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Substitution of Pb for Bi in the recently characterized mixed-
valence lead—platinum oxide PbPt,0, was attempted and
a Pb,_,Bi . Pt,0, solid solution was obtained for 0 < x < 0.3.
Powder X-ray diffraction study showed that all substituted com-
pounds crystallize with similar triclinic unit cell and PbPt,0,
lattice parameters. The structural model of Pb,;Bi,;Pt,0, was
refined from powder X-ray diffraction data using the Rietveld
method and the results indicate the same crystal structure than
PbPt,0, with one mixed Pb/Bi atomic site. Neutron diffraction
realized on the two limit compositions of the solid solution (x =0
and 0.3) allowed to confirm the PbPt,O, and Pb,,Bi,;Pt,0,
stoichiometries. Mean oxidation degree of Pt atoms in the
[PtO,] infinite chains decreases from + 3 for PbPt,0, to + 2.7
for Pby;Bi,;Pt,0,. Conductivity measurements show a metallic
behavior for all the compositions except the limit composition
x=10.3 for which a semiconducting behavior appears. ¢ 2002
Elsevier Science (USA)
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INTRODUCTION

Binary and ternary platinum oxides have been extensively
studied for their electrical properties and the potential use of
their electrochemical and catalytic properties. In oxides,
platinum cations present two types of environment depend-
ing on their valence state: tetravalent platinum adopts oc-
tahedral coordination PtOyg, divalent or partially oxidized
platinum is in square planar coordination PtO,. The struc-
ture and properties of binary and ternary platinum oxides
have been reviewed by Schwartz and Prewitt (1).

In our laboratory, the studies are focused on oxides based
on Bi** or Pb?"*, two lone pair containing cations. Thus,
the studied platinum oxides pertain to the Bi-Pb-Pt-O
system.
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In the Pb-Pt-O system two phases were reported:
Pb,PtO, (2) and PbPt,0, (3). The first one contains Pt** in
octahedral coordination, the PtOg octahedra are edge
shared to form rutile-type chains. The chains are connected
by Pb?* ions. This compound is an insulator. The structure
of the latter has been solved from X-ray powder diffraction
data. It consists of PtOg octahedra (Pt**) and two types of
PtO, square planes containing divalent and/or partially
oxidized platinum.

In the Bi-Pt-O system, two compounds have been ob-
tained for Bi/Pt = 1 at 700°C under 3 kbar of pressure (4).
The pyrochlore-type Bi,Pt,O- is prepared as a single phase
and exhibits a semiconducting behavior. The second com-
pound with approximate composition BiPtO; s adopts
a KSbO;-type structure and its structure is very much like
that found for BizRu;O4; (5), and its ideal composition
may be Bi;Pt;0;,. The two cubic structures are based on
octahedral frameworks. The PtO¢ octahedra are linked by
corners only in the pyrochlore structure and by edges and
corners in the KSbO;-type structure.

Finally, in the Bi-Pb-Pt-O system a series Bi,_,
Pb,PtO, has been stabilized within the range 0.33 <
x < 0.52 (6). The structure consists of PtO, groups which
are stacked along the c-axis of the tetragonal cell, and the
(PtO,) columns are linked together by Bi** and Pb*" ions
(7). Isostructural Bi,MO, compounds exist for M?* =
Cu?* and M?* = Pd*" (8, 9), on the contrary Bi,PtO, has
not been isolated, the stabilization of the compound is
achieved by oxidation of platinum resulting from the substi-
tution of Pb%* for Bi**. Bi,CuO, is an insulator, Bi,PdO,
is a semiconductor, oxidized lead-bismuth platinum phases
exhibit semiconducting behavior with relatively high con-
ductivity with small variations of conductivity values with
the mean oxidation degree of the platinum atom (10). The
structural features of the Bi or Pb platinum oxides have
been confirmed by a photoelectron spectroscopy study (11).
As in the Bi,_ . Pb,PtO, series, variation of oxidation de-
grees of platinum atoms in PbPt,O, can also be expected by

substitution of Bi** for Pb2 ™.
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The aim of this paper is to study the effect of Bi** for
Pb?* substitution in PbPt,0, on the structure, eventually
on the oxygen non-stoichiometry and on the conductivity
properties. We report here the synthesis, the crystal struc-
ture refinement both from X-ray and neutron powder
diffraction data and the electrical measurements of the
Pb, _ .Bi,Pt,0, series.

EXPERIMENTAL
Synthesis

A series of polycrystalline compounds with the composi-
tions Pb,_Bi,Pt,O, (x = 0.0, 0.1, 0.2, 0.3, 0.4, 0.5) were
prepared by solid-state reaction. Stoichiometric quantities
of PbO (Janssen 99.7%), Bi, O3 (Riedel 99.7%) and Pt metal
(Aldrich 99.99%) according to

(1 — x)PbO +§Bi203 + 2Pt

3 X

+(3-3)o:
were thoroughly mixed in an agate mortar and heated in air,
at 600°C for 24 h, then at 640°C for 48 h and finally at 680°C
for 1 week with regrinding after each heating step. All
samples were controlled at room temperature by X-ray
powder diffraction using a Guinier-De Wolff focusing cam-
era and CuKo radiation. Unit-cell parameters were deter-
mined with a Siemens D5000 powder diffractometer (CuKa
radiation) equipped with a back monochromator and were
least-squares refined after Ko, correction.

680°C
1 week

Pb, _,Bi . Pt,0,

X-Ray Powder Diffraction

The crystal structure of the x = 0.3 term of the solid
solution was refined from powder data recorded on a Sie-
mens D5000 diffractometer using the same conditions of
data collection and refinement than for PbPt,0, investiga-
tion (3), and confirms the results obtained for PbPt,O,
compound.

Thermal Analysis

Differential thermal measurements were carried out in
air on a SETARAM 92-1600 thermal analyzer in the tem-
perature range 20-830°C both on heating and cooling.

Neutron Powder Diffraction

The neutron powder diffraction patterns of the com-
pounds x = 0 and 0.3 were collected at room temperature
using the high-resolution D2B powder diffractometer at

Institute Laue Langevin (ILL), Grenoble. The high-intensity
mode was used to collect the patterns at 298 K. The incident
neutron wavelength, 1.594 A, was selected from the (533)
plane of a germanium single-crystal monochromator.
About 5g of each sample was enclosed in a vanadium
cylindrical 8 mm diameter can. The 64 counters spaced at
2.5° intervals, were moved by step of 0.05° in the range
2.5° <20 <162.5°. The counting times were 15h for
PbPt,0O, and 12 h for the substituted compound, respec-
tively, and a total of 3240 data points were recorded. Both
neutron diffraction patterns were refined by the Rietveld
method (12, 13), using the Fullprof program (14), a strongly
modified version of the Young and Wiles refinement pro-
gram (15). A Gaussian function was chosen to generate the
line shape of the diffraction peaks. The Gaussian compon-
ent has widths given by the function (FWHMY) = U tan® 0
+ Vtan 0 + W (16), where U, V, and W are refineable
parameters. The coherent scattering lengths used were
9.400, 8.526, 9.630 and 5.805fm for Pb, Bi, Pt and O,
respectively. The background was defined by fifth-order
polynomial in 20 and was refined simultaneously with the
other profile parameters. The profile refinements were per-
formed in the space group P1, taking as starting model that
of PbPt,0, resulting from powder X-ray crystal structure
determination (3). Cell dimensions and structural para-

TABLE 1
Crystal and Refinement Parameters from Neutron Diffraction
Patterns for PbPt,O, and Pb,;Bi,;Pt,0,

Chemical formula PbPt,0, Pb, ,Biy 3Pt,0,4
Formula weight (g mol™ ") 661.36 661.90
Crystal system Triclinic Triclinic
Space group P-1 P-1
Unit-cell dimensions

a(A) 6.1173(2) 6.1055(2)
b (A) 6.6489(3) 6.6156(3)
¢ (A) 5.5523(2) 5.5597(2)
o (deg) 97.195(3) 97.175(3)
p (deg) 108.827(3) 108.863(3)
y (deg) 115.213(3) 115.214(3)
v (A3) 184.06(1) 182.99(2)
Unit formula zZ=2 zZ=2
Density (g cm ™ 3) 11.94 (2) 12.01(2)

Sample description Black powder Black powder
No. of fitted parameters 96 97

No of profile points 3240 3240
Half-width parameters
U 0.086(7) 0.137(7)
|4 0.053(9) — 0.022(6)
w 0.062(4) 0.066(4)
R factors
Reyp 0.017 0.029
R, 0.039 0.057
Ry, 0.050 0.074
Rr 0.030 0.037
0.052 0.059
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TABLE 2
Final Atomic Positions, Occupancy Factors, and Equivalent
Isotropic Displacement Parameters Refined from Powder Neu-
tron Diffraction for PbPt,O,4 and Pb,,Bi,;Pt,0,

Atom  Site X y z B, (A" Occup.
PbP1,0,

Pb 2% 0.7471(7) 0.8594(7) 0.1365(7) 1.53(3) 1
Pl Ig 0 1 1 13002) 1
PR if 1 0 1 1.1902) 1
P le 0 1 0 1.54(2) 1
P4 1h 1 1 1 13902) 1

o1 2 0605(1) 0280(1) 0364(1)  1.18(6) 1.01(1)
02 2 0345(1)  0503(1) 0.122(1)  1.80(5) 0.98(1)
03 2 0.059(1) 08451) 0.167(1)  1.67(6) 0.99(1)
04 2 0.035(1)  0273(1)  0477(1)  L12(5) 1.00(1)
Pb, ;Bi; 5Pt,0,

Pb/Bi 2 0.7449(7) 08592(7) 0.132008) 1.53(4) 0.71/0.29(1)
Pt lg 0 1 L 1.6203) 1
PR i 1 0 1 0.89(2) 1
P33 I 0 1 0 1.55(2) 1
P4 1h 1 1 1 1172) 1

o1 2 06041) 0276(1) 0363(1)  181(5) 1.01(2)
02 2 0346(1)  0507(1) 0.127(1)  1.76(6) 0.98(1)
03 2i 0.164(1)  0.848(1) 0.171(1) 1.49(4) 0.97(1)
04 2 0.436(1)  0273(1) 0477(1)  1.09(5) 0.97(2)

“Beg =3 X Xj Bijaia;.

meters were refined, with independent refinement of the
profile parameters, i.c. peak shapes, background para-
meters, zero-point correction and scale factors. In the final
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refinement, anisotropic thermal parameters were refined
for all atoms. Crystal and refinement parameters are
summarized in Table 1. The final refined atomic
positions, occupancy factors and equivalent isotropic dis-
placement parameters are shown in Table 2, anisotropic
displacement parameters for all atoms in Table 3, with
selected bond lengths and angles in Table 4. The corre-
sponding fitted diffraction diagrams are shown in Fig. 1. We
notice a weak increase of the background with 26 values, it
is probably due to the elastic diffuse scattering contribu-
tions.

Electrical Measurements

The electrical conductivity of four samples (x = 0, 0.1, 0.2
and 0.3) was measured on sintered pellets using a standard
four-point technique in the range 4.2-300 K. Contact of
the four leads was achieved through a silver paint. The
sample was supplied by a current source with a current of
1 mA, which corresponds to a current density of about
0.02 A cm ™% and the voltage was measured with a nanovol-
tmeter.

Lone-Pair Electrons Localization

The phenomenon of the lone-pair electrons occurs in
solid-state materials containing heavy metal cations of the
p block with an external electronic configuration ns*np°
such as Bi*" and Pb?*. This pair occupies approximately
the same volume that an anion O?~ or F . As its electronic

TABLE 3

Anisotropic Displacement Parameters f;* Refined from Powder Neutron Diffraction for PbPt,0, and Pb,;Bi,;Pt,0,
Atom B11 B2z B33 P12 P13 P23
PbPt,0,
Pb 0.0135(14) 0.0136(15) 0.0087(16) 0.0067(12) 0.0046(14) 0.0014(12)
Ptl 0.0042(23) 0.0200(20) 0.0029(20) 0.0037(09) — 0.0009(09) 0.0055(09)
PE2 0.0076(19) 0.0074(16) 0.0140(22) 0.0030(08) 0.0027(09) — 0.0023(09)
Pt3 0.0039(22) 0.0154(22) 0.0134(23) 0.0028(09) — 0.0004(08) — 0.0004(09)
Pt4 0.0040(18) 0.0195(22) 0.0063(19) 0.0023(09) 0.0019(17) 0.0042(09)
o1 0.0089(26) 0.0158(24) 0.0150(29) 0.0086(20) 0.0088(21) 0.0124(20)
02 0.0221(27) 0.0090(19) 0.0066(28) 0.0002(17) 0.0038(22) —0.0027(19)
03 0.0271(32) 0.0081(18) 0.0042(24) 0.0012(19) 0.0094(20) — 0.0009(19)
04 0.0115(25) 0.0065(23) 0.0005(21) —0.0019(18) —0.0016(19) —0.0013(16)
Pb, ;Bio.3Pt,04
Pb, Bi 0.0119(15) 0.0141(15) 0.0117(17) 0.0050(12) 0.0047(14) 0.0007(12)
Ptl 0.0061(27) 0.0203(21) 0.0022(21) 0.0067(20) 0.0029(19) 0.0056(17)
P2 0.0021(18) 0.0052(15) 0.0108(21) 0.0005(15) 0.0001(16) — 0.0037(15)
Pt3 0.0043(22) 0.0122(22) 0.0170(25) 0.0050(17) 0.0006(16) — 0.0007(18)
Pt4 0.0030(02) 0.0166(21) 0.0044(19) 0.0011(17) 0.0015(16) 0.0035(17)
Ol 0.0138(22) 0.0222(25) 0.0125(28) 0.0101(19) 0.0033(19) 0.0114(21)
02 0.0117(25) 0.0060(08) 0.0239(34) —0.0017(17) 0.0068(23) 0.0030(23)
03 0.0217(32) 0.0041(21) 0.0024(26) 0.0001(19) 0.0007(21) — 0.0072(18)
04 0.0091(25) 0.0075(24) 0.0051(25) — 0.0004(19) 0.0022(21) — 0.0037(18)

“The anisotropic displacement exponent takes the form (8;1h? + B,2k? + B33l + Biohk + Bishl + By3kl).
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TABLE 4
Selected Bond Lengths (A) and Angles (°) for PbPt,0, and Pb,;Bi,;Pt,0,

PbPt,0, Pby ,Biy.3Pt,04 PbPt,0, Pby.,Biy.3Pt,04

Pb-Bi environment O(1)°-Pt(2)-O(3)! 86.1(4) 85.4(5)
Pb-O(1)* 2.649(7) 2.625(7) O(1)°-Pt(2)-0O(3) 93.9(4) 94.6(5)
Pb-0O(2)° 2.553(8) 2.543(8) Pt3 environment
Pb-O(2)* 2.377(8) 2.394(8) Pt(3) 0(2)0 V2 1.989(8) 1.976(8)
Pb-O(3)* 2.516(9) 2.534(9) Pt(3)-0(3)*" " x 2 2.011(7) 2.022(7)
Pb-O(3)"ii 2.744(7) 2.718(8) <Pt(3) O> 2.000(7) 1.999(7)
Pb-O(4)"i 2.645(7) 2.652(7) 0O(2)°-Pt(3)-O(3)™ 95.4(5) 93.9(5)
Pb-O(4)i 2.432(7) 2.452(7) 0O(2)°-Pt(3)-0(3)° 84.6(5) 86.1(5)
{(Pb-0O) 2.559(8) 2.560(8) Pt4 environment

O(1)*~Pb-0(2)° 77.4(3) 78.7(4) Pt( -O(1)% 1 x 2 1.987(6) 2.004(7)

O(1)*~Pb-O(2)* 66.5(3) 67.3(4) Pt(4)-0(2)*1x 2 2.010(6) 1.994(7)
O(1)*~Pb-O(3)* 112.4(5) 113.6(5) Pt(4)-O(4)*ix 2 2.047(6) 2.033(7)
O(1)*-Pb-O(3)"ii 61.4(3) 60.6(3) (Pt(4)-O) 2.015(6) 2.010(7)
O(1)*~Pb-O(4)" 133.6(4) 133.9(4) O(1)°-Pt(4)-0(2)° 87.6(5) 88.4(5)
O(1)*~-Pb-O(4)! 143.0(4) 143.6(4) O(1)°-Pt(4)-O(2)! 92.4(4) 91.6(5)
0(2)°-Pb-0O(2)* 65.5(4) 66.8(4) O(1)°-Pt(4)-O(4)° 101.3(5) 100.9(5)
0(2)°-Pb-O(3)* 120.8(5) 121.4(5) O(1)°-Pt(4)-O(4)! 78.7(4) 79.0(4)
0O(2)°-Pb-0O(3)ii 136.7(5) 137.1(5) O(2)°-Pt(4)-O(4)° 92.6(4) 92.7(5)
O(2)*-Pb-O(3)* 66.7(4) 67.2(4) 0O(2)°-Pt(4)-O(4)! 87.4(4) 87.3(5)
O(2)*~Pb-O(3)"ii 105.9(4) 105.6(4)
0O(2)°-Pb-O(4)"* 138.6(4) 137.0(4) O environment
0(2)°-Pb-O(4)! 68.4(3) 67.6(4) O(1)-0(2)° 2.767(9) 2.787(9)
O(2)*~Pb-O(4)"ii 143.9(4) 143.2(5) O(1)-0(2)} 2.885(9) 2.867(9)
O(2)*~Pb-O(4)! 86.3(4) 86.5(4) O(1)-O(3)i 2.753(9) 2.696(9)
O(3)*-Pb-O(3)"iii 88.7(4) 89.1(4) O(1)-0(3)° 2.948(8) 2.921(2)
O(3)*~Pb-O(4)"1 77.3(4) 76.1(4) O(1)-O(4)! 2.559(8) 2.570(8)
O(3)*-Pb-0O(4)! 75.7(4) 75.4(4) 0(2)-0(2)* 2.672(9) 2.720(9)
O(3)ii-Pb-O(4)"ii 74.2(3) 75.2(3) 0O(2)-0(3)" 2.692(9) 2.729(9)
O(3)"ii-Pb-O(4)! 154.8(4) 155.1(4) 0(2)-0(3)° 2.959(9) 2.923(9)

O(4)'-Pb-O(4)"i 83.0(3) 82.1(3) 0O(2)-0O(4)! 2.803(9) 2.780(2)
Ptl environment 0(2)-0(4)° 2.933(9) 2.91509)
Pt(1)-Pt(3)°i x 2 2.776(1) 2.780(1) Pt(1)*~O(1)-Pt(2)° 115.8(3) 116.3(3)
Pt(1)-O(1)"¥ x 2 2.020(7) 2.022(7) Pt(1)*~O(1)-Pt(4)° 99.5(3) 98.6(3)
Pt(1)-0(4)°vix 2 2.014(6) 2.012(7) Pt(2)°-O(1)-Pt(4)° 111.9(3) 111.5(3)
(Pt(1)-O) 2.017(7) 2.017(7) Pt(3)°-0(2)-Pt(4)° 116.6(3) 117.8(3)
O(1)*-Pt(1)-O(4)° 101.2(5) 100.9(5) Pt(2)-O(3)-Pt(3)° 116.3(5) 116.7(3)
O(1)'-Pt(1)-O(4)° 78.8(4) 79.1(4) Pt(1)°-O(4)-Pt(4)° 97.7(3) 98.0(3)
Pt2 environment
Pt(2)-0(1)%1 x 2 2.025(6) 1.997(6)
Pt(2)-O(3)"iii x 2 2.008(6) 1.978(6)
(Pt(2)-O) 2.052(6) 1.987(6)

Note. For symmetry codes see Table 5.

density is weak, the diffraction does not allow to localize it.
A method of location based on the balance of the electros-
tatic interactions in the material, has been proposed by
Verbaere et al. (17). Assuming that the polarizability of
a ns’np® atom results essentially from the presence of the
lone-pair electrons, the electric dipolar moment can be
assimilated to the polarization induced by the local crystal
field to which it is submitted (P = — 2d = oE), where —21is
the charge of lone pair, d the distance to the nucleus of the
atom supporting the pair, o the electronic polarizability of
the ion proposed by Shannon (18) and E is the local electric

field in the crystal. This method worked well for a simple
oxides such as PbO and for double oxides (19, 20)

The lone-pair electrons localization was carried out with
the program HYBRIDE (21) based on the algorithm of
Verbaere et al. (17), in which E is calculated by the Ewald
method (22), where the polarizability of Pb®>" and Bi®*”*
chosen are 6.58 and 6.12 A3, respectively. The calculation
used to determine ions partial charges derives from the
Pauling empirical formula (23), that gives the ionicity rate of
a bond M-O according to the difference between the elec-
tronegativity yy and yo of M and O atoms. Values of y are
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FIG. 1.
and the difference patterns appear in the lower part.

taken in the electronegativity scale of Allred et al. (24). Thus,
a per cent formal ionicity value was calculated for each
bond using formula

M-0 =1 —-exp[ — (1o — xm)**].

From atomic positions obtained by neutron diffraction,
the location of the lone pairs of the Pb/Bi atoms was
determined using the calculation method described above
and the oxygen environments of Pb/Bi are discussed. For
the substituted compound, the calculation was undertaken
allocating the polarized atom of an average polarizability

Observed (points) and calculated (continuous line) neutron diffraction patterns of PbPt,0O, (a) and Pb, _ Bi,Pt,O, (b). The reflection markers

coefficient value and an average charge, that takes into
account the substitution rate in this site. This charge was
compensated supposing a reduction of platinum atoms
along the Pt(1)-Pt(3) chain to respect the electrical neutral-
ity of the material. The refinement of the lone-pair position
and its environment is given in Table 5.

RESULTS AND DISCUSSION
The phase analysis of the different samples by X-ray

diffraction showed the existence of a solid solution and the
quaternary oxides (Pb; _ Bi,Pt,0O,) were obtained as single
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TABLE 5
Lone Pair (Lp) Position, Distances Lp-O < 3 A, and
Angles Lp—Pb-O

Distances  Lp-Pb-O
Lp position Lp-O (A) angles (deg)
PbP1,0, Lp-Pb 0.98(1)
Lp-O()%  2.56(1) 17.9(7)
Lp-O(1)™  2.84(1) 91.4(7)
x=06604) Lp-OQ2)°  2.56(1)) 79.5(8)
y=09355 Lp-O3)yi  2.80(1) 29.0(8)
2=02004) Lp-OB3)°  2.89(1)) 88.3(8)
Lp-O@)  2.56(1) 74.0(7)
Lp-O@)  2.71(1) 95.7(8))
Pby Big sPt,0, Lp-(Pb,Bi)  0.89(1)
Lp-O()¥  2.59(1) 16.4(7)
Lp-O()™  2.78(1) 90.8(7)
X=06675 Lp-OQ2)°  2.54(1) 79.9(8)
y=0931(4) Lp-O@)"  2.85(1) 29.4(7)
Z=01884) Lp-0(3)°  2.82(1) 87.2(8)
Lp-O@y  2.55(1) 73.4(8)
Lp-O()  2.69(1) 96.2(8)

Note. Symmetry codes: (0) x, y,z, () 1 —x, 1 —y, 1 —z (1) 1 —x, — y,
1—z@)x, —14+yz0) —x,1—y, —z () —1+x,y 2z (Vi —x,
1=y 1l—zEi)l+x,1+yzWi)l —x,2—y, —z@x)1l—x,1—y,
—z;(x)1+x,p 2z x)x, 1+, z

phases for x < 0.3, while for x > 0.3, a second phase,
Pb,_,Bi,PtO,, was observed on the X-ray diffraction dia-
gram. To follow the evolution of the cell parameters, several
compounds for various compositions (x = 0.00, 0.10, 0.15,
0.20, 0.25 and 0.30) were synthetized. The refinement of the
cell parameters, using a least-squares procedure, shows
a weak evolution of these parameters: a, b and the volume
V decrease in a linear way with the substitution rate while
¢ increases. The evolution of these parameters is given in
Fig. 2.

The differential thermal analysis study of two compounds
(x =0 and 0.3), Figs. 3a and 3b, showed that when the
samples are heated, an endothermic peak due to decomposi-
tion of compounds is observed at 784°C for PbPt,O, and
780°C for Pby ,Big 3Pt,O,. The analysis of residues by
X-ray diffraction after DTA, shows the existence of PbO
and platinum for x =0 plus bismuth oxide Bi,O; for
x =0.3.

The refinement of the crystal structure of
Pb, ,Big 3Pt,0, from the powder X-ray diffraction pattern
using the Rietveld method confirms the essential features of
the structure of PbPt,O,. The crystal structure is con-
stituted by four independent platinum atoms in special
positions, one mixed lead-bismuth site and four oxygen
sites, in general positions. In this structure, the platinum
atoms (Fig. 4) present two different environments, square
planes for Pt(1)-Pt(3) atoms while Pt(4) is in an octahedral
environment. The Pt(1)O, and Pt(3)O, units are alterna-

tively stacked along [001], and they are twisted to each
other by 45°. The resulting columns of PtO, units are
connected by Pt(2)O, units to form a Pt;Og layer parallel to
the (110) plane (Fig. 4). A Pt(2)O, square shares two oxygen
atoms with one Pt(1)O, and one Pt(3)O, unit of one column
and the two others with two successive PtO, units of the
nearby column. The layers are connected by Pt(4)O4 oc-
tahedrons to form a tri-dimensional network. The Pb/Bi
atoms occupy the large elliptic tunnels created by this
network. The Pb*>*/Bi** ions fit very well in the oxygen
channels, as shown by the Pb/Bi-O bond lengths.
Contrary to the diffraction of X rays, the diffraction of
neutrons allows to differentiate the lead atoms and the
bismuth atoms. The refinement of the rate of occupation of
the Pb/Bi site in the case of x = 0.3 confirms the formula
and the existence of the solid solution. On the other hand,
the refinement using neutron diffraction data of the occupa-
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FIG. 3. Differential thermal analysis study for PbPt,O, (a) and
Pby.;Big.3Pt,04 (b).

tion rates of oxygen sites does not allow to detect any
non-stoichiometry in oxygen in the pure phase but also in
the substituted compound. So, in the series Pb, _ Bi Pt,O,
the excess of charge introduced by the substitution of Pb?*
for Bi** is compensated by a possible reduction of platinum
atoms. A charge-distribution model for the platinum atoms
can be proposed with Pt** in octahedral site, Pt** in
isolated square plane and an unique non-integer formal
oxidation state for Pt(1) and Pt(3) which ranges from +3
for PbPt,0, to +2.7 for the Pb, ,Bi, 3Pt,O, limit com-
position. This hypothesis allows to explain the opposite
evolutions of the unit-cell parameters, the decrease of a and
b translates the decrease of the ionic radii of bismuth com-
pared to lead while the weak increase of ¢ is due to the
reduction of the platinum, such an evolution of the distance
platinum-platinum (¢/2) according to the average oxidation

degree of the platinum has already been observed, for
example, in the series Bi,_,Pb,PtO, (6). The non-integer
oxidation state of platinum along the Pt(1)-Pt(3) chain is
allowed by the delocalization of outer d electrons in the
columnar stacked PtO, substructure with a strong cation-
cation interaction resulting from the small Pt-Pt separation
of 2.78 A (the distance Pt-Pt found in platinum metal is
2.775 A). Partial oxidation of the platinum in the Pt(1)/Pt(3)
linear chains results in the removal of electrons from the top
of the d.- band promoting metallic conductivity. In fact, all
well characterized platinum oxides containing square-
planar stacking columns extending along two or three
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FIG. 4. (a) Projection of the PbPt,0, crystal structure along the
[001] direction showing the network built from PtO, and PtOg entities.
(b) Pt(1) and Pt(3) environments along the c-axis.



POWDER NEUTRON DIFFRACTION AND ELECTRICAL PROPERTIES OF Pb, _,Bi Pt,0, COMPOUNDS

crystallographic directions are metallic, such as the plati-
num bronzes Na,Pt;0, (25) or CaPt,0, (26). For one-
dimensional metallic interactions, the partially filled band
splits into one totally filled band and one empty with a gap
between the two bands (Peierls theorem), so the compounds
with columnar stacks of Pt-Pt chains in only one direction
exhibit a semiconducting behavior with, however high-con-
ductivity values (¢ = 10-100 Q"' cm~!). The decrease of
the Pt(2)-O average distance from 2.016 to 1.988 A upon
addition of Bi is the greatest change between the two struc-
tures. This may reflect an altered lone-pair-Pt(2) interaction
confirmed by the increase of the Lp—-Pt(2) distance from 2.27
to 2.37 A for PbPt,0, and Pb, ,Bi, 3Pt,0,, respectively.
The temperature dependence of the specific resistivity (p)
for sintered pellets of Pb,_.Bi,Pt,O4 solid solution is
shown in Fig. 5. Since no significant hysterisis was observed
between the cooling and heating process, only the heating
curves are represented. Several interesting observations can
be made from the electrical data. The three first compounds
(x =0, 0.1 and 0.2) exhibit a metallic behavior, the electrical
resistivity increases with increasing temperature. Their
room temperature resistivities are, respectively, 1.5x 1072,
21x107?and 2.9 x 10" 2 Q cm. At a given temperature, we
observe an increasing of the resistivity with the bismuth
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FIG. 5. Temperature dependence of the resistivity for the

Pb, _Bi, Pt,0, series: (a) x = 0, 0.1 and 0.2, (b) x = 0.3 and 0 with a large

scale.
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FIG. 6. The distorted octahedral Pt(2) atom environment involving
the electronic lone pair of the Pb?* ion in PbPt,0,.

substitution rate. The electrical behavior drastically changes
for the maximum substituted compound, x = 0.3. A very
large increase of resistivity is observed (28.2 Q cm at room
temperature) with an electrical vs temperature behavior
change, the resistivity decreases with increasing temper-
ature. The negative temperature dependence and the rela-
tively high-resistivity values suggests that this compound is
a semiconductor. Thus, a transition from metallic to semi-
conductivity properties is observed for x close to 0.3.

The mixed site Pb/Bi is surrounded by seven oxygen
atoms to form a very distorted polyhedron. The polyhedron
is completed by the lone-pair Lp which occupies the free
space around Bi/Pb. The lone pairs are directed towards the
Pt(2) atom and completes the coordination around Pt(2) to
form an elongated octahedron Pt(2)O,Lp, (Fig. 6). Two
(Pb-Bi)O,Lp polyhedrons are connected by an O(4)-O(4)
edge to form a dimer (Pb-Bi),0, (Fig. 7).

CONCLUSION

An extensive new solid solution was prepared in which
Pb>" is replaced by Bi** in the PbPt,0, compound. Re-
finement of the crystal structure of the two limits of the solid
solution from neutron diffraction data did not allow to
discover any non-stoichiometry in oxygen and seems to
confirm the formula Pb, _ Bi Pt,0,. So the replacement of
Bi for Pb comes along with a partial reduction of the atoms
of platinum constituting the planar stack of PtO, groups
extending along the [001] direction. The electric properties
evolve from a metal behavior for x = 0 towards a semicon-
ducting behavior for x = 0.3. The growth of single crystals
would allow to verify the mono-dimensional character of
the specific conductivity.
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