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A predictive model for the formation of new acid sites in a dilute solid solution of two component 
oxides is being developed by examining the electrostatic potential at the substituting cation site and the 
changes in the matrix necessary to balance the stoichiometry. When the prediction was used to 
compare with experimental results, the satisfactory comparison suggests that the electrostatic poten- 
tial and the balance of stoichiometry are the two dominant factors in new acid site formation. The 
implications of this are discussed. 

Introduction 

A dilute solid solution of one oxide in 
another is perhaps the simplest class of 
mixed oxides amenable to simple analysis. 
Indeed, dilute solid solutions of two oxides 
of the same crystal structure and stoichiom- 
etry have been analyzed to predict the sur- 
face enrichment of one component (I), and 
to understand the difference in activation 
energy of a reaction catalyzed by a pure 
oxide versus a solid solution (2). 

It is logical to attempt to extend the anal- 
ysis to dilute solid solutions of oxides of 
different crystal structures and stoichiome- 
tries. Mixed oxides formed from oxides of 
different stoichiometries often develop 
strong acidity not present in the component 
oxides (3). It is a result of the effects such 
as the formation of new surface defects, 
and a change in the energy level of the sur- 
face cations. The former results from the 
need to balance the overall stoichiometry of 

the solid, and the latter results from the dif- 
ferent number and position of neighboring 
oxygens around the cation as well as from 
the different electrostatic potential at the 
cation in the solid solution as compared to 
the pure component. Toward better under- 
standing of these systems, we explore the 
consequences of balance of stoichiometry, 
and of the change in the electrostatic poten- 
tial. 

The Model 

A dilute solid solution is assumed to be 
formed from an oxide of stoichiometry AO, 
and an oxide BO, by substituting a small 
amount of A into the B site. It is referred to 
as a substituting ion A in a matrix BO,. For 
generality, y and z do not have to be inte- 
gers. The solid solution is so dilute that ad- 
jacent A ions are very far apart such that in 
the calculation of electrostatic potential, the 
system is approximated by a single A ion in 
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the SO, matrix. Two situations are possi- TABLE I 

ble. When y = z, the component oxides are LATTICE SELF-POTENTIAL AT THE CATION SITE OF 

of the same stoichiometry and the substitu- OXIDESO 

tion can be achieved with minimal effect on 
the matrix. Thus any new acidity formed 

Potential Potential 
Comwund 09 Compound (V) 

would be associated directly with-the elec- 
trostatic potential at the substituting ion 
site. When y is not equal to z, new acidic 
sites formed would be associated with the 
electrostatic potential at the substituting 
ion site as well as other changes necessary 
in the matrix to preserve the overall stoichi- 
ometry of the solid solution. These two ef- 
fects are discussed separately below. 

MO 

M&J 
cao 
sro 
BaO 
MnO 
Fe0 
coo 
NiO 
Cd0 
cue 
zno 
PbO 

M203 

-23.9 a-Cr*O, 
-20.9 ol-Fez09 
-19.5 wAlz0, 

-18.2 vzo3 
-22.1 TiZOJ 

-23.3 Gaz’& 
-23.6 

-24.2 %03 
-21.4 

-24.3 f’W3 
-24.0 
-20.5 

N&O3 
La203 

-44.1 MO, 
-42.9 00, 
-46.4 to Moo3 

-50.6b wo3 
-46.2 
-42.3 

-34.9 

-34.8 
-36.6 

-33.4 
-33.6 
-35.0 

-34.1 

Pb(l) -32.8 

Pb(2) -28.1 

-29.7 
-29.0 

Electrostatic potential at the substituting 
cation site. The difference in the electro- 
static potential, AV, experienced by a cat- 
ion A in the matrix BO, and AO, is given by 

AV = C (qJri)Bo - 2 (qilri)Ao (1) 

where qi is the charge of the ion at a dis- 
tance ri from the A site. The subscripts BO 
and A0 denote the matrices SO, and AO,, 
respectively. If the A site is in a three-di- 
mensionally infinite solid, and qi is taken as 
the formal charge qf, the summations in 
Eq. (1) are the lattice self-potentials VF at 
the substituting cation site. Values of the 
lattice self-potential at the cation sites for a 
number of oxides are listed in Table I (4, 5). 
Equation (1) can be rewritten as 

AV = (VFqJqF)BO - (VFqi/qP)Ao (2) 

When AV is negative, ion A in matrix BO, 
experiences a more negative potential than 
in AO,. It will be electrostatically more sta- 
ble and can accept electrons more readily. 
It will act as a Lewis acid site. When AV is 
positive, A is less readily in accepting elec- 
trons in matrix SO, than in matrix AO,. 
From Eq. (2), it can be seen that when the 
ratio qi/qr is about the same in the two ma- 
trices, the sign of AV is determined by the 
relative magnitudes of VF for SO, and AO, . 

Some true ion charges, q, that can be 

MO2 
TiOl 
SIlO* 
SiO* 

CrO* 

Zfh 

-58.5 
-58.5 
-64.5 

’ Most of the values are taken from Refs. (4, 5); others are calculated 
in this work. 

b Value depends on the crystal structure. 

used in Eq. (2) have been derived from XPS 
and X-ray diffraction measurements. They 
are listed in Table II. The values derived 
from X-ray diffraction were calculated from 
the electron density maps and the bound- 
aries of the ions were assumed to corre- 
spond to the point of minimum (local mini- 
mum) of electron density. The values 
derived from XPS were obtained using the 
method of Bagus and Broughton (4, 6, 7). 
The reliability of these values suffered from 
the approximation used in evaluating the fi- 
nal state effect, and the accuracy of the cal- 
culated binding energies of the gas phase 
ions (8). For some chromium compounds, 
the values of Dickinson et al. were reported 
(9). Finally, the ion charges provided by 
some theoretical cluster calculations were 
also included. 

Changes in the matrix. When the stoi- 
chiometries of the component oxides are 
different, the overall stoichiometry of the 
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TABLE II 

TRUE CATION CHARGE OF OXIDES 

True cation charge” 

Compound XPSb X-Ray Calculation 

Mid) 
CaO 
S-0 
BaO 
vo 
MnO 
coo 
NiO 
cue 
ZnO 
Cd0 
AgO 

a-FezOr 
a-Cr*Ol 
cz-A1203 
TiOz 
SiOz 
cfl2 

zfl2 

Cfl3 
MOO, 
wo3 

AgzO 
MgC%O~ 

LiAlSt206 

1.25-1.75 

1.5 
l-l.5 
l-l.5 
2 

1.2-1.7,1.11’(14) 
1.05’(14) 

-MI) 0.53’(14) 
MIIU 1.87’(14) 

2.7 
0.15(9),2.6 
2-2.5(18) 

2.8 
4, 2C(13) 
0.3Sd(9) 
1.2 
0.46d(9) 
1.5-2 
1.5 
0.48’(14) 

(Mg ion) 

(Li ion) 
(Al ion) 

1.9(19),1.85(20),1.5(21) 
1.8(21) 

W1) 
W1) 

O-1(22) 0.66(11) 
1.4(19),1.51(20) 
1.2(19),1.4(20) 
0.7(19),0.9(20) 1.2-1.8(12) 

1 .O(lO) 

(Ml) 1.84(20) 
042) 1.79(20) 

0.7(20) 
2.4(20) 

CaMgSi20,j (Mg ion) 
(Ca ion) 

Mn2Si04 (Mn ion) 

1.44(20) 
1.39(20) 

(Ml) 1.21(20) 
042) 1.49(20) 

G Reference numbers appear in parentheses. 
b Unless noted, the charges are calculated as in Ref. (4). The XPS data are from Refs. (16, 17) 

except when indicated. 
c The final state extra-atomic relaxation of the cation has been included in calculating these values. 
d These are taken directly from Ref. (9). 

solid will be conserved by a change in the ion by A ion would result in a solid with 
matrix. Two possibilities exist: a substitut- excess oxygen. This excess can be bal- 
ing cation A of a lower formal oxidation anced by (1) development of anion vacan- 
state than the matrix cation B, y < z, and ties; (2) adsorption of protons on the sur- 
the reverse case of A of a higher formal face; or (3) development of interstitial 
oxidation state than B, y > z. cation defects. (1) and (2) are intimately re- 

When y < z, a simple substitution of B lated if the solid is prepared by aqueous 
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precipitation such that the surface is hy- 
droxylated. If the surface stays hydroxyl- 
ated, the protons present to balance the ex- 
cess oxygen will act as new Bronsted acid 
sites not present in the component oxides. 
On heating, some of these protons may be 
removed as water which is formed with the 
concurrent formation of an anion vacancy. 
Thus the anion vacancy site could act as a 
new acid site once hydrated. The effect of 
(3) is less obvious to predict. It could be 
important for solids that have open struc- 
tures. In most common binary oxides, how- 
ever, the concentration of interstitial de- 
fects is limited. Whether these defects lead 
to the formation of acid sites is likely to 
depend on the nature of the cation. 

When y > z, simple substitution of B ion 
by A ion would result in a deficiency of oxy- 
gen. The deficiency can be removed by (1) 
adsorption of negatively charged oxygen 
species onto the A ion; (2) adsorption of 
OH- onto the A ion; or (3) presence of cat- 
ion vacancies. When (1) or (2) operates, the 
consequence of electrostatic potential 
change at the A ion is removed because the 
coordination unsaturation of A is satisfied 
by the adsorbed oxygen or OH-. Since it is 
not likely that adsorbed oxygen or OH- 
acts as an acid site, new acidity is predicted 
not to develop. When (3) operates, new 
Lewis acid site could appear because cation 
vacancies are electron deficient. 

Discussion 

In the above model, the possibility of 
forming new acid sites is discussed with re- 
spect to the electrostatic potential at the 
substituting ion and the effect of the matrix 
in preserving overall stoichiometry. With 
respect to the former, the effect at the sub- 
stituting ion depends on the sign and the 
magnitude of AV in Eq. (2), which in turn 
depend on the relative magnitudes of lattice 
self-potential and the ratio q/qF. The values 
of q/qF for most oxides are about l/2. As to 

the lattice self-potential, the values in Table 
I reveals an interesting generalization: for 
compounds of the same stoichiometry, the 
magnitudes of the lattice self-potential are 
about the same and are different from other 
stoichiometries. In general, they are about 
-20 to -24 V for MO, -33 to -36 V for 
M203, -42 to -46 V for M02, and -60 V 
for M03. Thus when an oxide of a lower 
oxidation state is mixed into a matrix of a 
higher oxidation state, new Lewis acid sites 
are likely to develop at the substituting ion 
position unless there is a large difference in 
their ionicity (i.e., q/qF). This observation 
then leads to the simplified conclusions 
summarized in Table III that are based on 
the oxide stoichiometries only. 

When these conclusions are applied to 
mixed oxides, a comparison of the pre- 
dicted and experimental results can be 
made. This is shown in Tables IV and V. 
Table IV shows the comparisons in which 
the predictions based on Table III are either 
affirmative or negative. Of the 24 oxide 
pairs compared, agreement between ob- 
served results and prediction were found 
for all but two pairs. Table V shows the 
experimental observations for oxide pairs 

TABLE III 

FORMATION OF NEW ACID SITES PREDICTED FROM 
STOICHIOMETRY OF THE SUBSTITUTING OXIDE AO, 

AND MATRIX BOzo 

Formation of new acid site 

At substituting ion In matrix 

Lewis acid Briinsted Lewis 
Case acid acid 

Y<Z Yes Yes May be 
y=z Yes if BO, more 

ionic 
Y>Z No ,“z %?$ be 

a When the ionicity of the two oxides are very differ- 
ent, stoichiometry alone is not sufficient for predic- 
tion. 
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TABLE IV 

COMPARISON OF EXPERIMENT AND PREDICTED 
FORMATION OF NEW ACID SITES 

New acid site 
Matrix Substituting 

oxide, BO, oxide, AO, Predicted” Experime& 

Ti02 cue + + 
MN + + 
ZIIO + + 
Cd0 + + 
403 + + 
SiOz + + 
PbO + + 
BizOz + + 
Fe203 + + 

zno MN - + 
PbO - - 

A1203 MgO + + 
B,O, - + 
SW3 - 
B&O3 - 

SiOz Be0 + + 
MgO + + 
cao + + 
SrO + ? 
BaO + ? 
Ga203 + + 
AMA + + 
y203 + t 
La203 + + 
Zfi2 t t 

Z@ Cd0 + t 

’ The + means affirmative, - means negative. 
’ All experimental data are taken from Ref. (3). 

for which the prediction by this model is 
inconclusive. Of the 12 pairs, eight show 
new acid sites formed, four do not. Results 
in these two tables strongly suggest that al- 
though electrostatic potential and the bal- 
ance of stoichiometry are not the only con- 
siderations, they are likely the dominant 
factors in new acid site formation. Only 
when considerations based on these two 
factors are inconclusive, consideration of 
the otherwise minor factors needs to be 
made. 

There is available another predictive 
model by Tanabe et al. (3) which is a local- 
ized approach that examines the change in 
the coordination number of the substituting 
ions. In their model, formation of new acid 
sites is predicted by examining the differ- 
ence of the ratio qFIC for the substituting 

ion and the surrounding oxygen ior, where C 
is the coordination number. Since the ratio 
qFIC is the same, except for a sign change, 
for the cation and the anion in a given com- 
pound (in which all cations and all anions 
are equivalent), this difference is the same 
as that between the cations of the two com- 
ponent oxides. 

Tanabe’s method and the most simplified 
conclusion of this method of comparing 
stoichiometries bear some similarities. Al- 
though the stoichiometry and the qFIC ratio 
do not have a fixed relationship, qFIC is the 
same for most oxides of the same stoichi- 
ometry. Thus either method gives the same 
prediction in most cases. While they may 
yield similar results, there are important 
differences between them. As mentioned 
before, Tanabe’s method is a localized ap- 
proach such that any new acid sites formed 
are at the substituting cation site. In this 
method, the effect of matrix is emphasized. 
Thus new acid sites can be formed on the 
matrix surface far away from the substitu- 
tion site as well as at the site. The matrix 
affects the substituting cation through long 

TABLE V 

EXPERIMENTAL RESULTS OF NEW ACID SITE 
FORMATIONS ON OXIDE PAIRS FOR WHICH THE 
PREDICTION BY THE MODEL Is INCONCLUSIVE 

Matrix 
oxide, BO, 

TiOz 

ZnO 

Al203 

Si02 
Zr02 
MizO 

Substituting Experimental 
oxide, AO, results” 

ZrOa + 
wo3 + 
AlD, + 
SiOz + 
Zr02 - 

SW, - 

Bi203 - 
Zr02 + 
wo3 + 
wo3 + 
wa + 
WO3 - 

a Data are taken from Ref. (3) except for those in- 
volving W03 which are taken from Ref. (15). 
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range electrostatic interaction. The coordi- 
nation immediately around the substituting 
cation is not explicitly considered although 
it strongly determines the lattice self-poten- 
tial. Finally, ionicity is being taken into 
consideration. 

This approach can be improved upon in 
several ways. The inclusion of the effect of 
coordination symmetry on the direction, 
energy and occupation of the dangling or- 
bitals of the substituting ion and its neigh- 
bors, the use of surface lattice self-potential 
instead of the bulk values, the incorpora- 
tion of the detailed knowledge of the proper- 
ties of anion and cation vacancy defects on 
the matrix, and a treatment that applies to 
concentrated solid solutions would lead to 
more quantitative and interesting results. 

In conclusion, this paper describes a sim- 
ple and easy-to-apply method to predict the 
formation of new acid sites in dilute solid 
solutions. While the treatment is crude in 
most instances, the predictions agree with 
experimental observations. Its success 
points out that in most instances, electro- 
static potential and balance of stoichiome- 
try are the two most dominant factors in 
new acid site formation. 
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