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The Synthesis of Platinum Metal Alloys by a Precipitation Method
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A method for the preparation of Pt—Ru, Pt~Rh, and Pt-Pd alloys by low-temperature, chemical
routes has been described. The method involves two steps: first, the rapid precipitation of sul-
phides from a mixed aqueous solution by H,S gas and, second, the reduction of the precipitate at a
low temperature by hydrogen. The phase diagram of Pt—-Ru has been studied at 650°C; its oxidation
behaviour has also been investigated. The Pt—-Rh alloys prepared at 700°C oxidise at low tempera-
ture (500°C) to Pt metal and Rh;0s; the oxide starts to decompose from about 800°C and at 1000°C
the alloy is formed again. The decomposition temperature of Rh,0; is lowered in the presence of Pt
due to the free energy of formation of the alloy. © 1985 Academic Press, Inc.

INTRODUCTION

Preparations of finely powdered metals
and alloys have been carried out by many
methods of which the following three are
the most widely used in catalytic work:
the Adams method (I), the borohydride
method (2), and the method of direct reduc-
tion of single or mixed metal hydroxides or
oxides (3). With the exception of the boro-
hydride reaction, these methods involve
the reduction of intermediate oxides using
hydrogen. In this paper we present a
method for the preparation of homoge-
neous platinum metal alloys by a route in-
volving the precipitation of sulphides from
aqueous solutions. The method is derived
from reactions that have been used to pre-
pare refractory alloys by simple, low-tem-
perature routes (4, 5).

The method involves two separate steps:

(i) rapid precipitation of insoluble com-
pounds from aqueous solutions containing
the elements in question; and (ii) reduction
of the precipitate under flowing hydrogen
at low temperatures. The success of the
method hinges upon finding a suitable pre-
cipitant and the correct reaction conditions,
so that a homogeneous precipitate is ob-
tained prior to reduction.

For the platinum metal alloys, we have
used hydrogen sulphide gas to precipitate
the metals as their corresponding sul-
phides. This route is clearly appropriate for
the late transition and posttransition metals
which form very insoluble sulphides, but is
unsuitable for more electropositive ele-
ments. The alloys prepared in this work are
Pt-Ru, Pt-Rh, and Pt-Pd.

The Pt—-Ru phase diagram contains two
phases, an fcc Pt-rich phase and an hcp
Ru-rich phase. The most recent studies in-
dicate that the miscibility gap is from 62 to
69 at.% Ru at 700°C (6), or from 60 to 90
at.% Ru at 1000°C (7). In contrast, the Pt-
Rh and Pt-Pd phase diagrams reveal com-
plete miscibility between the fcc metals (8,
9.

These alloys are of interest in a wide
range of catalytic reactions, for example, in
three-way catalytic converters (10), and we
have studied two aspects of our powdered
alloys that have a bearing on their catalytic
behaviour, namely their morphology and
their reactivity under oxidising conditions.

EXPERIMENTAL
Preparation
Pt—Ru alloys. Appropriate quantities of
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H,PtCls - 6H,0 and RuCl; - 3H,0 were dis-
solved separately in water giving solutions
with pH 5-6. The solutions were mixed to-
gether and H,S was passed slowly for 5-10
min during which the solution was stirred
continuously. The precipitation starts
slowly, but is complete within a few hours.
Sometimes the solution was left undis-
turbed overnight to allow the fine precipi-
tate to settle, leaving a colourless superna-
tant solution; the starting solution was dark
brown. The precipitate was washed with
water several times, dried, and ground to a
fine powder. It was examined at this stage
by electron microscopy and X-ray powder
diffraction to assess its homogeneity and
crystallinity. Reduction was carried out at
650°C under hydrogen for 5-6 h. Alloys
were prepared from solutions with the fol-
lowing compositions (Ru + Pt = 100 at.%):
17.3, 38.1, 52.3, 65.9, 68.9, 77.6, and 93.5
at.% Ru. In order to complete the phase
diagram, pure Pt and pure Ru were also
prepared by the same method.

Pt-Rh alloy. The platinum-rhodium al-
loy was prepared from a mixed aqueous so-
lution of RhCl; - 3H,0 and H,PtCl, - 6H,0,
as described above. Hydrogen reduction
was carried out at 700°C for 24 h (alloys
prepared at 600 and 650°C were contami-
nated with residual sulphur). Since the
phase diagram is well established, a large
sample of a single composition (starting so-
lution containing 66.3 at.% Rh) was pre-
pared.

Pt—Pd alloys. These alloys were pre-
pared by precipitating the sulphides from
the aqueous solutions of K,PdCl,; and
H,PtCls - 6H,0. The hydrogen reduction
was carried out at 800°C for 5-6 h (reduc-
tions carried out at 550 or 600°C may be
contaminated with sulphur). For all the Pt—
Pd alloys, it was necessary to heat the sam-
ples under vacuum for 2-3 h at 500°C to
remove any residual hydrogen. The compo-
sitions of the starting solutions of the Pt—Pd
alloys were 32.8, 47.8, 63.9, 79.9, and 86.3
at.% Pd. Pure palladium was also prepared
by the same method.
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Characterisation

The precipitates and alloys were charac-
terised primarily by electron microscopy
and X-ray powder diffraction measure-
ments. The surface area of one of the Pt-
Ru alloys was measured by the BET
method.

Electron microscopy. The electron opti-
cal analyses were carried out using a JEOL
100CX TEMSCAN analytical electron mi-
croscope which provides the facilities of
TEM, SEM, and X-ray microanalysis. To
ascertain the compositions of the alloys by
microanalysis the ratio method was used
(11, 12) with proportionality constants, k,
determined from homogeneous monopha-
sic alloys of known compositions. Approxi-
mately 20 individual particles of each sam-
ple were analysed. The method was
particularly useful for assessing the homo-
geneity and crystallinity of the precipitates.

X-Ray diffraction. The X-ray powder dif-
fraction patterns of the Pt—Ru alloys were
measured by a Guinier—~Héigg camera and
those of Pt—Rh and Pt-Pd alloys by a
Guinier—Stoe camera; the lines tended to
be rather broad. The precipitates them-
selves were amorphous.

RESULTS
Pt—Ru Alloys

The X-ray diffraction patterns clearly
showed that the samples up to 38 at.% Ru
were monophasic solid solutions of Ru in
Pt. Above 80% Ru the alloys were hexago-
nal solid solutions, and between 52 and 77.6
at.% Ru they were biphasic. The lattice pa-
rameters of the fcc alloy decreased from
3.919 A for pure Pt to approximately 3.85 A
at the phase limit. The volume of hcp Ru-
rich phase increased as Pt was added (see
Table 1). The sample at 52.3 at.% Ru was
somewhat puzzling; the fcc lines were very
faint, only two lines were visible, not suffi-
cient for lattice parameter calculation, and
the hexagonal cell volume was unexpect-
edly large. The result was reproducible,
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TABLE 1

Cell Volumes and Lattice Parameters of Pt—Ru Alloys

Composition of the Cell volumes (A% Lattice parameters (A)
starting solution
(Pt + Ru = 100 at.%)  Cubic phase Hexagonal phase  Cubic phase Hexagonal phase
(at.% Ru)
0 60.2 3.919(1)
17.3 59.3 3.900(3)
38.1 58.6 3.885(1)
52.3 e 28.0 e ag 2.714(1)
co 4.386(1)
65.9 56.8 27.7 3.843(3) ay 2.718(2)
co 4.325(5)
77.7 57.3 27.6 3.854(4) a 2.718(1)
cp 4.312(2)
93.5 27.1 ag 2.702(1)
co 4.288(4)
100 27.2 ay 2.709(1)
co 4.288(1)

s Only two reflections were visible, not sufficient for lattice parameter calculation.

suggesting that a metastable hcp phase was
forming.

Microanalysis of the alloys was carried
out with well-formed particles 400-700 A in
diameter (Fig. 1). The intermediate sul-
phides, which were very beam-sensitive,
were agglomerates of many smaller parti-
cles. To ascertain the compositions of the
alloys, the proportionality constant k was
determined from the 17% Ru alloy which
was monophasic and homogeneous. Using
the (PtLa)/(RuKa) ratio, the k value was
found to be 0.31. The compositions of the
monophasic alloys were obtained using this
k value and are presented in Table 2. The

TABLE 2

Compositions of the Pt—-Ru Alloys and Precipitates
from Microanalysis

Composition of the Composition of the Composition of the

starting solution sulphide precipitate alloy

(at.% Ru) (at.% Ru) (at.% Ru)
17.3 15.8 17.3
38.1 317 38.1

523 51.2 Biphasic

65.9 62.6 Biphasic

68.9 66.5 Biphasic

77.6 66.7 Biphasic

95.4

alloys with nominal compositions of 65.9,
68.9, and 77.6 at.% Ru gave the phase
boundary of the fcc solid solution as 65.2,
62.0, and 68.4 at.% Ru, respectively, and
the corresponding values for the hcp limit
were 73.0, 80.0, and 86.6 at.% Ru.

Measurement of surface area. The sur-
face area of the 65.9 at.% Ru alloy was
found to be 8.4 m¥g, measured by the BET
method. The surface area remained con-
stant after annealing the alloy for a further
17 h at 650°C. ‘

Oxidation behavior of Pt—Ru alloy. Two
fresh samples of compositions 16.9 and 33.3
at.% Ru were heated in air for 4 h at tem-
peratures ranging from 600 to 1000°C. Loss
of weight was observed and the lattice pa-
rameter of the fcc phase increased as the
decomposition temperature was increased.
The presence of RuO, as an intermediate
was noticeable above 600°C. Microanalysis
and the lattice parameter of the fcc phase
(3.92 A) at 1000°C confirmed that all the Ru
from the 16.9 at.% sample had volatilised
(as RuO,) at 1000°C. The line broadening by
the fcc phase was exhibited at 800°C, the
temperature at which the RuO, component
was most apparent. This may be due to a
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Fic. 1. Elemental maps of Pt/Ru alloys: (a) PtMa map of 52.3 at.% Ru alloy showing crystals of both
phases (Pt-rich crystals shown by arrows), (b) RuLa map of the same crystals (Ru-rich crystals shown
by arrows).

reduction in particle size as the RuO, sepa-
rates from the alloy, or it may stem from
inhomogeneity arising from this process.
The 33.3% Ru alloy also exhibited similar
behaviour; a large shift in the lattice param-
eter of the fcc phase was noticed, but RuO,
was still present after heating for 4 h at
1000°C.

Pt-Rh Alloys

The alloy and the precipitate were ana-
lysed both by microanalysis and X-ray dif-
fraction. The lattice parameter of the alloy
was 3.84 A, very close to the expected
value at this composition calculated by Vé-
gard’s law (using 3.919 A (Pt) and 3.80 A
(Rh), as found in the present work). The
lattice parameter confirmed the composi-
tion of the alloy to be 66 * 2 at.% Rh.

Oxidation behaviour of Pt—Rh alloy.
Samples of the alloy were heated in air at

temperatures in the range of 500 to 1100°C
for 20-24 h and then cooled in air.

The X-ray diffraction results for the
products and also for the pure alloy are
shown in Table 3. The observations are
summarised below:

TABLE 3

Lattice Parameters of Pure Pt—Rh alloy and the
Products Obtained by Heating the Alloy in Air

Decomposition Lattice parameter (A)

temperature

C) Pt (fcc) Pt-Rh alloy phase  Rh,0;

(Pure alloy) Absent 3.84(1) Absent

500 Absent 3.86(1) Absent

600 3.91(1) 3.85(1) Present

700 3.92(1) —_ Present

800 3.92(1) 3.86(1) Present

900 3.88(1) 3.84(1) Present

1000 Absent 3.85(1) Absent

1100 Absent 3.87(1) Absent
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(1) The Pt-Rh alloy annealed at 500°C
apparently remained unchanged.

(2) Rhodium began to oxidise at 600°C
and the presence of pure Pt, the oxide
phase Rh,0s, and lines from the Pt-Rh al-
loy could be seen. At this temperature,
Rh,0; was present as a mixture of its hex-
agonal and orthorhombic phases.

(3) The optimum temperature for the for-
mation of Rh,0; was 700°C. At this temper-
ature the product was a mixture of pure
platinum and both forms of Rh,0;.

(4) At 800°C, the rhodium oxide began to
decompose and some alloying with plati-
num was apparent. The powder pattern was
very similar to that obtained for the sample
annealed at 600°C.

(5) At 900°C, the presence of Pt, Rh,0;,
and Pt—Rh alloy was also observed.

(6) Above 1000°C, the oxide fully decom-
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posed and pure alloy was formed once
more.

(7) The lattice parameter of the alloy
heated at 1100°C was slightly larger than
that observed at 1000°C. This may be due to
a change in particle size which was sug-
gested by the sharpening of the X-ray re-
flections.

In the absence of platinum, Rh powder
heated at 600°C gives Rh,0; rather slowly,
but at 1000°C, its formation is rapid. Above
1100°C, Rh,0; decomposes to rhodium
metal in air (13). The lower decomposition
temperature in the present work presum-
ably arises from the free energy of forma-
tion of the Pt/Rh alloy.

The effect of heating the alloys in air as
observed from the X-ray diffraction pat-
terns is summarised in the flow chart:

Pt-Rh alloy s Pt-Rh e Pt + Pt—-Rh + Rh;04

l 700°C

Pt + Rhy0O4

800°C

Pt—Rh m Pt-Rh W Pt + Pt-Rh + Rh,0;

The microanalysis results on the quenched
samples were interesting. At 500°C, al-
though there was no indication of phase
separation in the Guinier patterns, the mi-

TABLE 4

Compositions and Lattice Parameters
of the Pt—Pd Alloys

Compositions of Compositions of the Lattice
the starting alloys from electron parameters of
solutions in microscopic analyses the alloys

at.% Pd (k Pdla 1) A)
Ptla
3.919(1)
(Pure Pt)
32.8 33.5 3.905(2)
47.8 45.5 3.894(1)
63.9 63.9 3.884(1)
79.9 80.1 3.875(1)
86.3 9.3 3.869%(1)
3.864(1)
(Pure Pd)

croanalysis of the small crystallites re-
vealed inhomogeneity of the alloy crystals.
At 600°C, crystals of various Pt-Rh alloy
compositions as well as pure Pt and Rh,O4
were observed. At 700°C, although the X-
ray pattern revealed only Pt and Rhy0s,

:some of the small crystallites still showed

the presence of both Pt and Rh. This may
be due to the formation of Rh,O; on
the surface of Pt crystals, as observed by
Schmidt et al. (14). At 800 and 900°C, mi-
croanalysis was consistent with the pres-
ence of three phases, Pt, Pt-Rh, and
Rh,;0;, in agreement with the X-ray find-
ings.

Pi—Pd Alloys

The alloys were analysed as before by
analytical electron microscopy and their
compositions agree well with the initial



358

compositions of the starting solutions (Ta-
ble 4). The homogeneity of the precipitate
was good. The compositions of the alloys
were calculated from the (PdLa)/(PtLa) ra-
tio taking the proportionality constant as
unity, as calculated from 63.9 at.% Pd al-
loy. The PdL line is a triplet, which was
resolved by a least-squares fit programme
to obtain the area of the PdL« peak.!

The results obtained from the X-ray pow-
der diffraction were surprising in that all
the lattice parameters were considerably
smaller than the expected values. The lat-
tice parameter of the pure Pd was 3.864 A
instead of 3.890 A.

DISCUSSION

The main finding from this work is that
finely divided, but apparently homoge-
neous alloys can be synthesised by a pre-
cipitation method involving sulphides. X-
Ray powder diffraction and analytical
electron microscopy played important roles
in the characterisation of the alloys and the
precipitates. Figure 2 shows two X-ray
emission spectra of a sulphide and its corre-
sponding reduced product, the alloy. The
disappearance of the SKa,f peak proved to
be a simple method of confirming whether
the reduction was complete. As the homo-
geneity of the precipitate is one of the main
prerequisites of a homogeneous alloy prep-
aration, careful analysis at this stage is im-
portant.

In Pt-Ru alloys, our results confirmed
that the phases were essentially the same as
those obtained by other methods. The
finely divided nature of the products was
clearly demonstrated by the SEM studies
and surface area measurements; particle
sizes were in the region of 600 A for mono-
phasic regions, but only about 400 A for
biphasic samples, presumably because of
the slow diffusion and phase separation in
these samples. Furthermore, it was shown
that the compositions of the alloys were de-

! Least-squares curve-fitting programme, REFIN,

which exists in the Chemical Crystallography Labora-
tory in Oxford.
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Fic. 2. X-Ray emission spectra (0-10 keV) of
(below) Pt—Ru sulphide precipitate and (above) Pt—Ru
alloy; composition 38.1 at.% Ru. The copper peak
arises from the supporting grid.

termined by the compositions of the initial
aqueous solutions.

The phase limit of the fcc solid solution
was 60-65 at.% Ru according to the lattice
parameter results, although the sample at
52.3 at.% Ru gave anomalous but reproduc-
ible results with the fcc phase hardly dis-
cernible and an hcp phase with a large cell
volume. The X-ray emission analysis indi-
cated a phase limit between 62 and 68.4
at.% Ru. The results for the fcc phase at
650°C were in good agreement with those
obtained by others using different prepara-
tive methods (6, 7); the results of Bouw-
man and Sachtler (1/5) and the reported
results from Battelle Memorial Institute
(16) appeared anomalous with a solubility
limit of only 50 Ru and 32 at.% Ru, respec-
tively. The solubility limit of the hcp phase
found in the present work indicated that
about 15-20% Pt can be dissolved in the Ru
lattice.

The microscopic examinations revealed
that particles of both phases coexist to-
gether in the biphasic region and neither of
these phases overlapped the other at any
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stage; thus they did not show a constant
surface composition over the entire misci-
bility gap. This was also observed by
Bouwman and Sachtler (15). The equilib-
rium model proposed for Cu-Ni (17) and
Pt—Au (18) alloys, where it has been shown
that the Cu-phase covers the Ni, and the
Au-rich phase covers the Pt-rich phase,
does not apply in the case of Pt—Ru alloys.

The oxidation behaviour of Pt—Ru alloy
demonstrated one further point: the loss of
Ru at higher temperatures is inevitable and
it is unsuitable for use as a commercial cat-
alyst in the automobile catalytic converter,
where prolonged use of such a catalyst will
remove all the Ru as RuQ,.

The evidence obtained from the oxida-
tion-reduction behaviour of Pt—Rh alloy in-
dicated that the alloy was thermodynami-
cally unstable with respect to oxidation at
temperatures below about 800°C. However,
the kinetics of the process were apparently
slow below 600°C where the first appear-
ance of Rh,0; was observed. On further
heating at 1000°C, the Rh,0; was finally lost
as it decomposed to rhodium and oxygen.
This decomposition took place at a lower
temperature in the presence of platinum be-
cause of the formation of Pt—Rh alloy.

From the known thermodynamic data of
Rh,0; (19), we have calculated the AGF of
Rh,0; at 900°C to be approximately —50 kJ/
mole. The free energy of formation of the
alloy PtRh;, formed by the reaction

2Rh203 + 2Pt — 2PtRh2 + 302,

is therefore approximately —50 kJ/mole at
900°C. The present findings and other pub-
lished results indicate a delicate balance be-
tween the oxidation and decomposition be-
haviour of Rh,O; in the presence of
platinum. This might help to understand the
catalytic behaviour observed in some reac-
tions involving Pt—Rh alloys.

The Pt-Pd alloys are interesting in that
although they can be prepared by the sul-
phide precipitation method, they reveal lat-
tice contractions, particularly at the Pd-rich
end. The lattice parameters of the present
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alloys obey Végard’s law. The explanations
for lattice contractions of microcrystals in
terms of surface stress (20) and other
models (21, 22) do not apply to the Pt-Pd
alloys because the particle size is too large,
and indeed larger than we observe in other
alloys. The alloys do not show any appre-
ciable tendency to form hydrides under the
condition of our preparation and the lattice
parameters are clearly too small for hy-
drides. The reason for the contraction is
still unclear.

The intermediate sulphide precipitate re-
quired by the present method should be ho-
mogeneous and finely divided. It is clear
that as long as the two sulphides precipitate
together and remain intimately mixed in the
amorphous precipitate, the hydrogen re-
duction step appears to be sufficient to
bring about alloy formation. Under the con-
ditions of our preparation, the sulphides of
platinum and ruthenium are PtS; and RuS;,
respectively. They are not isomorphous,
PtS,; having a Cd(OH),-type structure and
the RuS; having a pyrite-type structure, but
this difference, which is important in crys-
talline phases, does not seem to prevent the
formation of a homogeneous, amorphous
precipitate. This is also true for the Pt—Rh
and Pt-Pd precipitates and alloys. On the
other hand, in systems where the rates of
precipitation of the two sulphides are very
different, the intermediate precipitate will
be heterogeneous and alloy formation will
be difficult at low temperatures. This was
evident in the preparations of Pt—Sn alloys,
where the sulphide precipitation method
could be applied with only limited success.

Finally, we have also carried out prelimi-
nary experiments to examine the catalytic
activity of alloys prepared by the precipita-
tion method. A solution containing H,PtClg
and RhCl; was added to an alumina sol and
treated with H,S, thereby causing precipita-
tion to take place on the alumina. The prod-
uct was dried and fired at 500°C, in air, to
yield a Pt—-Rh/Al,0; powder (the alumina
having a surface area of approximately 100
m2g-1). This material was found to be cata-
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Iytically active for a series of reactions, in-
cluding the oxidation of carbon monoxide
and propane. The work will be described in
detail in a future publication.
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