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Ethylene hydrogenation rates at -100°C were measured over two series of evaporated 
Ni-Pd alloy films, either deposited on glass and annealed in hydrogen at 4OO’C or deposit,ed 
at -196°C. Characterization of the bulk structure of annealed films by X-ray diffraction in 
terms of lattice constant, peak symmetry and breadth showed some inhomogeneit,ies in alloys 
with 20-60 atomyo Pd. The analysis of surface composition in Ni-Pd alloy films by Auger 
electron spectroscopy (described elsewhere) is summarized and related to present work on bulk 
structure; the outermost surface was a complet’ed palladium monolayer when the bulk com- 
position cont,ained -65 atom% Pd or more. For both series of Ni-Pd films, rates of ethylene 
hydrogenation were greater over the alloys compared with either pure metal, reaching maximum 
activity in alloys containing -45 atomQjo Pd. Possible explanations of the activity maximum 
are considered: these are, respectively, that alloying increases surface area and hence activity, 
that the inhomogeneities detected in the bulk structure are responsible, and thirdly that the 
“true” activity of palladium is more closely approached when a palladium monolayer is present 
on a Ni-Pd base, whereas hydrogen absorpt,ion occurred at higher (bulk) Pd contents, inhibit- 
ing activit,y. 

INTRODUCTION 

In recent years t,here has been reneffed 
interest in t,he study of alloy catalysis (1, 2) 
stimulated by various factors including 
the development of technical bimetallic 
catalysts and the advent of surface ana- 
lytical met,hods such as Auger electron 
spectroscopy. In a number of studies of 
adsorption and catalysis, the alloys were 
prepared as evaporat.ed thin films on glass, 
which provides surfaces of reproducible 
behavior and moderate surface area. Tech- 
niques for alloy film preparation and 
characterization have been reviewed (3). 
Most studies have involved Group 8-1B 
metal pairs and it was the intention of t’he 
present work to study combinations of 
Group 8 metal pairs where the component 
metals are themselves active catalyst,s for 

hydrogenation, hydrogenolysis and relat,cd 
reactions. 

The choice of met,als for catalytic hydro- 
genation is often made from one of three 
elements, viz, nickel, palladium and plati- 
num (4, 5). The present work examines the 
activity of nickel-palladium alloys pre- 
pared as evaporat,ed thin films, for et,hylene 
hydrogenation. It has been reported pre- 
viously (6) that nickel films containing 
5-10 atom% Pd were more active t’han 
pure nickel for this reaction. In the work 
reported here for a full range of Ni-Pd 
alloys, particular attention was paid to the 
characterization of the alloy films in terms 
of bulk structure. The analysis of surface 
composition in Ni-Pd films by Auger 
electron spectroscopy made in connection 
with this work is published in detail 
elsewhere (7). 
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EXPERI~~IWPAL METHODS 

Two apparently distinct techniques were 
employed for t,he preparation of the alloy 
films discussed in the present work. 

i. The component, metals were deposit’ed 
simultaneously on the inner surface of the 
spherical reaction vessel maintained at 
400°C; then the film was annealed for 1 hr 
at 400°C in 5 Torr hydrogen, cooled to 
-100°C and hydrogen pumped off before 
admitt,ing the reactant’ gases. (The dcscrip- 
tion of this procedure is abbreviated to 
“prepared at’ 400°C”). It, might be expected 
that such films would have a low surface 
area, approaching the geometric area of the 
rcact,ion vessel surface (8). 

ii. The component met,als were deposited 
simultaneously on t,hc inner surface of the 
reaction vcsscl cooled to -196°C. After 
film deposition, a cold bath at -100°C 
was substituted and the film exposed to 5 
Torr hydrogen for 5 min before pumping 
out hydrogen and admit)ting the reactant 
gases. (This procedure is referred to as 
“deposited at - 196°C”). Films deposited 
at, - 196°C will be porous and consequently 
should have an act,ual surface area well in 
CXCPSS of the geometric area. (It is known 
t,hat nickel and palladium films deposited 
at, 0°C have surface areas 5-10 times larger 
than geomet,ric areas (9). 

In the first, method, annealing was 
carried out in hydrogen to minimize surface 
cont~arnination and hydrogen was also 
employed in method (ii) at the appropriate 
stage to be consistent (i.e., t.o prc-expose 
t.he film to hydrogen before admitt,ing the 
reactant gases) and to help cool the evapor- 
at,ion sources. 

The evaporation sources were short, 
concentric spirals of 0.5 mm diameter 
nickel and palladium wire (Johnson, Mat- 
they and Co. Ltd “spectrographically 
standardized”). Before USC for alloy film 
preparation, the wires were outgassed in a 
separat*e apparatus and some metal was 

evaporated; t#he wires were then weighed 
and transferred to the reaction vessel where 
they were again out,gassed wit#h t’he vessel 
hot (400°C). The reaction vessel (Pyrex- 
glass) was at,tached to a stainless steel 
vacuum syst,em incorporating sorption and 
ion-pumps, metal valves, etc. Alloy films 
were evaporat,ed in a vacuum of lo+-5 
X 1O-7 Torr (1 Torr = 133.32 N Ina). 

Samples for analysis of bulk composition 
were obtained by cut,ting up t,he reaction 
vessel at the end of the catalytic rate 
measurements into 6 or 12 representative 
parts. The composition of individual 
samples was d&rmined by X-ray fluores- 
cenc~ analysis. As a cross-check, the 
samples were then combined, t#he alloy films 
dissolved from their glass supports and the 
solutions were analyzed by using atomic 
absorpt,ion. All composit,ions are cxprcsscd 
in at,om prrcent,agcs. The total film weight 
was found from the combined n-eight loss 
from the cvaporat,ion sources. Att,ent,ion to 
the geometry and positioning of the cvapor- 
ation sources ensured that the alloy films 
were quite uniform in composit,ion over the 
220 cm2 area of t,he reaction vessel. 

The sample for X-ray diffract’ion was 
usually a small flat glass square placed at 
the bottom of t#he rcact,ion vessel. ,4 
problem arises from t,hc poor thermal 
coma& which it, makes wit,h t,hc inner 
curved surface of the vc~ssol. Ideally, a 
fragment of t#he alloy film dctachcd from 
the vcsscl surface should bc examined but 
stripping was not achieved without, change 
in composit,ion. Diffraction results from 
curved port,ions of t,hc vcsscl wcrc not 
sat,isfact#orily reproducible but shotved that 
the glass squares probably gave rcprcsen- 
ta,tive results for films prcparcd at, 400°C. 
Samples on glass squares during film 
dcposit,ion at, - 196°C were not reprcscn- 
tative of the film on the vessel surface. 

The reaction mixt,ure was prepared from 
Research grade et,hylcnc (Phillips) and 
99.999S% pure hydrogen (British Oxygen) 
and when expanded into the reaction vessel 
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at - 100°C gave 8.5 Torr CnH4 (1.66 X 10zo 
molecules) + 24 Torr Hz. The reaction 
vessel was connect,ed to the ion source of a 
mass spectrometer by means of a fine 
capillary leak. The absolute sensitivity of 
the mass spectrometer to ethylene was 
det,ermined before each rate measurement 
and the relative sensitivities of ethylene 
and ethane from time to time. Rat’es are 
expressed as &He formed, Torr per minute 
at -100°C. 

RESULTS AND DISCUSSION 

Results are presented first on the charac- 
terization of Ni-Pd alloy films with respect 
to bulk Wucture and these are given in 
detail for alloys prepared at 400°C. Our 
purpose in using a heated support is the 
belief that, in so doing, atom mobility will 
be enhanced and t#hat equilibrium will be 
reached ; t,hus any inhomogeneities which 
have developed due to preferential nuclca- 
tion, uneven evaporation, etc. are 
eliminated. 

BULK STRUCTURE 

The relevant thermodynamic properties 
have been determined in the temperature 
range 700-1200°C (10). The heats of 

FIG. 1. Variation of the free energy of mixing 
calculated from thermodynamic data in (10) as a 
function of composition for Ni-Pd alloys equil- 
ibrated at temperatures indicated. 

FIG. 2. Lattice constants for Ni-Pd alloy films 
prepared at 400°C, derived from the position of the 
X-ray diffraction peak maximum (0) and reported 
values (---) for annealed powdem (lb). 

mixing are small and are endothermic for 
nickel-rich and exothermic for palladium- 
rich alloys ; the entropies of mixing are 
positive at all compositions. Figure 1 shows 
the variat,ion of AG as a function of com- 
position at 0 and 4OO”C, calculated from 
the high-temperature thermodynamic dat,a 
assuming the t,emperature-independence of 
AH and AS. The magnitude of TAS is 
sufficient to ensure that AG becomes nega- 
tive at an equilibration temperature of 
400°C. A small upward curvature is 
apparent in the curve for alloys equil- 
ibrated at 0°C in the nickel-rich region. 
(This temperature was chosen as illust,ra- 
tive of the effect of low-temperature 
equilibration, if achievable). The common 
tangent AB represents the free energy of 
unmixed solutions with compositions of a 
few percent Pd and -50y0 Pd. In this 
composition range, the stable configuration 
corresponding to some intermediate com- 
position C will be these two solid solut8ions. 
The intermediat,e composit.ion C in t#hat 
part of the curve which is convex upwards 
will be unstable relative to a point D on the 
tangent. 

The nickel-palladium system has been 
the subject of a number of X-ray diffrac- 
tion, metallographic, electrical and mag- 
netic studies (11). Recent evidence (12) 



favors the absence of a miscibility gap for not necessarily t*rue, i.e., that a sym- 
vacuum-melted alloy ingot’s, annealed at metrical peak indicat.es a homogeneous 
1000°C. The thermodynamic data arc alloy, because a peak may be spread 
consist,ent with these obsrrvations but also symmetrically by a range of latt’ice con- 

suggest that, equilibration at much lower st,ant#s. However, a narrow symmet’rical 
t,rmperat.urw could lead to the dct,ection profile cannot contain substant,ial quanti- 
of phase-separation in the iY-Pd alloys tic‘s of material wit,h different lattice 
prepared. If the assumptions made in constants. (The X-ray diffraction peaks 
calculat,ed AC: arc correct, t,hcn films can additionally bc broadened by the 
prepared at 400°C should be single-phase presence of strain or very small crystallites.) 
alloys but perhaps single-phase alloy forma- A selection was made of X-ray diffract#ion 
t,ion in nickel-rich films should bc regarded profiles from Ni-I’d films prepared at 
as borderline. Accordingly, the bulk 400°C; each example is representative of 
homogeneity of n’i-Pd films was carefully alloys of similar composition (Fig. 3). The 
clxamincd using three crit,cria which arc alloy with 55% Pd as well as alloys with 
brlirved to be necessary for an adequat#e higher palladium contents, e.g., 70 and 
appraisal of t#he X-ray diffraction dat,a : S9y0 Pd, yield symmetrical profiles, Alloys 

a. The lattice constant of t,he Ni-Pd 
with 25 and 3.iy0 are somewhat asym- 

alloy film was compared wit.h the value 
metrical but not’e also t’heir angular breadt,h 

expwted for the well-annealed bulk Ni-Pd 
compared with pure nickel. To gain some 

alloy (12). 
perspect(ive on the ext.ent of the inhomoge- 

b. The symmetry of t#he X-ray profile 
n&y indicated as ~vcll as an indication of 

was assessed by bot’h visual obscrvabion and 
the sensitivity available, the spread of the 

mcasuremcnts bawd on the posit,ions of 
peak maximum and ccnt,roid. 

c. X-Ray peak broadening in the alloy 
films \vas compared with broadening in t,he 
component metals, similarly prepared. 

a. Lathce constant. Figure 2 records 
lat’tice const#ant,s measured in a series of 
Ni-Pd films prepared at 400°C and based 
on t’he posiGon of t#hc X-ray diffraction 
peak maximum. The curve rcprcwnt,s 
l&ticc constants for I\-cll-annealed powder 
specimens (12). Thcrc is general agrccw~tbnt 
betwcn observed values for Si-Pd alloy 
films and expect#cd values, but, a more 
critical examination of the data shows that 
modest, deviations from expected values arc 
more common in the composition range 
25-60y0 Pd. 

b. Peak syumefry. It, is bc$cvc>d that 
asymmetry of that X-ray diffraction peak, 
obtained from the counter-diffractometer FIG. 3. X-Ray diffraction profiles from (111) 

recording, is a sensitive indicator of the planes in selected Ni-Pd films prepared at 400°C 

occurrence of a range of lattice con&an@ 
with compositions (atom% Pd) indicated, showing 

indicating inhomogcncity. The convcrw is 
some examples of asymmetry and also peak broaden- 
ing in alloys compared with pure Ni. 
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FIG. 4. Variation of the difference in lattice 
constants from peak centroid and maximum posi- 
tions, acent - amax (upper) and peak breadth 
(lower) as a function of composition for Ni-Pd 
films prepared at 400°C. 

35% Pd alloy (compared with pure nickel) 
is about &lo%. 

If the X-ray line profile is symmetrical 
then the lattice constants derived from the 
posit,ions of the peak maximum and peak 
centroid will agree. Therefore, it would 
appear that the difference between these 
lattice const,ants, i.e., a(centroid) - a(peak 
maximum) constitutes a useful means of 
“quantifying” the visual impression of peak 
shape discussed above. Values of a (centroid) 
- a(peak maximum) for the pure met,als 
mere zero (within experimental error) and 
values >0 measure the degree of asym- 
metry (and hence the inhomogeneity) of 
the alloys (Fig. 4, top). Both positive and 
negative values of a(centroid) - u(peak 
maximum) were found and their limit,s are 
shown by the envelopes drawn in Fig. 4 
(t,op). Values of a (centroid) - u(peak maxi- 
mum) were greatest for alloys containing 
about ZO-60% Pd. 

c. Peak broadening. Reference to Fig. 3 
shows that the X-ray profiles from the 
alloys were also substantially greater in 
angular breadth in comparison with the 

profile from pure nickel. Often X-ray 
“line”-broadening is associated with the 
occurrence of small cryst,allite size and is 
often observed when supported metal 
catalysts are examined. In the present 
work, a further cause of X-ray line-broaden- 
ing can arise from the occurrence of a range 
of alloy compositions within the X-irradi- 
atcd area. A significant variation of 
composition on a macroscale can be dis- 
missed because the allow films were uniform 
in composition over the reaction vessel 
surface but localized inhomogeneity within 
or between crystallites is envisaged as a 
possible explanat,ion. Figure 4 (bottom) 
shows the int.egral breadth measured in 
films of Ni-Pd and the pure component 
metals. Values of integral breadt,h were 
greatest in the composition range 20-60% 
Pd but, in general, the maximum at 257, 
Pd was approached smoothly from both 
the low pure metal values. The integral 
breadth of this alloy (257, Pd) converts to 
an apparent crystallite size of 78 A which 
seems unrealistically small for metal film 
crystallites deposited and annealed at 
4OO”C, thus supporting an explanation 
based on inhomogeneity. 

These observations on the bulk structure 
of Ni-Pd alloy films prepared at 400°C 
may be summarized by stating that the 
three strict criteria adopted for analyzing 
t,he diffraction data agree that alloys with 
approximat,ely 20-60yo Pd contained some 
inhomogeneities although, as expected, no 
clear evidence of phase-separation was 
detected. 

- 196°C Films 

In this alternative method, the mixed 
metal vapor is condensed on glass cooled 
at -196°C and if it could be immobilized 
by rapid quenching, the randomness of the 
condensing vapor would be preserved. In 
practice, it is not clear what bulk structure 
will result from using a glass support as 
heat sink, nor is it clear what value to 
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assume for the cqnilibrntion tcmpcrat,urc. 
Ho\vcvcr, the alloy films prepared by 
dcposit,ion at -196°C were very much 
more act’ive cat,alyst,s. Their bulk structure, 
dctcrmincd from t.he deposit on the glass 
sample squares included in the reaction 
vessels, \vas remarkably similar to that, 
obscrvcd for alloys prcparcd at 400°C lvith 
respect t.o both latt,ice constant, peak 
symmetry and breadth. However, as noted 
in Experimental Met#hods section, t,he 
samples on glass squares were thought to bc 
unrcprcscntativc. Alloys dcposit,ed on t,hc 
vcswl surface only yielded very weak and 
broadcnrd X-ray diffract#ion peaks, indi- 
cat’ing t,he prescncc of smaller cryst,allitcs 
and/or greater inhomogencit.y t,han found 
in films prepared at, 400°C. 

SURFACE COMPOSITION 

Methods for predictsing the surface com- 
posit,ion of binary alloys from bulk thermo- 
dynamic properties have been described, 
c.g., Williams and Sawn (13) calculated 
surface layer compositions corresponding 
to the free energy minimum obtained from 
t,hr hcat,s of vaporizat.ion of the pure metals 
and the bulk alloy solution activit,y cocffi- 
cicnts. In general, surface cnrichmcnt of the 
surface layer by t,hc component wit,h the 
lower heat’ of vaporization is expected when 
t,hry arc significantly diff went. The heats of 
vaporization (at 29S”K) of nickel and 
palladium are 102,500 and 90,000 cal/molr, 
respectively, i.e., AHjub = 12,800 cal/molc 
and so the prcscnt, Ni-Pd alloy films might 
consist of crystallites with a palladium-rich 
surface layer. 

Therefore, an at,tempt was made to 
measure surface enrichment by transferring 
Xi-Pd film samples prepared in the 
cat’alytic reaction vcsscl t’o an Auger 
electron spectrometer for analysis of surface 
composition. A thin Pyrex-glass square 
was included in the reaction vessel and, 
after film deposit,ion, removed under 
vacuum to a sidearm which was subsc- 
qucntly sealed off. The samples were 

inevitably exposed to t’hc at~mosphorc in 
the transfer process to the Auger clcctron 
spectrometer. After AES analysis, t’he bulk 
st#ructure of the alloys was determined by 
X-ray diffract.ion and t’hc bulk composition 
by X-ray fluorcsccncc. 

The surface cornposition of thcsc trans- 
fcrrcd Ni-Pd alloys determined using high 
energy Auger electrons agreed closely with 
the bulk composition, Howcvcr, it is cst#i- 
mat,cd t,hat the characteristic t8hickness 
cont,ribut,ing to AES for Pd 330 cV and 
Ni S4S eV L4ugcr electrons is about, 3 and ;5 
atom layers, respect,ively. The lower energy 
Ni 61 eV peak, which is necessary for t#ho 
dct,&ion of surface enrichment in the 
omcrmost, layer, was broadened and split, 
in these air-transferred samplrs and could 
not, be used. Accordingly, a separat,e 
investigation was made of t,he surface 
composition of Ni-Pd alloy films, prepared 
inside the Auger elect8ron sprct8romcter, 
when both low and high energy Auger 
electron spectra could bc used in the 
analysis. This work has been reported in 
det,ail elscwhcrc (7’) but the main con- 
clusions can usefully be summarized here 
and related to t#hc work 011 bulk structure 
described in the previous sections. 

i. Surface enrichment by palladium was 
indeed detected in Ni-Pd films from the 
rrlat,ive intcnsit,y of the low energy Xi 61 
cV Auger clcct’rons, which “scnsc” the 
first one to three atom layers. 

ii. It was deduced from the relative 
intensi&s of t,he low and high energy 
nickel Auger clcctrons that the palladium 
concernration was higher in t,he first atom 
layer than in t’he second and third layers. 
The outermost surface was a completed 
palladium monolayer when the bulk com- 
position contained 65 atomyo Pd or more. 

iii. Within t’he bulk composition range 
O-65 atomy, Pd, a complete range of 
surface (first layer) compositions is avail- 
able to provide a suitable alloy system for 
catalytic study. 
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The first atom layer composition valurs 
determined by AES in a series of Ni-Pd 
films were fitted to a curve relating them to 
bulk composition using the theory of 
Williams and Nason and assuming, inter 
aliu (IS), that AHsub = 10 RT. This im- 
plies that the alloy films were cquilibrat,cd 
at a temperature of 640°K (367°C) al- 
though deposited with the support initially 
at room temperature. Now, it has already 
been mentioned that the bulk structure of 
Ni-Pd films on a flat glass square resting 
inside a spherical vessel maintained at 
- 196°C closely resembled the structure 
of films prepared at 400°C because the glass 
square was a poor heat sink for the latent 
heat of condensation of the metal vapor 
and radiation from the sources. It seems 
entirely consistent with this observation 
that the effective support temperature of 
the in situ AES films should approach 
400°C. It is also convenient that the AES 
results then relate more closely to films 
prepared for catalytic measurements. 

CATALYTIC MEASURERIENTS 

Two series of results are presented with 
respect to ethylene hydrogenation, viz, 
measurements of rates over sintered Ni-Pd 

FIG. 5. Ethane formation with time at -100°C 
over Ni and Ni-Pd films prepared at 4OO”C, showing 
characteristic linear plots for Ni and Ni-rich alloys, 
i.e., up to ~407~ Pd. 

FIG. 6. Ethane formation with time at -100°C 
over Pd and Ni-Pd films prepared at 4OO”C, showing 
characteristic accelerating plots for Pd and Pd-rich 
alloys. 

alloy films (deposit’ed and annealed at 
400°C) and over unsintered Ni-Pd films 
(deposited at - 196’C). 

Sintered Ni-Pd Alloys 

Figures 5 and 6 show a selection of rate 
measurements over Ni-Pd alloys prepared 
at 400°C. The catalysts were very active 
and, together wit,h the sensitivit#y of 
analysis available, reaction rates could be 
measured at - 100°C. A characteristic 

FIG. 7. Variation of the rate of C&H6 formation 
(Torr at - lOO”C@min) as a function of composition 
for Ni-Pd films prepared at 400°C. 



Ecaturn of thaw results is t,hc linearity of 
plots, C&H6 formed vs t,imc, for nickel 
and Ni-rich alloys up to alloy compositions 
of m-407, Pd (Fig. 5). In contrast, plots 
of C2H, formed vs time for Pd-rich alloys 
and pure Pd (Fig. 6) sho\v definite accelcra- 
t ion. Reaction rate mcasuremcms wre 
based on the amount, of CaH6 formed after 
20 min. 

It is believed that t,hc sintered Ni-Pd 
alloys prepared were nonporous and that 
the surface area approximated to the 
geometric surface area of the reaction vcsscl 
with perhaps a small roughness factor. In 
support of this view, t&s with varying 
weights of pure nickel and palladium 
shotved that activit,y was independent; of 
film weight. Accordingly, rates of C2H6 
formation over t’he alloys were not adjust,cd 
for variat.ion in film weight when prrsent,ing 
data on the variat,ion of rate as a function 
of (bulk) alloy composition (Fig. 7). The 
rat,e of CsH6 formatBion passed through a 
maximum at ‘~457~ Pd. The position of 
the maximum was reasonably clearly 
located as a consequcncc of the large 
number of alloy films used, alt,hough a few 
alloys had activities above the line dralvn 
through the experimental data. Alloys wit,h 
a few pcrccnt ?liclieZ were a lit,tle less active 
t’han pure palladium. 

FIG. 8. Et,hane formation with time at -1CO”C 
over Ni, Pd and Ni-Pd alloy films deposited at 
-196°C. 
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FIG. 9. Variation of the rate of CzHs formation 
(Torr at -100”C~min~20 mg catalyst) as a function 
of composition for Ni-Pd films deposited at - 196°C. 

Lrnsintered Ni-Pd Alloys 

ltatcs of et.hane formation were also 
measured over t,he series of Ni-Pd alloy 
films deposited at - 196”C, which were 
extremely active cat#alysts. In comrast t,o 
sintercd alloys, the plots of C&Ho formed 
vs time were linear for all alloy composi- 
tions (Fig. 8). It might, be not,ed that t,he 
final conversions obt,ained after SO-40 min 
over the sintercd alloys (Fig. 6) lvere 
reached within a few minutes owr t,hc 
unsintercd alloys (Pig. S). Over the most> 
actJive unsintcrcd alloy, ethylene conversion 
was complete after 18 min. 

It’ is believed that the unsint’ercd alloys 
have much larger surface arcas t#han the 
near geometric areas of sintered alloys. In 
t’his case, test’s of t,he weight,-dcpcndencc 
of cat,alyt,ic activity using pure nickel and 
palladium films deposit#cd at -196’C 
showd a linear rrlationship up t#o -25 mg. 
Consequtnt~ly observed rates of rthanc 
formation were adjusted t,o a common 
basis of 20 mg, M hich was t’he average 
weight of the series of alloy films prepared 
at, - 196”C, and expressed as C2H, formed, 
Torr/min/20 mg. Figure 9 shons the 
variation of catalytic activity as a fun&on 
of (bulk) alloy ccmpositicn. Again the 
activit’y passed t,hrough a well-defined 
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maximum at -45% Pd. The activities of 
the pure metals were carefully determined 
as the mean of a number of measurements 
(Ni, 4; Pd, 7) using separate films. Com- 
parison of Figs. 7 and 9 shows that maxi- 
mum activity is greater by a factor of about 
20 times in unsintered compared with 
sintered catalysts. Nevertheless, the en- 
hanced activity of Ni-Pd alloys over pure 
nickel and palladium is a feature common 
to both activity vs composition plots. 

Interpretation 

The main feature of the catalytic results 
is the enhancement of ethylene hydrogen- 
ation rate over Ni-Pd alloys, with a 
maximum at -45% Pd, compared with the 
pure component metals. Possible explana- 
tions are considered primarily in terms of 
the information presented on bulk structure 
and surface composition. 

i. The surface area may be greater in the 
alloys compared with the pure metals be- 
cause alloying inhibits crystallite growth. If 
the increased X-ray line-broadening in al- 
loys (Fig. 4, bottom) is due to smaller crys- 
tallite size rather than inhomogeneity, there 
could be a corresponding increase in surface 
area and activity. Presumably such en- 
hanced surface area would mean that the 
sintered films prepared at 400°C would now 
be porous, unlike the pure metals, and their 
activity would respond to variation in film 
weight. Examination of the actual weights 
of alloy films of closely similar composition 
shows that activity was still independent 
of film weight. For example, alloy films 
with 40% Pd (Fig. 7) weighed 9.3 and 20.8 
mg but their activities differed little, i.e., 
0.038 and 0.034 Torr/min, respectively. 
Films with 45% Pd weighed 4.8 and 16.8 
mg, whereas their activities were 0.036 
and 0.031 Torr/min, respectively, again 
appearing to contradict the idea that 
enhanced activity was due to an increase 
in surface area. 

ii. The enhanced activity may be corrc- 
lated with the inhomogeneity detected in 
the bulk structure of Ni-Pd alloys of 
intermediate composition prepared at 
400°C. The information on the bulk struc- 
ture of these sintered films defines t,he 
region of maximum inhomogeneity as 
ZO-60% Pd and it seems significant t,hat 
the maximum of catalytic activity is wit’hin 
this range. Nevert,heless, it is difficult t,o 
explain the cause of the enhancement, e.g., 
in terms of active sites thus created, and 
the correlation is not easily tested. Perhaps 
it is rather coincidental t,hat the enhance- 
ment ean arise in both sintered and un- 
sintered films, the latter poorly crystalline 
at intermediate compositions. 

iii. The enhancement in activit,y reach- 
ing a maximum at --45y0 Pd may be 
correlated with the observation by Auger 
electron specOroscopy that the outermost 
layer in Ni-Pd alloys (prepared in situ) 
was complete (lOOa/, Pd) when the bullc 
composition was 65% Pd or more. There is 
some difference between the critical com- 
positions, -45% Pd (catalysis) and 65oj, 
Pd (AES) but at 40% Pd (bulk composi- 
tion) t.he first atom layer contained -80% 
Pd according to AES analysis. Alter- 
natively, the electronic stru&ure or other 
properties of the surface layer may be at 
their most favorable before the surface 
composition reached 100% Pd. The prob- 
lem with this explanation is the lower 
activity of pure Pd and Pd-rich alloys, 
whereas constant, activity beyond -4,570 
Pd might have been expected once the 
first surface layers consisted of pahadium 
atoms. 

In t,he case of sintered Ni-Pd alloys, 
rates of ethylene hydrogenation accelerated 
over Pd-rich alloys (with -4Ooj, Pd or 
more), Fig. 6, and this is ascribed to the 
adjustment of the hydrogen content under 
reaction conditions. These sintered alloys 
had been annealed in hydrogen at 4OO”C, 
then cooled to -100°C before evacuation. 
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In cont,rast8, t,he unsintcrcd alloys wcrc only 
prc-exposed to hydrogen at -lOO”C, and 
plots of GHs formation vs time (Fig. 8) 
for all composit,ions were linear. The 
slightly lower activity of alloys prepared 
at, 400°C with a few pcrccnt, nickel, com- 
pared wit,h pure palladium, may be rclat,ed 
to the timr required t50 adjust the absorbed 
hydrogen cont,cnt. The larger sizo of the 
crystallites in the films prepared at 400°C 
compared wit,h the semicrystallinc alloys 
deposited at -196°C would also bc less 
favorable for hydride decomposition (14). 
Ncvcrtheless, the calculat8ion of rates using 
a later port’ion of t#he accelerating plots 
would not alt,er t,he occurrcncc of a maxi- 
mum in activit,y but move its position to 
beyond 45”/c Pd. 

These observations seem to suggest that 
hydrogen absorption into the cat’alyst 
surface can also provide an explanat,ion 
of the decrease in activity beyond --45y0 
Pd. The poisoning effect of dissolving 
hydrogen in palladium on olefin hydrogen- 
ation and ot,hcr rcact’ions has been review-cd 
(14). It can bc envisaged that the capacity 
of the surface layers for hydrogen absorp- 
tion increased (and activity decreased) as 
t,he second and third layers, as well as the 
first, became increasingly close t,o being 
pure palladium (i.c., beyond a certain 
Oulk composit8ion, -65,% Pd according to 
AES analysis). Thus t,he “true” activity of 
palladium is more closely approached by a 

palladium monolayer on a Ni-Pd hasc 
rather t,han by pure palladium it’self. 
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