-state reaction

Spinel nanotube

T,y = 700 °C
T, (ALO;) =2050°C

T,, (ZnO) = 1975°C (sublimation: 1800°C)



Formation of Nanotubes and Hollow Nanoparticles Based on Kirkendall and Diffusion
Processes: A Review. H.J. Fan, Small 3 (2007) 1660-1671
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