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Colloid science of ceramic powders 

Egon Mat i  jevi ;  

Department o f  Chemistry,  Clarkson U n i v e r s i t y ,  Potsdam, New York 13676, USA 

Abs t rac t  - Several  techn iques  f o r  t h e  p r e p a r a t i o n  o f  w e l l  d e f i n e d  c o l l o i d a l  
d i spe rs ions  c o n s i s t i n g  o f  un i fo rm p a r t i c l e s  o f  d i f f e r e n t  chemical  composi- 
t i o n ,  shape, and s i z e  a re  descr ibed.  S p e c i f i c a l l y ,  t h e  p r e c i p i t a t i o n  
f rom homogeneous s o l u t i o n s ,  phase t r a n s f o r m a t i o n  processes, and r e a c t i o n s  
w i t h  ae roso ls  a r e  used t o  generate s imp le ,  composite, and coated  i n o r g a n i c  
p a r t i c l e s .  The e f f e c t s  o f  t h e  chemical  compos i t ion  o f  t h e  s t a r t i n g  so lu -  
t i o n s  on t h e  morphology and s t r u c t u r e  o f  t h e  r e s u l t i n g  d ispersed s o l i d s  
a re  discussed and t h e  areas r e q u i r i n g  f u r t h e r  c l a r i f i c a t i o n  a r e  i n d i c a t e d .  

INTRODUCTION 

Modern ceramics i nco rpo ra tes  a huge number o f  m a t e r i a l s  f o r  coun t less  a p p l i c a t i o n s ,  i n c l u d i n g  
engine p a r t s ,  computer components, sensors, superconductors,  c a t a l y s t s ,  pigments, magnet ic 
reco rd ing  p a r t i c l e s ,  d rug  d e l i v e r y  systems, and many o the rs .  The s p e c i f i c a t i o n s  w i t h  respec t  
t o  t h e  performance o f  such produc ts  a r e  becoming more s t r i n g e n t ,  r e q u i r i n g  ceramics o f  
c a r e f u l l y  c o n t r o l l e d  and r e p r o d u c i b l e  c h a r a c t e r i s t i c s .  I n  t h e  m a j o r i t y  o f  cases these 
m a t e r i a l s  a r e  composites, made up o r i g i n a l l y  o f  much sma l le r  c o n s t i t u e n t s .  Thus, i t  i s  
now w i d e l y  acknowledged t h a t  one o f  t h e  p r e r e q u i s i t e s  f o r  more success fu l  p repara t i ons  
o f  s o l i d s  f o r  h igh - tech  uses i s  t h e  a v a i l a b i l i t y  o f  powders c o n s i s t i n g  o f  p a r t i c l e s  u n i f o r m  
i n  composi t ion,  s i ze ,  shape, p o r o s i t y ,  e t c ,  which on p rocess ing  w i l l  y i e l d  p roduc ts  o f  
des i red  p r o p e r t i e s .  To quote a recen t  a r t i c l e :  "The s e c r e t  o f  improv ing  a ceramic m a t e r i a l  
i s  t o  c o n t r o l  i t s  s t r u c t u r e  a t  v e r y  smal l  l e n g t h  sca les  i n  an e a r l y  stage o f  f a b r i c a t i o n .  
Chemistry may be t h e  way t o  succeed i n  t h i s  goa l "  ( r e f .  1). 

Obviously,  i t  i s  necessary t o  develop techn iques  f o r  t h e  syn thes i s  o f  p recu rso r  powders 
w i t h  u n i f o r m  p a r t i c l e s  o f  micrometer o r  l e s s  i n  s ize .  Next,  f o r  success fu l  p rocess ing  
one must c o n t r o l  t h e i r  s t a b i l i t y  and mutual  i n t e r a c t i o n s  ( e s p e c i a l l y  i n  mixed systems) , 
which a re  a f f e c t e d  by f o r c e s  a c t i n g  between p r imary  p a r t i c l e s .  F i n a l l y ,  depending on 
a p p l i c a t i o n ,  these powders need t o  meet c e r t a i n  requ i rements  w i t h  rega rd  t o  t h e i r  o p t i c a l ,  
magnetic, charge, conductance, and o t h e r  p r o p e r t i e s .  A l l  o f  these aspects o f  f i n e l y  
d ispersed m a t t e r  a r e  i n  t h e  domain o f  c l a s s i c a l  c o l l o i d  sc ience.  There fore ,  i t  i s  no 
s u r p r i s e  t h a t  communications between i n v e s t i g a t o r s  i n  t h e  d i s c i p l i n e s  o f  ceramics and 
c o l l o i d s  and i n t e r f a c e s  have g r e a t l y  i n t e n s i f i e d  i n  r e c e n t  years  ( r e f s .  2 -5 ) .  

Recent ly,  we no te  s u b s t a n t i a l  p rogress  i n  t h e  development o f  techn iques  and i n  t h e  under- 
s tand ing  o f  t h e  u n d e r l y i n g  fundamental p r i n c i p l e s  f o r  p roduc t i on  o f  w e l l  d e f i n e d  c o l l o i d s .  
Several  ex tens i ve  rev iews have been pub l i shed  on t h i s  sub jec t ,  which summarize t h e  
accomplishments i n  t h e  f i e l d  ( r e f .  6-10). A l a r g e  number o f  s imp le  and complex i n o r g a n i c ,  
o rgan ic ,  o r  mixed compounds a r e  now a v a i l a b l e  as d i spe rs ions  o r  powders c o n s i s t i n g  o f  
"monosized" p a r t i c l e s .  I n  t h i s  work t h e  new r e s u l t s  on t h e  p r e p a r a t i o n  o f  such m a t e r i a l s  
a re  desc r ibed  w i t h  s p e c i a l  re fe rence  t o  p r e c i p i t a t i o n  f rom e l e c t r o l y t e  s o l u t i o n s  and aeroso l  
techn iques .  

I n  t h e  case o f  t h e  fo rmer  procedure, t h e  emphasis w i l l  be on t h e  e x p l o i t a t i o n  o f  complex 
chemis t ry  i n  o rde r  t o  genera te  p a r t i c l e s  o f  d i f f e r e n t  p r o p e r t i e s .  The g r e a t  s e n s i t i v i t y  
o f  t h e  s o l i d  phase fo rma t ion  i n  homogeneous s o l u t i o n s  t o  smal l  changes i n  t h e  exper imenta l  
c o n d i t i o n s  w i l l  be i l l u s t r a t e d .  Yet, by a c a r e f u l  c o n t r o l  o f  t h e  processes, u n i f o r m  
p a r t i c l e s  o f  a l l  k i n d s  o f  chemical compos i t ions  and morphologies can be r e p r o d u c i b l y  
generated. 

I n  t h e  use o f  l i q u i d  ae roso ls  f o r  p a r t i c l e  p r e p a r a t i o n  chemical  processes a re  cons t ra ined  
t o  i n d i v i d u a l  d r o p l e t s ,  each rep resen t ing  a separa te  " r e a c t i o n  con ta ine r " ,  i n  c o n t a c t  w i t h  
a vapor t h a t  a c t s  as a co reac tan t .  

The so generated d i spe rs ions  can be used i n  va r ious  s tud ies ,  such as i n  t h e  de te rm ina t ion  
o f  t h e i r  s t a b i l i t y ,  i n t e r a c t i o n s  w i t h  s o l u t e s  and o t h e r  d i spe rsed  ma t te r ,  as w e l l  as i n  
p a r t i c l e  adhesion phenomena. 
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PRECIPITATION TECHNIQUE 

A. General considerations 
The most cornon process f o r  the  preparation of f i n e  inorganic p a r t i c l e s  i s  p rec ip i ta t ion  
from e l e c t r o l y t e  solut ions.  To achieve uniformity of the  dispersed matter ,  i t  i s  e s s e n t i a l  
t o  have a s ing le  nucleation s tage ,  followed by a control led p a r t i c l e  growth. The burst 
of nuclei occurs when c r i t i c a l  supersaturat ion i s  achieved of particle-forming s o l u t e s ,  
brhich may cons is t  of one o r  more complex species .  The l a t t e r  depend s t rongly on the nature  

A 

C 

B 

D 

Figure 1. Scanning e lec t ron  micrographs (SEM) of p a r t i c l e s  obtained by aging a t  90°C f o r  
1 hr rhe following solut ions:  
( A )  8 x lom3 no1 dmq3 CuC12 and 2 x 10-1 r.101 urea; 
(u) 8 x W3 no1 dnq3 CuSO, ar?d 2 x 10-1 niol d N 3  urea; 
(C) 2 x 1W3 mol d n r 3  Cu(NU,), and 5 x 10-1 mol urea (black s o l i d s ) .  
(D)  8 x 1V3 no1 d r 3  Cu(NO,), and 2 x 10-1 no1 dtT3 urea (green s o l i d s ) ;  
In ( A ) ,  ( B ) ,  and (C) the  longest bar correspmds t o  10 w, while i n  (0) t o  1 w. 
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o f  t h e  s o l u t i o n s  ( concen t ra t i on  o f  t h e  s a l t s ,  cho ice  o f  an ions  f o r  a g i ven  c a t i o n  and v i c e  
versa, ptl, so l ven t  composi t ion,  e t c . )  and 011 t h e  c o n d i t i o n s  ( temperature,  s t i r r i n g ,  s i z e  
o f  t h e  volume, e tc . )  under which t h e  exper iments a re  c a r r i e d  ou t .  It i s  t h e  complex 
chemis t ry  o f  t h e  s o l u t i o n s  i n  each s p e c i f i c  case t h a t  determines t h e  compos i t ion  and t h e  
morphology o f  the  f i n a l  products.  Obviously,  t h i s  s e n s i t i v i t y  o f  t h e  p r e c i p i t a t i o n  processes 
t o  so many parameters can be bo th  b e n e f i c i a l  and de t r imen ta l  i n  t h e  e f f o r t s  t o  synthes ize  
un i fo rm c o l l o i d s .  E s t a b l i s h i n g  t h e  optimum c o n d i t i o n s  t o  generate such produc ts  i s  a t i m e  
consuming and pa ins tak ing  p r o j e c t .  However, t h e  p r e c i p i t a t i o n  f rom s o l u t i o n s  o f f e r s  t h e  
o p p o r t u n i t y  t o  o b t a i n  a v a r i e t y  o f  p a r t i c l e s  i n  terms o f  t h e i r  chemical composi t ion,  
s t r u c t u r e ,  shape, and s i ze .  Furthermore, no spec ia l  equipment i s  needed; a cons tan t  
temperature environment, i n f r e q u e n t l y  exceeding IOO'C, s u f f i c e s  i n  most cases. 

There a re  a number o f  ques t ions  which need t o  be reso lved,  p a r t i c u l a r l y  w i t h  respec t  t o  
t h e  na tu re  o f  d i spe rs ions  generated f rom a g i ven  e l e c t r o l y t e  s o l u t i o n .  I n  some ins tances  
t h e  same r e a c t i n g  comFonents w i l l  y i e l d  p a r t i c l e s  o f  d i f f e r e n t  morphologies and even o f  
d i f f e r e n t  compos i t ion  when e i t h e r  t h e  concen t ra t i on  o f  t h e  s o l u t e s  o r  t h e  temperature and/or 
t h e  l e n g t h  o f  ag ing  t h e  systems i s  a l t e r e d .  For example, i n  f e r r i c  c h l o r i d e  s o l u t i o n s  
a c i d i f i e d  wi th HC1 and heated f o r  a g iven p e r i o d  o f  t ime, depending on t h e  conceo t ra t i on  
o f  t h e  reac tan ts ,  e i t h e r  6-FeOOH o r  a-FeZ03 p a r t i c l e s  a re  p r e c i p i t a t e d .  Whi le t h e  fo rmer  
appear as rods  o f  v a r y i n g  a x i a l  r a t i o s ,  t h e  l a t t e r  a r e  o f  spher i ca l ,  cub ic ,  o r  e l l i p s o i d a l  
morphology. The p a r t i c l e  shape can be a l t e r e d  by changing t h e  anions; i .e. ,  under i d e n t i c a l  
c o n d i t i o n s  f e r r i c  c h l o r i d e ,  n i t r a t e ,  o r  p e r c h l o r a t e  w i l l  r e s u l t  i n  hemat i te  p a r t i c l e s  o f  
d i f f e r e n t  shapes ( r e f .  11). 

In o t h e r  cases t h e  presence o f  va r ious  an ions  r e s u l t s  i n  e n t i r e l y  d i f f e r e n t  p roduc ts  f o r  
t he  same c a t i o n i c  species.  An example o f  such e f f e c t s  i s  o f f e r e d  i n  Fig.  1, which shows 
e l e c t r o n  micrographs o f  a s e r i e s  o f  p a r t i c l e s  p r e c i p i t a t e d  f rom copper(  11) s o l u t i o n s  i n  
t h e  presence o f  urea. Thus, s o l u t i o n s  o f  CuC1, y i e l d  oc tahedra l  p a r t i c l e s  o f  copper ( I1 )  
oxych lo r i de  (F ig .  l A ) ,  w h i l e  those o f  CuSO, r e s u l t  i n  e longated  c r y s t a l s  o f  copper ( I1 )  
bas i c  s u l f a t e  (F ig .  18). E l e c t r o n  micrographs 1 C  and D are  o f  spher i ca l  p a r t i c l e s  
p r e c i p i t a t e d  i n  Cu(N03), s o l u t i o n s  under somewhat d i f f e r e n t  cond i t i ons .  The s o l i d  
i l l u s t r a t e d  i n  F ig .  1 C  appears b lack  and t h a t  o f  F ig .  1D i s  green; t h e  fo rmer  i s  e s s e n t i a l l y  
a copper ox ide ,  whereas t h e  l a t t e r  i s  a bas i c  carbonate ( r e f .  12). I n  these examples t h e  
emphasis i s  on t h e  shape o f  t h e  p a r t i c l e s  r a t h e r  than  t h e i r  u n i f o r m i t y .  

The s e n s i t i v i t y  o f  t h e  p r o p e r t i e s  o f  t h e  produc ts  t o  smal l  changes i n  exper imenta l  c o n d i t i o n s  
i s  i l l u s t r a t e d  i n  F ig .  2. The two d r a s t i c a l l y  d i f f e r e n t  k inds  o f  p a r t i c l e s  were generated 
f rom i d e n t i c a l  s o l u t i o n s  o f  lanthanum n i t r a t e  c o n t a i n i n g  urea. The ag ing  o f  t h e  systems 
a t  t h e  e leva ted  temperature t h a t  y i e l d e d  s p h e r i c a l  p a r t i c l e s  was c a r r i e d  o u t  i n  c losed  
tubes, w h i l e  those r e s u l t i n g  i n  e longated  p a r c i c l e s  i n  open tubes  wi th s t i r r i n g .  It shou ld  
be noted t h a t  l i t t l e  l o s s  i n  t h e  volume o f  t h e  l i q u i d  occur red  i n  t h e  l a t t e r  case. 

A 

Figure  2. SEM o f  p a r t i c l e s  prepared by ag ing  
and 2.7 x 10-1 mol dm-3 urea  a t  90°C f o r  
s t i r r e d .  

a 
1 

E 

s o l u t i o n  2.5 x lo-' mol d r 3  i n  La(N03)3 
hr i n  (A) c losed  and (B) open tubes  and 
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c------) 

0 . 5 p  
Figure  3. Transmission e l e c t r o n  micrographs (TEM) o f  ( A )  Y(OH)CO,-H,O p a r t i c l e s  ob ta ined 

by ag ing  a t  90°C f o r  2.5 h r  a s o l u t i o n  1.5 x lo-, mol d r 3  i n  YC1, and 0.5 mol din-, 
i n  urea; (B) Y2(NH,)(CO3),.3H20 p a r t i c l e s  ob ta ined by ag ing  a t  115°C f o r  18 hr a s o l u t i o n  
3.0 x lo-, mol dm-, i n  YC1, and 3.3 mol din-, i n  urea. 

Another example o f  t h e  e f f e c t  o f  exper imental  cond i t i ons  on the  p a r t i c l e  composi t ion and 
shape, generated f rom s o l u t i o n s  o f  t he  same reac tan ts ,  i s  o f f e r e d  i n  F ig .  3. The spheres 
c o n s i s t i n g  o f  Y(OH)CO,.H,O were ob ta ined by hea t ing  an YC1, s o l u t i o n  i n  t h e  presence o f  
urea a t  90°C f o r  2.5 h r  (F ig .  3A). Longer aging t imes a t  115OC and somewhat d i f f e r e n t  
concent ra t ions  o f  t h e  so lu tes  r e s u l t e d  i n  r o d - l i k e  p a r t i c l e s  o f  Y2(NH,)(C0,),.3H,0 shown 
i n  F ig .  3B. The d i f f e r e n c e  i n  t h e  chemical composi t ion (and cor respond ing ly  i n  morphology) 
can be r e l a t e d  t o  decomposi t ion produc ts  o f  urea, which va ry  w i t h  temperature and r e a c t i o n  
t i n e .  I n  o rde r  t o  i nsu re  r e p r o d u c i b i l i t y ,  i t  i s  necessary t o  e s t a b l i s h  the  p r e c i p i t a t i o n  
boundaries t h a t  w i l l  de l i nea te  exper imental  parameters l e a d i n g  t o  a g iven product.  Two 
such domains are  i l l u s t r a t e d  i n  Fig.  4 f o r  s o l u t i o n s  con ta in ing  Y(N03), and urea, i n  which 
code l e t t e r s  i n d i c a t e  t h e  norphology o f  t he  r e s u l t i n g  p a r t i c l e s  ( r e f .  12).  

A l l  descr ibed systems have been prepared i n  t h e  presence o f  urea, which on hea t ing  decomposes 
t o  C02 and NH; i n  a c i d i c  aqueous so lu t i ons ,  and t o  NH, and Cog- species i n  bas i c  or n e u t r a l  
so lu t i ons .  As a consequence e i t h e r  metal  i o n  h y d r o l y s i s  i s  promoted t o  g i v e  s e t a l  (hydrous) 
ox ides  o r  s imple ( o r  mixed) carbonates a re  formed. Thus, i n t r o d u c i n g  urea g i ves  r i s e  t o  
a l a r g e  v a r i e t y  o f  compounds which may p r e c i p i t a t e  as un i fo rm F a r t i c l e s  under p r o p e r l y  
c o n t r o l l e d  aging cond i t i ons .  Table I summarizes a number o f  such d i ve rse  produc ts  ob ta ined 
i n  t h e  presence o f  urea. Whether hydrous ox ides  o r  carbonates w i l l  fo rm depends on t h e  
r e l a t i v e  s o l u b i l i t i e s  o f  t h e  corresponding compounds. 

I t should be emphasized t h a t  urea i s  n o t  e s s e n t i a l  i n  t h e  p repara t i on  o f  many c o l l o i d a l  
metal  (hydrous) ox ides  o f  narrow s i z e  d i s t r i b u t i o n .  Indeed, r e a d i l y  hydro lyzab le  i ons  
w i l l  y i e l d  such p a r t i c l e s  by h y d r o l y s i s  o f  metal  s a l t s  s o l u t i o n s  w i thou t  any add i t i ves ,  
as i t  was demonstrated on a number o f  examples ( r e f s .  6,7,11,22-26). The process i s  f r e -  
quen t l y  accomplished by adequate hea t ing  o f  metal  s a l t  s o l u t i o n s  ( fo rced  h y d r o l y s i s ) .  
The a d d i t i o n  o f  urea i s  e s s e n t i a l  i n  promot ing h y d r o l y s i s  o f  weakly hydro lyzab le  ca t i ons ,  
a l though i n  such cases o t h e r  complexes may fo rm as i l l u s t r a t e d  i n  Table I .  

It should be no ted  t h a t  t h e  descr ibed p r i n c i p l e s  do n o t  app ly  o n l y  t o  metal  (hydrous) ox ides  
o r  carbonates, which have been ma in l y  d e a l t  w i t h  so f a r .  Decomposition o f  th ioacetamide 
under p r o p e r l y  c o n t r o l l e d  cond i t i ons  y i e l d s  un i fo rm metal  s u l f i d e s  ( r e f s .  22-24), w h i l e  
selenourea g i ves  metal  se len ides  ( r e f .  25). 

It i s  r e a d i l y  r a t i o n a l i z e d  t h a t  a l l  descr ibed phenomena a re  due t o  d i f f e r e n t  coniplexat ion 
reac t i ons  i n  s o l u t i o n  which precede the  p r e c i p i t a t i o n  o f  a s o l i d  phase. A d e t a i l e d  
understanding o f  these processes requ i res  t h e  knowledge o f  t h e  k i n e t i c s  o f  t h e  fo rma t ion  
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TABLE 1. Dispersions of narrow size distribution obtained by forced hydrolysis with urea 

Final Products Particle Particle Anion Final Ref 
Shape Size PH 

[urn) 

Metal Hydrous Al(OH), spheres 0.1-0.6 
I, 0.1-0.6 Oxides Cr(OH)3 

Cd( 0H)Cl rods 

s o y  7-9 
so$- 7-9 
c1- 5.5 

iktal Basic 
Carbonates 

Metal 
Carbonates 

Metal Basic 
Sulfates 

Metal 
Phosphates 

Composite 
Compounds 

Cuz(0H)zC03 
Zrz(OH)6CO3 
Y ( OH)CO, 
La( OH)CO, 
Sm( OH)CO, 
Eu( OH)CO, 
Gd(OH)C03 
Tb(OH)C03 
CeZO(CO3 l 2  

spheres 
,I 

I 

I 

,I 

,I 

,I 

ellipsoidal 
platelets 

0.3-1.0 
0.3-0.7 
0.1-0.5 
0.1-1.0 
0.05-0.4 
0.1-0.4 
0.1-0.6 
0.1-0.3 

Zrz(OH)6S04 spheres 0.3-0.8 
A~,(OH)~X-Z~(SOI+)~ " 0.2-0.8 
CrX(OH)7X-2Y(SO~)y " 0.2-0.8 
Fe3(OH)5(SOr)z hexagonal or 

monoclinic crystals 

spheres 0.2-0.5 
I, 0.2-0.5 
I, 0.3-0.8 
I, 0.3-0.8 Cd3 (POu)z 

Ni (OH)PO, 0.1-0.4 

Mn, (PO,) 

Zn, 
COB (Po,) z 

NO; 6-8 
s o y  6-8 
NO; or C1- 6-8 
NO; orC1- 6-7 
NO; or C1- 6-8 
N0;orCl- 6-8 
N0;orCl- 7-9 
NO; or C1- 6-8 
NO; 6-8 

NO; or C1- 7-10 
NO; 9-10 

s o y  2.2 
so$- <6 
s o y  <6 
so$- _ _ _  

SO$- ,PO?,- 6-8 
SO$- ,PO?,- 6-8 
SO$- ,PO:- 6-8 
SO:- ,PO?,- 6-8 
SO(- ,PO?,- 6-8 

sot- 6-8 
NO;, SO:- 5.5-8 
NO;, SO:- 6-8 

14 
14 
15 

12 
13 
13 
12 
16 
16 
16 
16 
16 

15 
13 

18 
14 
14 
17 

19 
20 
21 
19 
19 

14 
13 
18 
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and disappearance of a l l  so lu tes  before and during the nucleation and p a r t i c l e  growth s tages ,  
which i s  by no means an easy task.  Once such solut ion complex chemistry i s  known, i t  i s  
possible  t o  explain why cer ta in  s o l i d s  appear i n  a given crys ta l  habi t .  A more d i f f i c u l t  
task i s  the elucidat ion of the reasons f o r  d i f f e r e n t  morphologies of p a r t i c l e s  of the same 
chemical composition, generated e i t h e r  in  solut ions of the same reac tan ts  under of ten 
s l i g h t l y  d i f f e r e n t  condi t ions,  o r  by changing anions while ca t ions  remain the same. 
Spherical p a r t i c l e s  prec ip i ta ted  from aqueous e l e c t r o l y t e  so lu t ions  deserve special  comments. 
In some cases such dispers ions cons is t  of amorphous mater ia ls ,  exemplified by aluminum 
or  chromium (hydrous) oxides, which a re  obtained simply by forced hydrolysis of the 
corresponding metal s u l f a t e  solut ions ( r e f s .  26,27). However, spherical p a r t i c l e s  of 
cerium(1V) oxide, i ron(  111) oxide, cadmium s u l f i d e ,  zinc s u l f i d e ,  e t c .  , prec ip i ta ted  by 
the same procedure, show d i s t i n c t  X-ray pa t te rns  c h a r a c t e r i s t i c  of known c r y s t a l l i n e  
mater ia ls  o r  minerals of the  same chemical compositions ( r e f s .  11, 28-30). I t  i s  obvious 
t h a t  such a method of preparation cannot y ie ld  spherical single c r y s t a l s .  Indeed, i t  was 
documented by low angle X-ray ana lys i s  and by e lec t ron  microscopy t h a t  these spheres were 
b u i l t  up of subunits of much smaller s i z e ,  hence having i n t e r n a l l y  composite s t ruc ture .  
Figure 5 shows a s e r i e s  of e lec t ron  micrographs which c l e a r l y  demonstrate t h e  aggregation 
of very small p a r t i c l e s  i n t o  l a r g e r  uniform spheres ( r e f .  30). The process can be followed 
by opt ica l  means, a s  demonstrated i n  Fig. 6 ,  which gives the  change i n  the l i g h t  s c a t t e r i n g  
i n t e n s i t y  a s  a function of time i n  a solut ion of zirconium s u l f a t e  aged a t  50, 80, and 
90°C. The increase i n  t u r b i d i t y  i s  due t o  nucleation and growth of "primary" p a r t i c l e s .  
After  a given induction per iod,  t u r b i d i t y  decreases again ind ica t ing  the onset  of the  
aggregation process, whereby the  number of p a r t i c l e s  i s  d r a s t i c a l l y  reduced while the  s i z e  
of the resu l tan t  spheres increases .  

6. Particles of mixed cation composition 
I t  was shown i n  the previous sect ion t h a t  many s o l i d s  generated in  a metal s a l t  solut ion 
ac tua l ly  have a mixed chemical composition with respect  t o  the incorporated anions. This 
e f f e c t  i s  due t o  the formation of so lu te  complexes, such a s  hydrolyzed ca t ions ,  which 
a l s o  coordinate another anion. Precipi ta ted p a r t i c l e s  contain t h i s  anion along with the 
hydroxide ion,  e i t h e r  i n  s toichiometr ic  o r  nonstoichiometric r a t i o s .  

7 
0.05,~ m 

D 

Figure 5. (A-C) Formation of CeO, p a r t i c l e s  by forced hydrolysis of an ac id ic  (4.0 x lo-, 
mol dm-3 H,S04) solut ion of Ce(SO,), (1.0 x mol d V 3 )  heated a t  90°C during 
a 6 hr period. (D)  TEM of t h i s  dispers ion a t  the  completion of aging a f t e r  48 h r .  
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I n  many appl icat ions i t  i s  desirable t o  have p a r t i c l e s  w i t h  more than one cation, i n  order 
t o  modify t h e i r  proper t ies ( c a t a l y t i c ,  magnetic, op t i ca l ,  e l e c t r i c a l ,  e tc . ) .  It i s  shown 
here t h a t  the p r e c i p i t a t i o n  technique can be applied t o  t h i s  end. A mixture o f  metal 
s a l t  so lu t ions i n  d i f f e r e n t  molar r a t i o s  may y i e l d  on aging uniform p a r t i c l e s  under 
condit ions s i m i l a r  t o  those applied t o  i nd i v idua l  systems when t rea ted  separately. The 
more s i m i l a r  the chemical proper t ies o f  the two cations, the more e a s i l y  are formed 
composite so l ids.  

I n  some cases the content i n  cations i n  the s o l i d  phase r e f l e c t s  almost exac t l y  the 
composition o f  the so lu t i on  from which the p a r t i c l e s  are p rec ip i t a ted .  Figure 7 i l l u s t r a t e s  
two such dispersions, i.e., an Y ( I I I ) / C e ( I I I )  and an Y ( I I I ) / Z r ( I V )  basic carbonate. The 

Figure 6 .  Change i n  o p t i c a l  densi ty  
( a r b i t r a r y  scale) w i th  time o f  systems 
consis t ing o f  5.0 x lo-, mol dm-, 
Zr(SOJn, 5.0 x mol d r r 3  I-",, 
and 1.8 mol urea a t  50, 80, 
and 9O"C, respect ive ly .  

- 
O.lpm A 

Figure 7. TEM of mixed c o l l o i d a l  p a r t i c l e s  obtained by aging the fo l l ow ing  so lut ions:  
( A )  5.1 x mol dm-, Ce(NO,),, 1.5 x mol d K 3  Y(NO,),. and 0.5 mol dm-, urea 
kept a t  90°C f o r  2 hr .  (B) 5.0 x mol dm-, Zr(S0 )2, 4.0 x lom3 mol dmm3 Y(N03) , ,  
1.8 mol mol din', HNO,, and 3% Ifv/v) po lyv iny lpyrro l idone (PVP), 
kept a t  80°C f o r  5 hr. 

urea, 5.0 x 
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chemical compos i t ions  of  these s o l i d s  a r e  determined t o  be Y o  75 Ceo,25(0H)C0,.H,0 and 
ZrYo.8(OH)3.8(C0,)7.3.0.8H20, r e s p e c t i v e l y  ( re f s .  13,181, w'hich correspond t o  t h e  molar  
r a t i o s  o f  t h e  c a t i o n s  i n  t h e  r e s p e c t i v e  s o l u t i o n s .  I n  bo th  examples amorphous s p h e r i c a l  
p a r t i c l e s  o f  narrow s i z e  d i s t r i b u t i o n  a re  ob ta ined.  On c a l c i n a t i o n  a t  e leva ted  temperatures 
(e.g., 65OOC) t h e  same s o l i d s  a r e  conver ted  t o  c r y s t a l l i n e  metal  ox ides ,  y e t  t h e  s p h e r i c a l  
shape i s  preserved. 

F igu re  8 dea ls  w i t h  mixed Y ( I I I ) / C u ( I I )  systems. The o r d i n a t e  g i v e s  t h e  pe rcen t  o f  CuZt 
i n  spher i ca l  p a r t i c l e s  f o r  d i f f e r e n t  C u ( I I ) / Y ( I I I )  r a t i o s  i n  t h e  s a l t  s o l u t i o n s  i n  which 
t h e  p r e c i p i t a t i o n  t o o k  p lace .  The f u l l  l i n e  i s  c a l c u l a t e d  f o r  s o l i d s  hav ing  t h e  compos i t ion  
Y(UH)C0,.H20 + (x /2 )  CU,(OH)~CO,. C i r c l e s  a r e  a n a l y t i c a l  da ta  ob ta ined  f o r  p a r t i c l e s  
generated f rom s o l u t i o n s  c o n t a i n i n g  Cu( I1 )  t o  Y(II1) s a l t s  i n  d i f f e r e n t  r a t i o s ,  w h i l e  
severa l  p o i n t s  f o r  t h e  same va lue  o f  t h e  absc issa  r e f e r  t o  d i f f e r e n t  concen t ra t i ons  o f  
metal  s a l t s .  I n  a l l  cases urea was present ,  b u t  i t s  concen t ra t i on  v a r i e d  i n  i n d i v i d u a l  
exper iments.  It would seem t h a t  t h e  composite p a r t i c l e s  o f  e s s e n t i a l l y  t h e  same 
s to i ch io rne t r y  p r e c i p i t a t e d  i n  a l l  these systems ( r e f .  31) .  

0 1 2 3 

F igu re  8. Percent  Cu(I1) i n  spher i ca l  p a r t i c l e s  ( o r d i n a t e )  ob ta ined  f rom s o l u t i o n s  
c o n t a i n i n g  Cu(NO,), and Y(N03)3 i n  d i f f e r e n t  mo lar  r a t i o s  (absc i ssa )  i n  t h e  presence 
o f  urea. C i r c l e s  f o r  a g i ven  va lue  o f  C u ( I I ) / Y ( I I I )  = x correspond t o  systems o f  v a r y i n g  
concen t ra t i ons  o f  t h e  r e a c t i n g  components i n  t h e  ag ing  s o l u t i o n s .  

C. Phase transformations 
Under t h i s  heading we desc r ibe  a v a r i e t y  o f  phenomena i n  which one k i n d  o f  s o l i d s  i s  f i r s t  
formed and subsequent ly t rans formed i n t o  another  k i n d  o f  s o l i d s .  Such processes a r e  more 
common than g e n e r a l l y  recognized. The changes may i n v o l v e  chemical  compos i t ion  w h i l e  
t h e  morphology i s  r e t a i n e d  o r ,  converse ly ,  t h e  p a r t i c l e  shape may be a l t e r e d  w h i l e  t h e  
chemical compos i t ion  remains t h e  same. F i n a l l y ,  bo th  t h e  compos i t ion  and t h e  shape can 
be mod i f i ed .  I n  some ins tances  t r a n s f o r m a t i o n  takes  p lace  spontaneously and may n o t  even 
be de tec ted ,  w h i l e  i n  o t h e r  s i t u a t i o n s  such changes a r e  induced t o  produce p a r t i c l e s  o f  
s p e c i f i c  p r o p e r t i e s .  I n  t h e  l a t t e r  case h i g h  temperature t rea tmen t ,  o x i d a t i o n ,  reduc t i on ,  
o r  o t h e r  " a t t a c k s "  on t h e  o r i g i n a l  m a t t e r  a re  a p p l i e d  t o  achieve a d i f f e r e n t  p roduc t .  

For example, i t  was shown t h a t  ag ing  under a c e r t a i n  s e t  o f  c o n d i t i o n s  f e r r o u s  hydrox ide  
g e l s  a t  moderate temperatures (90OC) y i e l d s  u n i f o r m  spher i ca l  magnet i te  p a r t i c l e s  i n  t h e  
presence o f  a m i l d  o x i d i z i n g  agent (NO;) ( r e f .  32). 

E l l i p s o i d a l  maghemite can be ob ta ined  f rom hemat i te  p a r t i c l e s  o f  t h e  same shape by  a 
sequence o f  r e d u c t i o n  and r e - o x i d a t i o n  processes (F ig .  9A) ( r e f .  33) , w h i l e  complete 
r e d u c t i o n  r e s u l t s  i n  pure  i r o n  o f  t h e  same morphology (F ig .  9B) ( r e f .  34). 

Phase t r a n s f o r m a t i o n  nay  t a k e  p lace  spontaneously,  sometimes j u s t  by changing t h e  l i q u i d  
environment.  F igu re  10A shows spher i ca l  amorphous p a r t i c l e s  o f  lanthanum b a s i c  carbonate 
which, when separated and suspended i n  pure  water ,  c r y s t a l l i z e  i n t o  p l a t e l e t s  d i s p l a y e d  
i n  t h e  e l e c t r o n  mic rograph 1OB. The l a t t e r  c r y s t a l l i t e s  do n o t  f u r t h e r  change on 
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Figure 9. ( A ) .  TEM of y-Fe203 (maghemite) p a r t i c l e s  obtained by f i r s t  reducing cL-Fe203 
(hematite) p a r t i c l e s  of the same shape in  hydrogen t o  Fe,O,, (magnetite) a t  340-400°C 
and reoxidizing in  a i r  a t  240°C t o  maghemite ( r e f .  33). ( B )  Iron p a r t i c l e s  obtained 
by reduction o f  hematite in  hydrogen a t  400°C ( r e f .  34). 

B 

Figure 10. ( A )  SEM of lanthanum basic carbonate p a r t i c l e s  obtained by aging a t  90°C f o r  
1 hr a solut ion 3 x lo-, mol dm-3 in  LaCl, and 1 x 10-1 mol dm-, i n  urea. The longer 
bar = 1 w. ( B )  The same system a f t e r  the  p a r t i c l e s  were resuspended i n  water f o r  4 
hr. The longest bar = 10 w. 
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Figure 11. (A) TEM of Mn,(PO,),.x H20 p a r t i c l e s  obtained by aging a t  80°C f o r  1 hr a 
solut ion 5 x mol d K 3  i n  MnSO,, 5 x lo-, mol i n  H,PO,, 1.0 mol d r 3  in  
urea,  and 1 x lom2 mol dmm3 i n  sodium dodecylsulfate .  (B) The same system a f t e r  the 
p a r t i c l e s  were resuspended i n  d i s t i l l e d  water f o r  two days a t  room temperature. 

ca lc ina t ion  a t  800°C ( r e f .  35). Similar ly  Mn,(PO,),.xH,O spheres (Fig. 11A) resuspended 
in  d i s t i l l e d  water transform i n t o  prismatic c r y s t a l s  (Fig. 1lB) on standing a t  room 
temperature, while the  composition remains the  same ( r e f .  36). 

These selected examples c l e a r l y  ind ica te  t h a t  d i f f e r e n t  dispersed matter  can be prepared 
by manipulating cer ta in  s o l i d s  in  order  t o  change t h e i r  composition, shape, and s i z e .  
In many cases  the reasons f o r  such transformations a r e  not understood; the e luc ida t ion  
of these processes represents  a genuine challenge f o r  s c i e n t i s t s  i n  this f i e l d .  

D. Coated particles 
Another approach i n  modifying proper t ies  of a powder i s  t o  coat  t h e  p a r t i c l e s  w i t h  a 
material of a d i f f e r e n t  chemical composition. Again, i t  i s  possible  t o  achieve a uniform 
layer  by prec ip i ta t ion  from aqueous solut ions.  

Figure 12 i l l u s t r a t e s  e l l i p s o i d a l  hematite p a r t i c l e s  coated w i t h  y t t r ium oxide ( r e f .  37). 
The o r i g i n a l l y  deposited surface layer  cons is t s  of yt t r ium basic  carbonate, which on 
calcinat ion changes t o  the  corresponding oxide. The core dispers ion was chosen because 
of the  p a r t i c l e  shape. I n  excess of the  coat ing material yt t r ium basic  carbonate not 
only covers hematite, b u t  a l s o  p r e c i p i t a t e s  a s  separate  spheres. T h u s ,  one can usual ly  
de tec t  extraneous p a r t i c l e s ,  simply by inspect ing the  e lec t ron  micrographs. 

Using various modifications i n  t h e  procedure, d i f f e r e n t  core p a r t i c l e s  (chromium hydrous 
oxide, hematite, t i t a n i a )  were coated with aluminum oxide ( r e f .  38) ,  o r  hematite with 
chromium hydrous oxide ( r e f .  39). The l a s t  example is  used t o  i l l u s t r a t e  t h a t  surface 
c h a r a c t e r i s t i c s  o f  the  s o l i d s  a re  a l te red  by such depos i t s ,  i . e . ,  the  coated p a r t i c l e s  
behave a s  the coating material i t s e l f .  Figure 13 shows t h a t  the  d i f f e r e n t i a l  scanning 
calorimetry curves f o r  chromium hydrous oxide p a r t i c l e s  and f o r  hematite coated with the  
same material a r e  i d e n t i c a l ,  b u t  d i f f e r  from t h a t  of the  pure core mater ia l .  

Well defined inorganic col loidal  p a r t i c l e s  can be used as  c a r r i e r s  f o r  organic compounds. 
The e lec t ron  micrograph i n  F i g .  14A shows chromium hydrous oxide p a r t i c l e s  covered w i t h  
ovalbumin. For t h i s  purpose the protein was added t o  an aqueous dispers ion of the s o l i d  
p a r t i c l e s  and the  system equi l ibra ted  by tumbling a t  room temperature. The uniform coating 
layer  was made v i s i b l e  by s ta in ing  w i t h  tungstophosphoric acid.  
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Figure 12. TEM o f  e l l i p s o i d a l  hematite p a r t i c l e s  coated w i th  y t t r i u m  basic carbonate. 
A d ispers ion o f  hematite (0.1 g conta in ing 5.0 x mol d w 3  Y(N03)3 and 1.8 
mol d K 3  urea was heated a t  90°C f o r  2 hr. 

Figure 13. D i f f e r e n t i a l  thermal analys is  data f o r  e l l i p s o i d a l  hematite p a r t i c l e s  (dot ted 
l i n e ) ,  f o r  spherical chromium hydrous oxide p a r t i c l e s  (dashed l i n e ) ,  and f o r  t he  same 
hematite coated w i t h  chromium hydrous oxide ( s o l i d  l i n e )  ( r e f .  39). 

)-------------I 
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H 
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Figure 14. ( A )  TEM o f  chromium hydrous oxide p a r t i c l e s  coated w i t h  ovalbumin. 6.25 mg 
o f  s o l i d s  and 5.0 mg o f  the p r o t e i n  i n  5 cm3 so lu t i on  o f  pH 5.5. were e q u i l i b r a t e d  
(under tumbling) a t  room temperature f o r  24 h r .  The coated l aye r  was s ta ined w i t h  
tungstophosphoric acid. (6 )  TEM o f  t i t a n i a  p a r t i c l e s  coated w i t h  polyurea using the 
aerosol technique. T i t a n i a  p a r t i c l e s  were f i r s t  prepared by exposing d rop le ts  o f  
t i tanium(1V) ethoxide t o  water vapor. The r e s u l t i n g  p a r t i c l e s  were wetted i n  the aerosol 
phase w i t h  hexamethylenediisocyanate and subsequently exposed t o  ethylenediamine vapor. 
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AEROSOL TECHNIQUE 

An e n t i r e l y  d i f f e r e n t  p r i n c i p l e  i s  a p p l i e d  i n  t h e  p roduc t i on  o f  p a r t i c l e s  by chemical  
r e a c t i o n s  w i t h  aeroso ls .  D rop le ts  o f  one r e a c t a n t  a r e  con tac ted  w i t h  a vapor o f  a 
co reac tan t  t o  g i v e  a d e s i r e d  powder. With t h i s  techn ique t h e  predominant m a j o r i t y  o f  
p a r t i c l e s  appear as spheres, t h e  s i z e  o f  which can be predetermined by s e l e c t i n g  t h e  p roper  
d r o p l e t  d iameters.  The method i s  e q u a l l y  s u i t a b l e  f o r  t h e  p r e p a r a t i o n  o f  i n o r g a n i c  o r  
o rgan ic  p a r t i c l e s  o f  s imp le  o r  mixed compos i t ion .  I n  t h e  l a t t e r  case t h e  d r o p l e t s  a r e  
most conven ien t l y  generated by n e b u l i z a t i o n  of  l i q u i d s  o f  a d e s i r e d  chemical  con ten t  which 
w i l l  y i e l d  f i n a l  p roduc ts  o f  known compos i t ion .  With s imp le  l i q u i d s  un i fo rm ae roso ls  
can be ob ta ined  by t h e  vaporization/condensation process. 

For  example, spher i ca l  t i t a n i a  and aluminum p a r t i c l e s  were generated by h y d r o l y s i s  o f  
t h e  cor respond ing  a l k o x i d e  d r o p l e t s  w i th  water  vapor ( r e f s .  40,41). Polymer c o l l o i d s  
cou ld  be ob ta ined  e i t h e r  by exposing monomer d r o p l e t s  t o  an i n i t i a t o r  i n  t h e  gas phase, 
such as i n  t h e  case o f  po l ys ty rene  ( r e f .  43) and d i v iny lbenzene  ( r e f .  42), o r  by i n t e r a c t i n g  
monomer d r o p l e t s  w i t h  a gaseous coreac tan t ,  as was achieved w i t h  po l yu rea  ( r e f .  44).  

More r e c e n t l y ,  coated p a r t i c l e s  were a l s o  prepared by t h e  aeroso l  techn ique.  F igu re  146 
i l l u s t r a t e s  spher i ca l  c o l l o i d a l  t i t a n i a  coated  w i t h  po l yu rea  ( r e f .  45). I n  a cont inuous  
process t h e  t i t a n i a  aeroso l  was generated f rom T i  ( I ' d ) -e thox ide  on to  which 
hexamethylenediisocyanate was condensed; t h i s  aeroso l  was then exposed t o  e thy lened iamine 
t o  fo rm t h e  po lyurea  coa t ing .  S i m i l a r l y  s i l i c a  c o a t i n g  on t i t a n i a  can be achieved by 
condensing SiC14 on t i t a n i a  f o l l o w e d  by h y d r o l y s i s  w i t h  water  vapor. 

CONCLUDING REMARKS 

The purpose o f  t h i s  s h o r t  rev iew  i s  t o  document t h e  f e a s i b i l i t y  o f  t h e  p r e p a r a t i o n  o f  
powders c o n s i s t i n g  o f  exceed ing ly  w e l l  d e f i n e d  p a r t i c l e s .  Since these s o l i d s  can be o f  
s imple,  mixed, o r  coa ted  composi t ion,  bo th  i n o r g a n i c  and organ ic ,  t h e  number o f  a p p l i c a t i o n s  
i n  many areas o f  ceramics i s  s e l f - e v i d e n t .  

From t h e  s c i e n t i f i c  p o i n t  o f  v iew t h e  a v a i l a b i l i t y  o f  these u n i f o r m  d i spe rs ions  has o f f e r e d  
t h e  o p p o r t u n i t y  t o  s tudy  t h e  r e l a t i o n s h i p  o f  va r ious  p r o p e r t i e s  o f  m a t t e r  ( o p t i c a l  , 
magnet ic,  e l e c t r i c )  as a f u n c t i o n  o f  p a r t i c l e  composi t ion,  s i ze ,  and shape. The t a s k  
o f  e s t a b l i s h i n g  t h e  dependence o f  t h e  morphology o f  t h e  p r e c i p i t a t e d  s o l i d s  on t h e  
compos i t ion  o f  t h e  s o l u t i o n s  i n  which these a r e  generated, a l t hough  s t i l l  r a t h e r  d i f f i c u l t ,  
can now be undertaken. F i n a l l y ,  t h e  desc r ibed  systems can be s u c c e s s f u l l y  used i n  t h e  
s tud ies  o f  adsorp t ion ,  he te rocoagu la t i on ,  and adhesion phenomena as t h e y  a l l o w  f o r  a b e t t e r  
comparison between t h e  exper imenta l  r e s u l t s  and t h e o r e t i c a l  expec ta t i ons .  

Numerous i n v e s t i g a t i o n s  d e a l i n g  w i t h  problems mentioned above have been r e p o r t e d  i n  r e c e n t  
years.  However, owing t o  t h e  r e s t r i c t i o n  i n  space, these c o u l d  n o t  be d e a l t  w i t h  i n  t h i s  
wr i te -up ,  
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