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Photoelectric emission was studied from films of platinum, ruthenium, and their 
alloys, prepared by evaporating the metals onto a sliding quartz support. After an- 
nealing the initially multistratified films at 875 K and 7 X lo-’ N m3 for 16 hr, they 
appeared equilibrated. The work functions of the alloys were found to be within the 
interval given by the work function of pure platinum (5.71 eV) and ruthenium (5.11 
eV), respectively. Also the photoelectric emission constants varied regularly with 
composition. X-Ray diffraction data confirmed the presence of a miscibility gap; at 
least two phases coexist for films containing 30-50 at % Pt. The increase in work 
function caused by adsorbed carbon monoxide also varied regularly with composition, 
reaching its highest value for ruthenium. No chemisorption-induced surface aggre- 
gation of one alloy component, as previously found for Ag-Pd i CO and Au-Pt + 
CO was detectable for Pt-Ru + CO. It is concluded that most Pt-Ru films contain 
more than one alloy phase in their surfaces 

I. INTRODUCTION 

Numerous reactions of hydrocarbons, in 
particular hydrogenations, are efficiently 
catalyzed by transition metals, Among 
them, platinum, palladium, and rhodium 
are very active but ruthenium is a rela- 
tively poor catalyst for most hydrogenation 
reactions. It is therefore remarkable that, 
in specific cases, alloys of platinum and 
ruthenium exhibit a catalytic activity ex- 
ceeding that of platinum (I-12). 

Up to the present, t,he reason for this 
apparent synergism has not been clarified. 
We, therefore, concluded that it would be 
desirable to study first the surface com- 

* This work is part of the thesis “Electron emis- 
sion, surface composition and adsorption phenom- 
ena of metals and alloys: Photoelectric emission 
of clean and CO covered films of Au-Pt, Ag-Pd 
and P&Ru alloys and their components.” by R. 
Bouwman, Leiden Univ., 1970. 

t Present address : Koninklijke/Shell-Labora- 
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position of these alloys, as there are now 
numerous data for other alloy systems 
(13-17)) which prove that the surface com- 
position often differs markedly from that 
of the bulk and as it has been found that 
the composition of the surface can be 
changed due to selective chemisorption (16, 
17). We have studied the Pt-Ru system 
with the methods which have proved suc- 
cessful for other alloys. For this purpose, 
thin films prepared in ultrahigh vacuum 
are preferred because equilibration can be 
achieved at lower temperatures than with 
bulk samples (e.g., foils). This is of par- 
ticular importance for PtrRu alloys which 
due to the high heat of sublimation of either 
metal are expected to equilibrate at rela- 
tively high temperatures (18). The photo- 
electron emission of the equilibrated films 
has been studied before and after gas ad- 
sorption and from these data the work 
function and the surface potential were 
derived. The latter paramet,er was used 
for lLsurface titration.” CO has been used 
to estimate the surface composition of the 
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FIGURE 1 

alloys because of its nondissociative char- 
acter and because of the large difference in 
the change of the work function of Pt and 
Ru caused by CO-adsorption (19, 20). 

Attention was focused not only on the 
surface composition of the equilibrated 
films which cannot be predicted by existing 
theories, but also on the possible changes 
of this composition due to chemisorption. 
This “chemisorption-induced surface aggre- 
gation” has been discovered previously for 
the systems Au-Pt + CO (16’) and Ag- 
Pd + CO (17), but from the theoretical 
concepts which were found valid for these 
systems it seemed unlikely that such phe- 
nomena should occur to a large extent for 
Pt-Ru. This system can, therefore, serve 
as a test of these ideas. 

II. EXPERIMENTAL METHODS 

General experimental techniques includ- 
ing ultrahigh vacuum, met’al deposition, al- 
loy analysis, etc., have been described else- 
where ( 16, 19, 20). A serious problem 
inherent to the lattice energy of Pt and RU 
is the relatively high temperature which is 
expected to be necessary for equilibration 
of alloys of these metals. On the basis of 

previous results on the equilibration of thin 
metal and alloy films (18)) the Pt-Ru alloy 
films can be expected to equilibrate at about 
800-900 K. Because Pyrex supports are no 
longer mechanically stable at these tem- 
peratures, a different type of phototube to 
that used in previous work, is required. The 
tube which permits annealing of the film 
up to 1000K is shown in Fig. 1. It com- 
prises a Pyrex housing (1) having a di- 
ameter of 50 mm. Though one end, two 
elongated parallel tungsten rods (2) are 
fused (these are shown as one in Fig. 1). A 
quartz photocathode assembly (3)) shown 
in detail, sliding over rods (2) on four 
small tubes (4) is provided with a Pyrex 
glass clad iron bar (5) to make magnetic 
operation possible from the outside. The 
surface of the cathode support is in elec- 
t.rical contact with the tungsten rods 
through a baked platinum paste” strip (6), 
fused platinum wire (7) and platinum 
tubes, fused within the Pyrex sliding 
t,ubes (4). 

The cathode carrier consists of quartz 

*Platinum paste IV758 (Johnson, Matthey 8: 
Co., Ltd., London) 
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cathode support (8), quartz oven element 
(9) containing wound tantalum wire (4 0.15 
mm) and a baking plate assembly com- 
prising two quartz slabs (10) and sand- 
wiched platinum foil (11). The cathode 
support (8) is provided with two slots (12), 
calibration marks (13) and a slot for a 
thermocouple (14). The latter consists of 
stretched Pt/PtrlO% Rh wire (4 0.25 mm) 
enveloped by a quartz capillary (not 
.shown). The terminals of the t,hermocouple 
are connect’ed with LLbumpers” (15) made 
of the corresponding thermocouple 
materials. 

The terminals of the oven element are 
secured over two small quart’z rods (16) 
,and connected to the respective platinum 
tubes within sliding tubes (4)) in order to 
make electrical contact with the tungsten 
rods (2) possible. The thermocouple ter- 
minals (15) are brought into electrical con- 
tact with the outside by moving the cathode 
assembly into a heat reflector shield (17) 
where it contacts deadends (18) made of 
Pt and P&10% Rh, respectively, and 
mounted on flexible tungsten springs (19) 
(4 0.20 mm). The deadends are respectively 
connected to fused tungsten leads (20) by 
Pt and Pt-10% Rh wires. The tungsten 
rods which are fused through a small 
Dewar (21) can be cooled with melting ice 
to form a cold reference junction. (In Fig. 
1, the Dewar part has been rotated over an 
angle of 90” around the main axis of the 
phototube.) 

The quartz/tantalum oven element is 
brought to incandescence by applying a 
voltage (80-15OV) at outparts (22). A 
heat shield (17) consistming of Pt-foil 
stretched around a quartz skeleton protects 
the surrounding Pyrex housing against heat 
radiation. Metal evaporation sources (23, 
24) are situated on either side of a glass 
screen (25), the latter having a double 
.function: 

1. It prevents the sources from “seeing” 
each other. 

2. It is used to protect both terminal 
zones of the photocathode during deposi- 
tion of the metals in order to obtain zones 
of the pure metal on the extremities of the 
cathode carrier and an intermediate alloy 

gradient, slots (12) acting as barriers for 
lateral diffusion from the alloys across the 
surface and towards the pure metal zones. 
The platinum shield functions as collecting 
anode and is connected with anode out- 
put (26). 

After severe predegassing at 1000 K, the 
films can be sintered at 900 K while main- 
taining a vacuum of less than 7.1O-8 N rne2”. 

The bimetal film is prepared by alter- 
nately moving the cathode assembly be- 
tween a position near to source (23) and 
near to source (24), thereby- obtaining a 
multistratified bimetal film system, gen- 
erally consisting of 16 alternating layers 
of Pt and Ru having a total thickness of 
25-50 nm and 100 nm near the edges of the 
photocathode. This means that each indi- 
vidual pure metal layer has a thickness of 
about 10 atomic layers. X-Ray diffraction 
data from these films indicate complete 
alloying. Immediately after preparation of 
the film, eight positions (corresponding 
with the calibrat’ion marks) were investi- 
gated. These positions were again studied 
after equilibration at 875 K and after ad- 
mission of CO (1.3 X 10h2 N mm’) and after 
exposure to CO (p = 1.3 X 1O-2 N m-‘) dur- 
ing 16 hr while heat.ing the film at 373 and 
473 K, respectively. 

III. RESULTS 

Relevant results on the work function cp 
and the emission constant M are compiled 
in Tables 1 and 2. 

Figure 2 shows that immediately after 
preparation of the film by sublimation on 
the noncooled quartz cathode support, the 
work function rises from Ru to Pt. 

In this case, Pt was evaporated last 
which is shown by the high values of +, par- 
ticularly in the range 60-100 at % Pt. This 
curve is broken in Fig. 2, because it re- 
flects only an arbitrary state of the film 
characterized by a coarsely known set of 
evaporation conditions. It is beyond doubt 
that in this stage, the film is far from 
equilibrium. After sintering during 16 hr 
at 875 K, all values of the work function 
have changed and appear to be lying be- 

* 1 N me’ = 7.501.10-3 Ton-. 
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TABLE 1 
THE WORK FUNCTION a(eV) AS A FUNCTIOK OF THK OVERALL COMPOSITION FOR 

CLEAN AND CO-COVERED Pt-Ku FILMS 

z(at % Ptp Q fresh @es (CO)293 K A@ (CO)378 K (CO)473 K 

0 5.08 5.11 5.71 0.60 5.70 5.70 
19 5.40 5.13 5.69 0.56 5.69 5.68 
33 5.55 5.14 5.66 0.52 5.64 5.66 
48 5.62 5.18 5.64 0.46 5.66 5.65 
65 5.69 5.30 5.55 0.25 5.55 5.55 
79 5.68 5.39 5.55 0.16 5.55 5.54 
89 5.72 5.56 5.65 0.09 5.66 5.66 

100 5.69 5.71 5.75 0.04 5.74 5.75 

a The values of the bulk composition of the alloys are known with an accuracy .of +5 at 70. 

TABLE 2 
THE EMISSION CONSTANT M ( X10-12)(electrons photon-l deg-2) AS A FUNCTION OF THE 

OVE:R.ALL COMPOSITION FOR CLEAN AND CO-COVERED Pt-Ru FILMS 

z(at y0 Pt)a M frwh MW (co)o!lB x (CO )3*3 K GQlnz K 

0 12.8 6.0 2.8 2.7 2.7 
19 15.3 5.8 2.9 2.8 2.7 
33 20.1 6.4 3.8 4.1 4.0 
48 19.2 6.9 5.6 5.8 5.5 
65 23.6 7.5 6.4 6.2 6.1 
79 23.2 7.5 7.2 7.0 6.9 
89 26.2 8.9 8.8 8.4 8.5 

100 28.0 9.8 10.0 10.2 9.8 

a The values of the bulk composition of the alloys are known with an accuracy of +5 at To. 

tween those of pure platinum and pure 
ruthenium. Repeated annealing at 875 K 
did not cause appreciable change of the 
curve from which we conclude that the film 
was properly equilibrated. (These values 

6.0 7 -60 

+LeV) 

t 

5.6 5.8 

t 
56 

were checked only briefly and have not 
been taken up in Tables I and II, which 
contain only the values representative of 
the equilibrated films after the last an- 
nealing cycle completing a total annealing 
period of 40 hrs.) 

After admission of CO the work func- 
tion of either metal and all alloys is raised. 
The change of the work function, A@, de- 
creases monotonically from pure Ru to 
pure Pt (Fig. 3). 

The behavior of the emission constant 
M before and after admission of CO is dis- 
played in Fig. 4. In contrast with previous 
results on Au-Pt (18) and Ag-Pd (17) 
alloys, the M vs x: curve does not display 
maxima or minima. The change in M 
brought about by CO chemisorption is most 
pronounced on Ru-rich samples and de- 
creases with increasing Pt-content. 

After 16 hr during which the film was 
kept in direct contact with CO at a pres- 
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sure of 1.3 X 1O-2 N m-2 at, respectively, 
373 and 473 K, the work function of all 
alloys remains constant within 0.02 eV and 
the emission constant remains unaltered 
within 0.4 X lo-I2 electrons photon-’ deg-“. 

The X-ray diffraction data of the alloys 
are shown in Fig. 5. As Pt and Ru crystal- 
lize in different structures, we have plotted 
the spacing between the most closely packed 
crystal planes (cJ,,~ for Pt and d,,, for Ru) 
versus the bulk composition to obtain an 
impression of the mutual solubility of the 
metals into each other’s lattices. 

The results suggest that less than 30 at % 
Pt is dissolved in the hexagonal Ru-lattice, 
while less than about 50 at % Ru can be 
incorporated into the fee lattice of Pt. In 
the range 30-50 at % Pt, two phases are 
clearly visible. It is interesting to compare 
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these data with X-ray diffraction data 
from Pt-Ru alloy powders (21) prepared 
according to the Adams method and which 
have been equilibrated at 748 K (Fig. 6). 
Although the shape of the curves is not the 
same as for our films, it is clear that phase 
separation occurs. 

IV. DISCUSSION AND CONCLUSIONS 

A number of conclusions can be made 
which may contribute to the problem of 
catalytic synergism. First it has been shown 
by means of X-ray diffraction both for 
thin films and for reduced powders, that a 
number of Pt-Ru compositions annealed at 
temperatures, which are relatively high 
with respect to catalysts used by other 
authors, consist of more than one phase. 
Our results on films indicate a miscibility 
gap between 30 and 50 at % Pt (Fig. 5). 
As in this range, crystallites of either phase 
are large enough to cause detectable X-ray 
lines, it is likely that the actual miscibility 
gap is even wider (Fig. 6). 

These results are at variance with find- 

FIGURE 4 FIGURE 6 
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ings of McKee and Norton (3) who reported 
solubility of up to 65 at ‘j% Ru in Pt for 
alloys annealed at about 3OO”C, which they 
correlated with t,he only literature data 
available on the phase separation of Pt- 
Ru alloys published by Nemilov and Rud- 
nitzky (22) and by Ageev and Kuznetsov 
@35), respectively. The latter authors 
studied the system after annealing at 
1900 K and found complete solubility up 
to 80 at % Ru. However, as solubility in- 
creases with temperature, it can be safely 
said that the miscibility gap must be much 
wider at the lower temperatures used in 
our work and that of McKee and Norton. It 
appears possible that McKee’s catalysts 
were metastable mixtures rather than two 
equilibrium phases. 

Our results, especially those emanating 
from the surface tithation, suggest that the 
apparent surface composition of these al- 
loys changes gradually with that of the 
bulk. In this respect, the Pt-Ru system ap- 
pears to differ from other two-phase alloys 
studied previously such as Cu-Ni and 
Au-Pt where one phase tends t,o surround 
the crystallites of the other phase. Conse- 
quently, the surface composition of the lat- 
ter alloys remains constant for all compo- 
sitions within the miscibility gap. In those 
systems, this peculiar arrangement could 
be interpreted: (a) kinetically in terms of 
the largely different surface diffusion prop- 
erties of both elements; and (b) thermo- 
dynamically in terms of the larger differ- 
ence in surface energy of the two phases. 

The present finding that. for Pt-Ru the 
surface composition does change wit’h that 
of the bulk can be due to either of two pos- 
sible causes : 

1. The rate of surface diffusion of the 
two elements and the surface energies of 
the two coexisting alloys differ much less 
than in, e.g., the Cu-Ni system; conse- 
quently no enveloping of one phase by the 
other alloy takes place. 

2. The phase diagram of the PtrRu SYS- 
tern, which, to our knowledge, has never 
been studied systematically by modern 
methods exhibits more stable phases than 
only the two alloys suggested by Fig. 5. If 
three or more alloy phases occur, of which 

only combinations of two coexisting alloy 
phases may be present according to t.he 
equilibration model proposed previously 
(13, 14), it is clear that films of large dif- 
ferent overall compositions must exhibii 
surfaces of different compositions. 

The absence of chemisorption-induced ag- 
gregation of one alloy partner in the sur- 
face as encountered for the IB-VIII alloy 
systems studied so far, where chemisorbing 
CO enhances the group VIII element con.< 
centration in the surface, is easily explained 
by the chemical similarity of Pt and Ru. 
If both atoms form bonds of comparable 
strength with the chemisorbing molecule, 
there is evidently no driving force for 
preferential aggregation. The absence o[ 
this phenomenon for this system, therefore, 
is in agreement with our views on it. 

The present results, although not leading 
to an unequivocal explanation of the high 
catalytic activity reported for Pt-Ru al- 
loys, support speculations on a posssible 
cause for this phenomenon. As we saw 
above, our results suggest that more than 
one phase appears in the surface. This is 
quite unusual, as for the other alloys 
studied in the past in our laboratory, only 
one phase was responsible for adsorption 
catalysis and the energy barrier of elec- 
tron emission. We t’herefore wonder whether 
some of the typical cat,alytic anomalies o$ 
the Pt-Ru system might be due to the 
grain boundaries in the catalytic surface 
when crystals of two different alloy phases 
are in contact with each ot’her. This idea 
was brought forward (15) to explain the 
catalytic anomaly reported by Emmett 
and Gharpury for those Cu-Ni alloys where’ 
the enveloping phase becomes so thin that 
it is likely to break up into separate scales, 
exposing part of the kernel of the enveloped 
system, In that case, the catalyst anomalies 
were tentatively ascribed to contact lines 
in the surface of crystals of two coexisting 
alloys. 
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