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ABSTRACT

The variations of chemical bonding characteristics in doped SnO,base inert anodes with various dopants

are studied using CNDO / 2 quantum chemical calculations. A new model of conductivity is derived.which is

checked with literature data and our experimental results. Proper dopants can be selected with the model to re

duce the resistivity of said electrode effectively.
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1 INTRODUCTION

Since the SnO,-base inert anode was ap-
plied to the electrowinning process of alumi-
num from the cryolite—ALO; molten salts in
1930s, much work has been done about the
conductivity of the anode and how to raise it
by doping. Xue et al "adopted the 2—probe
method to detect the resistivity of the anode
and found that its conductivity can be raised
by controlling the valence of the dopant or
promoting the sintering process of the anode
when it is doped by Sb,O;, CuO or ZnO.
Wang er al ? studied the effect of the six
dopants of Sb,0,, CuO. ZnO. MnO,, Fe,0,
and Cr,0, on the physical properties of the
anode such as the resistivity with plural pro-
gressive regression. In this paper, the varia-
tions of the chemical bonding characteristics in
doped SnO,-base inert anodes are studied with
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CNDO / 2 quantum chemical calculations. By
investigating the mechanism of the conduction
of electricity in the doped anodes, a new model
of conductivity is derived, which is checked
with literature data and our experimental re-
sults. Proper dopants can be selected with the
model to reduce effectively the resistivity of the
anodes.

2 QUANTUM CHEMICAL CALCULA-
TIONS

2.1 Calculation Method

CNDO / 2 calculations are adopted which
are well applicable for the comparison of the
electric or magnetic properties in homologues.
The program is run on a Siemens 7570C com-
puter with the necessary atomic parameters
from Pople et af.

A SnO, unit cell with 15 atoms and 24



£ 60 - TRANSACTIONS OF NFsoc

August 1992

net charges shown in Fig.1 is taken as the cal-
culation model of the SnO,-base. All the atoms
in the model are numbered from 1 to 15. In
order to examine the effect of every dopant on
the bonding characteristics of the SnO, unit
cell, Sn** is replaced by a metallic cation of the

(4

dopant. As is known'", many metallic cations

are almost the same in radii as Sn*" and often
take the place of Sn*" in natural tinstone in
isomorphous form. Therefore, we can choose
such cations as Sb*, Cu®', Zn*', Mn*', Cr*",
N2, Ti*, V¥, Co™, Y*, Z+*', Nb™, Bi*"and
1", the radii of which are almost the same as

that of Sn*!%, to replace Sn*" in our calcula-

coordinated of every atom are taken from

Samsonov'.

2.2 Calculation Results

The compositions of the highest occupied
molecular orbitals (HOMO) of SnO, and dop-
ed SnO, unit cells are obtained with CNDO
/2 calculations. The atoms are classified as
shown in Table 1, where the numbers refer to
those of the numbered atoms and where oxides
(except SnO,) refer to the dopants in SnO,
unit cell. The atoms that participate in the
formation of HOMO are marked as +/.

tions. The corresponding dopants of oxide are 8
$b,0,, CuO. ZnO, MnO,, Fe,0;, Cr,0;, NiO,
Ti0,V,05, C0,05 Y03 ZrO, NbOs,
Bi,O; and IrO,. The Sn* to be replaced is se- 3 .
lected from the centre of the unit cell so that e
the calculation results are symmetrical. It is ///
supposed that the lattice parameters of the
SnO, unit cell remain constant after the re- . ’
placement of Sn*’ by the cations. The necessa- N et
3 & @—=sn* o—0" @—Sn*or doped ion
ry lattice parameters of SnO, for counting the
Table 1 Atoms participating in HOMO formation of SnO, and SnO, unit cells
SnO, Sb,0, Cu0 ZnO MnO, Fe,0, Cr,0; NiO TiO, V,0, Co,0; Y0, ZrO, Nb,O, Bi,0; IrO,
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3 THE MODEL OF CONDUCTIVITY

SnO, and doped SnO,—base anodes are
semiconductors in which the simulated elec-
trons in HOMO conduct electricity. Therefore
only the atoms which participate in the forma-
tion of HOMO supply the electrons to form
electricity. In SnO, anode, the atoms which
participate in the formation of HOMO and
supply the electrons to form electricity are
those numbered 1, 10, 11, 12, 13, 14, 15 and
situated in all three dimensions. As a result,
the resistance of the lattice to the flow of elec-
trons to form electricity is large, i. e. the
resistivity of the anode is large and its conduc-
tivity small.

When the SnO,-base is doped by Sb,0;.
the atoms which participate in the formation
of HOMO and supply the electrons to form
electricity change to those numbered 2, 4, 7, 9,
10, 11, 12, 13. They are located on one plane
which is depicted by the shaded area in Fig. 1.
The resistance of the lattice to the flow of the
electrons on the plane to form electricity be-
comes smaller and thus the resistivity of this
doped SnO,—base anode is reduced and its
conductivity raised. Such dopants as ZnO,
MnO,, TiO,, Co,0; and IrO, have the same
function as Sb,0,. Conductivity of the SnO,-
base anode with any of these dopants will be
raised.

When the SnO,-base is doped by Fe,0,,
the atoms which supply the electrons to form
electricity change to 1,2, 3, 4,5, 6,7, 8,9, 10,
11, 12, 13, 14 and 15. That is , all the atoms in
the lattice participate in the formation of
HOMO. They are situated in all three dimen-
sions rather than on one plane. The resistance
of the lattice to the flow of electrons to form

electricity is increased. Therefore the addition

of Fe,O; to the SnO,-base anode will reduce
the conductivity of the anode. Such dopants as
CuO, Cr,0;. NiO. V,04, Y,0,, ZrO,, Nb,0;
and Bi,05 have the same function as Fe,O,.
The atoms participating in the formation of
HOMO in the SnO,-base anode doped by any
of above dopants are situated in all three di-
mensions.

Only one Sn*" in the centre of the SnO,
unit cell is replaced by a cation of dopant in
our CNDO / 2 calculations. Therefore the ab-
ove-mentioned new model of conductivity is
applicable only for the doped SnO,-base ano-
des with the model at a too high or too low
concentrations. In addition, as the results of
quantum chemical calculations reveal, in theo-
ry, the bonding characteristics at the tempera-
ture of absolute zero, any difference in the
conductivity of the anode caused by the varia-
tion of its physical or chemical properties with
increasing temperature is neglected in the mo-
del.

4 VERIFICATION OF THE MODEL

From the new model of conductivity, it is
known that atoms participating in the forma-
tion of HOMO are located on one plane if the
SnO,-base anode is doped by Sb,O; ZnO,
TiO,, Co,0; or IrO,. The electrons in them
are easily stimulated and flow on the plane to
form electricity. The resistance of the lattice to
the flow of the electrons to form electricity is
decreased. So the resistivity of any of these
doped SnO,base anode is reduced and its
conductivity raised. If the SnO,-base anode is
doped by Fe,05 CuO. Cr,0; NiO, V,0s,
Y,0;5, ZrO,, Nb,O5 or Bi,Os, atoms partici-
pating in the formation of HOMO are situated
in all three dimensions. The resistance of the
lattice to the flow of the electrons supplied by



62 -

TRANSACTIONS OF NFsoc

August 1992

these atoms to form electricity is increased.
The resistivity of any of these doped SnO,-base
anodes is raised and its conductivity reduced.
The above prediction of the variation of con-
ductivity is checked with literature data and
our experiments as follows.

4.1 The Experimental Conditions

SnO, and doped SnO,-base anodes were
prepared by powder sinleringm. SnO, and all
the dopants of oxide were reagent grade. The
anodes were pressed and shaped before sin-
tered at 1,350C in air for 5 h.They were cylin-
drical with a length to diameter ratio greater
than 3. All the anodes were prepared in one
batch with the same technique to make sure
that they were comparable. A four-probe me-
thod was adopted to measure the conductivi-
ties of the anodes in view of the stabilities of

semiconductors”.

4.2 The Experimental Results

SnO,-base anodes doped by TiO,. V,0s.
C0,0;. Y,0,. Bi,O; and Nb,O; were prepar-
ed. Their conductivities together with some of
their physical properties were measured as
shown in Table 2. All of them were the average
values of more than 2 measurements. The am-
ounts of the dopants in SnO, were 1~ 3 wit—
Yo.

Table 2 shows that the conductivity of the

Table 2 The conductivi

SnO,—base anode doped by TiO, or Co,0; is
greatly raised while that of the SnO,-base ano-
de doped by V,05 or Y,05 is reduced, which
coincides with the model. The conductivity of
Bi,O5 or Nb,Os; doped SnO,-base anode is
slightly increased, which seems to contradict
with the model. But as is known'®, Bi,Os and
Nb,Oj5 easily lose their oxygen at high temper-
atures to become nonstoichiometric with their
conductivities raised. By comparing the incre-
ase of the conductivities in a Bi,O5 or Nb,Os
doped and a TiO, or Co,0; doped SnO,-
base anodes, we notice that the conductivity of
a Bi,O5 or Nb,Os doped SnO,-base anode is
not raised greatly even though there exist de-
fects and the nonstoichiometry of oxygen in
Bi,O5 and Nb,Os.

The variations of conductivity in doped
SnO,-base anodes predicted from the new
model are listed in Table 3 with the literature
data and our experimental results. Table 3 in-
dicates that the literature data and our experi-
mental results coincide well with the predicted
conductivities, which supports the model very
well. In addition, the conductivity of the SnO,-
base anode doped by CuO is reduced at low
temperatures. This is identical with the predic-
tion of the model. But the physical and chemi-
cal properties of CuO vary at high tempera-
tures because of the formation of the CuO—
Cu,0 liquid phase which can wet the SnO,

ies of doped SnO,~base inert anodes

e bR density  porosity conductivity / x 10°Q 'em |

/ gem™ /% 600/C700/C 800/C 900/C 970/C
0285A01 5n0, 4083 4177 0509 3401 1324
0383A01 4250 3900 166 127 590 1231 1536
036SA01 5286 2296 1822 3081 6.027
0255A01 5266 2496 53 2451 46l 5958 7181
0328A01 4539 37.34 0.483 2.857 8.14
039SA01 6.822 0.052 6.812 20.07 3749
030SA02 5.120 26.04 7.474 29.50 93.43
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crystalline grain to reduce greatly the porosity
of the anode and enhance the contact between
the crystalline grains to reduce the contact re-
sistance. As a result of that, the sintering pro-
cess is promoted and the conductivity of the
anode is raised at high temperatures.

Table3 The predicated (p.) and experimental (e.) conduc-

tivities of doped SnO,—base inert anodes*
dopant 6,0, CuO ZnO MnO, Fe,0, Cr,0; NiO
P h: v t t '

e fUA jBas gua gm0 ea gmo g

TiO, V,0, Co,0, Y,0, ZrO, NbO; Bi,O, IO,
t ' ¥ v ' ' ' t

4 luthor] | o] 4 latho] | faihor] | luthor] | autor]

* —at low temperature ; + —raise: + —reduction;
[}—references

The effect of the remaining of the dopants
in Table 3 on the conductivities of the SnO,-
base anodes needs to be checked further due to
the lack of chemical reagents.

From the above discussion, it is known
that the conductivity of any binary doped
SnO,-base anode can be predicted correctly
with CNDO / 2 calculations of quantum che-
mistry and the new model of conductivity,
which provides a convenient way to select
proper dopants of oxide to raise the conductiv-
ity of the SnO,-base inert anode.

5 CONCLUSIONS

With the quantum chemical calculations

for SnO, and doped SnO, unit cells, a new
model of conductivity in the doped SnO,-base
inert anode for the electrowinning of alumi-
num is derived by analysing the compositions
of frontier molecular orbitals. It is proposed
that the conductivity of the SnO,—base inert
anode doped by Sb,0;, ZnO, MnO,, TiO,,
C0,0; or IrO, is raised. Most of the predic-
tions about the effect of the dopants on the
conductivities of the anodes are checked with
literature data and our experimental results.
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