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Two series of Au-Pt catalysts supported on SiOz were prepared by the incipient wetness 
method. In one series the total amount of metal (Au + Pt) was kept constant at about 
0.7 wt% (Series A), while in a second series the amount of Pt was kept constant at about 
0.7 wt% (Series B). In the latter the total amount of metal ranged between 1.03 to 6.13 wt%. 
The two series were characterized by Hz and 02 chemisorption, wide-angle X-ray scattering, 
and electron spectroscopy for chemical analysis. There was indication of the presence of 
mixed Au-Pt particles as well as of particles containing Au only. In depth compositional 
profile of Series B showed homogeneous composition extending to at least about 12 d below 
the surface, while in Series A compositional inhomogeneities were found. The rate of the 
carbon-14 equilibration between benzene and cychohexane and the rate of equilibration 
between Hz and DP were measured on both catalyst series in a flow system at a total pressure 
of I atm. For the carbon-14 equilibration reaction the temperature wm 205”C, contact time 
in the range of 10 to 30 sec. The influence of the ratio cyclohexane to benzene on the reaction 
rate was recorded. For the deuterium equilibration the temperature was -78°C and a ratio 
of poZ/pH2 = 1 was employed. The rate of the carbon-14 equilibration was found to be inde- 
pendent of surface composition of the Au-Pt particles for Series A, while for Series B the 
rate increased upon addition of Au to Pt. Differences in rate up to about one order of mag- 
nitude were observed between catalysts from Series A and B possessing a similar overall 
Au/Pt ratio. No difference in the rate of deuterium equilibration was found between Series A 
and Series B catalysts. The kinetic behavior of Series B is discussed, and suggestions of the 
nature of the Au-Pt interaction, responsible for the enhancement of the reactivity of Pt, 
are advanced. The concept of reaction sensitivity to surface structure is viewed as a dynamic 
factor which includes the position of the reaction steady state and the corresponding degree 
of reaction conversion. Consequently, a reaction may be sensitive or insensitive to the surface 
structure depending upon its conversion. 

The influence of several factors on the tion conditions. From these investigations 
catalytic activity of Au was recently in- a complex set of surface effects covering 
vestigated (1). The factors studied in- t’he struct,ure and composition of t,he sur- 
eluded precursor salt, size and distribution face and the kinetics of the catalytic 
of the Au particles, nature of the support reaction were found. Against this back- 
material, and gas phase oxidation-reduc- ground, it was felt of interest to investigate 

* On leave from the Donegani Research Institute, 
the effect of the addition to Au of a second 

Montedison S.p.A., Novara, Italy. metal with limited bulk solubility in Au. 

t To whom queries UvvUy “...., 1 ohnlr+ thin paper should be The condition of partial solubility seemed 
addressed. preferable to that of compleOe miscibility, 

$ Deceased on April 1, 1978. since it appeared that in the presence of 

272 

0021-9517/79/050272-15$02.00/0 
Copyright 0 1979 by Academic Press, Inc. 
All rights of reproduction in any form reserved. 



this condition it would be more likely to 
discover subtle interactions between the 
two metals that could be obscured by 
large three-dimensional alloy formation. 
In past studies on bimetallic systems, there 
has been an effort to strive for condit,ions 
leading to alloy format,ion, as predicted 
by the bulk phase diagram. This approach 
has been instrumental for t’he derivat’ion 
of general schemes for the catalytic ac- 
tivity of supportsed alloys. It may also be 
argued that bimetallic compo&ions wit’h 
large miscibilit,y gap may, indeed, be im- 
portant for t,hrowing light on the genetic 
steps of bimetallic particles as they grow 
from the decomposit’ion products of sepa- 
rat)e metal salts, on the possible existence 
and characterization of met#al-metma inter- 
actions precursor to alloying, on the 
stabilization of genetic int)ermediates, on 
nonequilibrium particle morphology (ani- 
sotropic and two-dimensional growth). 
This is a vast, area, whose microscopic 
details are largely unknown ; yet it com- 
prises steps which conceivably have a con- 
trolling role on the reactivity of bimetallic 
supported particles. 

Following these considerations, it was 
felt that Pt would be a good candidate 
for t,he study of its effect’ on support’ed Au. 
In fact, t,he catalytic activit#y of Pt is 
generally orders of magnitude higher than 
t,hat of Au and considerable research has 
already been carried out on supported 
(L-5) and unsupported (G-14) Au-l? com- 
posit,ions. In the course of past research 
it’ was found that depending upon the 
procedure employed for the preparation 
of supported Au-Pt, alloying did or did 
not take place (3, 4). 

The Au-Pt system displays a miscibility 
gap, within which a R-rich and an Au- 
rich phase coexist (15). At, 400°C the 
latter, extending up t’o about 1s wt% Pt, 
is a disordered substitutional solid solu- 
t’ion. Under condit’ions of thermal equi- 
librium it, is expected that Au will segre- 
gate at the surface, due to its lower 

sublimation energy. This has been con- 
firmed in studies on Au-R films by Hz 
chemisorpt’ion and work function mea- 
surements (10, 12). It’ was also found (11) 
as expected, t’hat surface composition 
remained essent’ially constant as the bulk 
composition was modified within t’he range 
of the miscibility gap. Adsorption-desorp- 
tion of Hz and CO has been employed to 
derive a more detailed picture of the film 
surface (9, 10). From these studies it was 
concluded that Au acted as a diluent’ for 
Pt, which formed atomic L’ensembles” of 
different sizes. Au additions simply in- 
fluenced the number of the smaller I’t 
‘Lensembles,” causing variations in t’he 
relative intensity of the desorption peaks. 
In supported Au-l? (particle size 500- 
2000 A) these conclusions seemed to be 
confirmed (4, 5), but questions on t’he 
possible influence of the size of the smaller 
particles, of t>he preparat)ive conditions, 
and of the catalyt,ic reaction itself re- 
mained unresolved. Indeed, with very 
small particles (225 A) t,he surface com- 
position may become controlled by sur- 
face tension effects, or if thermal equili- 
bration is not, achieved, particle nucleation 
and growt#h effect’s may be determinant,. 
Jf nucleation rat’es are appreciably different 
between the t,wo met,als one type of metal 
particle will be formed init,ially to be 
subsequent’ly covered, part#ially or Mally, 
by the ot,her metal, irrespective of t,hermo- 
dynamic predictions. Nucleation and 
growt#h of the two metal particles may 
also be dependent upon the type of sup- 
port employed and its pretreat,ment prior 
to contact, with metal precursor salts. If 
under pretreatment’ of t’he catalyst and 
during reaction rate measurements no ap- 
preciable sintering or thermal equilibration 
takes place, surface composition is essen- 
t,ially fixed by preparative manipulat’ions. 
The reaction employed to test the activity 
of the catalytic surface reflects the geo- 
metlrical and electronic requirements of 
cont’rolling adsorption-desorption st’eps, 
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and surface models thus developed are 
dependent upon reaction kinetic charac- 
teristics. It becomes necessary to test these 
models with invest,igations on several re- 
actions, possessing alternate requirements. 

In view of these considerations it, was 
deemed interesting to submit the sup- 
ported Au-l? syst’em to further scrutiny 
in view of seeking answers to the following 
questions: If alloys are not formed, as 
indicated by standard characterization 
methods, does the catalyt’ic activit,y vary 
with overall compositjion in a way that 
it may be expected from a noninteracting 
particle of different cat,alyt,ic activit,y? 
Within the phenomena controlling the 
physicochemical behavior of small metal 
particles on a ceramic support, is alloy 
format>ion the catalytically important in- 
teraction or are there more subtle ones 
which escape detection by the st’andard 
t,echniques employed for the definition of 
alloy formation? This question seems espe- 
cially relevant, since in the range of small 
supported particles every physical tech- 
nique employed for particle characteriza- 
tion yields results biased by the effect 
underlying the technique employed. Is the 
nature of the catalytic step an important 
considerat’ion for the observation of inter- 
actions between the two metals outside 
the range of alloy formation? 

These questions prompted us to inves- 
tigate the catalytic activity of supported 
Au-Pt preparations in hydrogen and oxy- 
gen transfer reactions. This communica- 
tion summarizes the results obtained in 
the preparation and characterization of 
supported Au-Pt samples and in their 
catalytic activity for hydrogen transfer 
reactions, while in a subsequent com- 
munication we shall present the result’s 
on oxygen transfer reactions. Because of 
the interest in employing well-defined and 
constant gas phase redox reaction condi- 
tions, isotopic exchange react,ions have 
been used throughout. 

Reagent grade Au and 1% chlorides, SiOn 
(Davison Grade 62, surface area 340 m”/g), 
high purit,y (99.99yc) H, and He were 
employed. Hz was used after purification 
by passage through Pd asbestos at 4OO”C, 
followed by a molecular sieve trap, kept 
at liquid Nz temperature, while He was 
passed through Cu turnings, 4OO”C, fol- 
lowed by a charcoal trap cooled at, liquid 
Nz temperature. Reagent grade benzene 
(BE) and cyclohexane, CHA, 14C-BE 
(*BE), 0.5 mCi (radioactive purit,y 99.3%) 
were employed without further purifica- 
t’ion. *BE was diluted with BE to about 
0.1 mCi as needed. Supported Au-I? 
catalyst,s were prepared by impregnation 
of the support with a solut,ion of HzPtCls 
and HAuCIA of the desired concentration. 
The amount of the impregnated solution 
was slightly greater than the pore volume 
of t’he silica gel (1.1,5 cm3/g). After im- 
pregnation t’he catalyst’s were dried at 
120°C for about 24 hr. 

Two series of catalysts with various 
Au/Pt ratios were prepared. In one series 
t,he total amount of metal was kept con- 
st’ant at about 0.7 wt% (Series A), while 
in a second series the amount of Pt was 
kept constant at about 0.7 wt% (Series B). 
In the latt,er the total amount of metal 
ranged between 1.03 and 6.13 wt%. Two 
sets of SiOz-supported catalyst’s containing 
Au or Pt only were also prepared. A sum- 
mary of the pretreatment’s before adsorp- 
tion and reaction rate measurements is 
presented in Table 1. Preparabion and 
pretreatment of the Pt- or Au-supported 
catalysts were identical to those employed 
for the Au-Pt series. Catalyst composition 
was determined by atomic absorption and 
neutron activation analysis. In the latter 
analysis separation of the neutron irra- 
diated components in the Au-Pt series 
was carried out by dissolution in HNO,; 
radiation counting was performed sepa- 
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TtlBLE 1 

Preparation and Pretreatment Conditions of Supported Au-Pt Catalysts 

Total metal All Treat,ment 

(wt%‘l (atom $1) 
H, adsorption 02 adsorption Reaction 

Series A 
0.55 
0.59 
0.53 
0.83 
0.51 

Series B 
6.13 
2.31 
7.40 
I .0:3 

100 
70 
.i2 
23 

0 

Heated in air, 70 Torr, After measaremcnt of (BE + CHA) 
300°C 1 hr ; heated H, adsorption, heated Heated in Hz, 4OO”C, 
in H,, 70 Torr, 400°C, in vacuum, 45O”C, 2 hr ; in He, 1 hr, 
I hr; evacuated 30 min, cooled to cooled to reaction tem- 
45O”C, 30 min, cooled 200°C pwatrlre 
to room temperature 

w2 + IL) 
Heated in H,, 4OO”C, 

2 hr; cooled to reac- 
tion temperature 

rately on the Au and 13 fractions. It was 
found that the results of both methods 
of analysis differed by less than &2.4 wt’O/,. 

Catalyst characterizat,ion included Hz 
and Oz adsorption, wide-angle X-ray scat- 
t,ering (WAXS) and electron spectroscopy 
for chemical analysis (ESCA). Adsorption 
measurements were carried out in a con- 
ventional glass vacuum system employing 
a thermocouple vacuum gauge. The ex- 
perimental det,ails of the adsorption ap- 
paratus have already been reported (16). 
WAXS spectra were obtained by means 
of an X-ray diffractometer with a resolu- 
tion of 0.005”; crystallite size was cal- 

culated wit,h the aid of the Scherrer ex- 
pression, aft)er correct,ion for the instru- 
ment contribut8ion (17). CuKoc wavelength 
was used. The ESCA patt)erns were 
recorded wit)h a Physical Electronic In- 
dustries Spect’rometer in which unmono- 
chromatized RIgKol line was the excit,ing 
radiation. An electron flood gun was used 
t,o cont)rol charging effect’s. Samples were 
prepared by compacting the catalyst powder 
on an In base (18). For all samples the 
measurement sequence and procedure was 
the same. The sequence of the spectral 
lines observed was 0 (Is), Si (2;o), Pt (4f), 
and Au (4f). A 20-eV range was recorded 

in each case. Signal intensity was obtained 
by integrating the area under the recorded 
peaks. It was felt t,hat the most reliable 
comparison between samples would be 
obtained by using t,he Si (2~) intensit,y as 
an internal reference for each sample. In 
fact,, it was found that, the absolute mag- 

nitudes of the Si (2~) int)ensit,ies for several 
of the samples ranged over a few percent 
only. By means of averaging values from 
several measurements a relative standard 
deviat,ion of &l.:i% was computed. 

Catalytic activity for hydrogen transfer 
react)ions was assessed by measuring the 
rate of the i&opic exchange react,ions: 

*G&(g) + G&(g) -+ C&(g) 
+ *G&(g), (1) 

Hz(g) + Dzk) +2HD(g), (2) 

where *C is a carbon-14 atom. 
A conventional flow system was em- 

ployed for both reactions. The apparatus 
included metering valves, flow meters, gas 
purifying devices, constant temperature 
saturators and tubular react,or. It, was 
operat’ed at 1 at’m total pressure. For 
reaction (1) known amounts of BE, CHA, 
and *BE were introduced int,o the reactor 
using He as a carrier gas. The rate of 
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reaction (1) was measured under conditions 
of equilibrium for the hydrogenation of BE, 

C,&(g) + 3&(g) + C&z(g). (3) 

This condition was fulfilled by feeding to 
the reactor, in addit’ion t#o BE and CHA, 
Hz corresponding to the partial pressure 
in equilibrium (3). The esbablishment of 
reaction equilibrium (3) was ascertained 
by analyzing the composition at the re- 
act’or inlet and the react’or outlet and 
obtaining similar values. Furthermore, 
whenever t’he Hz partial pressure in the 
feed was changed from the equilibrium 
value t.he reactor inlet and outlet com- 
positions differed, indicating the occur- 
rence of a net reaction (3). The reactor 
temperature was 205”C, contact time in 
the range of 10 to 30 set ; from 1 to 3 cm3 
of 100 to 170-mesh catalyst (0.4-1.2 g) 
was employed. Product analysis for re- 
action (1) was performed by an in-line 
gas chromatograph (HP Model 5750 with 
flame detector) equipped with a 5-ft 
column filled with 5% B34 + 5y0 DIPP 
on Chrom-W (SO-SO mesh). Fractions 
eluting from the g.c. were collected in a 
solution of PPO in toluene for liquid 
scintillation analysis. No side reactions 
were detected. Experiments were performed 
at various flow rates and gas phase com- 
positions to ascertain the absence of dif- 
fusional limitations. For each set of con- 
ditions, several runs were carried out. 

From t#hese experiments it was estimated 
t’hat t,he error in the rate coefficient’ li, 
(see below) was &20% and in t,he pres- 
sure exponent m was f5y0. 

For reaction (2) prepurified Hz and Dz 
(CP grade) were passed t’hrough Pd as- 
bestos at 400°C and molecular sieve traps 
kept at liquid Nz temperature. High 
purity Nz, employed as carrier gas, was 
further purified by passage through Cu 
turnings at 4OO”C, followed by a liquid 
N2 molecular sieve t’rap. Reactor tem- 
perature was generally kept at -78°C. 
Gas analysis was carried out mass spec- 
troscopically. The mass spectrometer (AEI- 
MSlO) was calibrated with known amounts 
of H, and Dz. The ms sensitivit,y for HD 
was assumed to be the average between 
that for Hz and for Dz. Generally 10 mg 
of catalyst mixed with 0.2 g of SiOz were 
employed. A constant ratio PD~/PH~ = 1 
was used throughout. From 2 to 4 runs 
were carried out for each set of condi- 
tions; the error in the rate coefficient kD 
(see below) was estimated at f30ye. 

RESULTS 

Catalyst Characterization 

H, and O2 adsorption isotherms were 
measured on supported Pt and supported 
Au-Pt, while on Au the adsorption of 02 
was carried out. 02 adsorption on AU was 
found to be a reliable method for the 

TABLE 2 

H, and O2 Adsorption on Pt-SiOz 

0.26 4.73 
0.51 15.3 
1.14 24.0 
1.28 20.8 
3.25 57.8 

a20°C, pH2 0.154.20 Tom. 
b2OO"C, po, 0.2-0.7 Tom. 

8.5 1.8 32.1 35 
19.6 1.3 52.9 21 
30.3 1.3 36.8 31 
- - 28.4 40 

80.1 1.4 31.0 37 
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TABLE 3 

Hz and O2 Chemisorption on Au-Pt-SiOz Preparations 

Total metal Au overall Hz uptake” 02 uptake* Percentage Surface 

(wt%) (atom %) [c.,-J )( 102 py] x 102 TA:, composition 
(Au 70) 

Total metal ,4u only 

Series A 
0.59 
0.5:3 
0.83 

Series B 
6.13 
2.31 
1.40 
1.03 

70 1.46 3.50 1.60 14.5 18.7 69 
52 4.35 7.60 1.95 29.5 24.0 47 
23 10.30 17.40 4.01 28.0 74.2 44 

x9 3.96 7.30 2.15 10.0 1.53 52 
68 11.30 15.20 0.51 26.5 1.14 S 
45 14.20 19.70 1.24 32.2 6.92 15 
28 15.50 21.20 1.05 36.4 12.70 12 

a 2O”C, pi, 0.15-0.20 Torr. 
* 2OO”C, pn, 0.2-0.7 Torr. 

calculation of the Au particle size (16). 
To obtain separate values of the surface 
area of t,he two metals in the bimetallic 
preparations, independent measurement’s 
of O2 adsorpt,ion and Hz adsorption were 
carried out. The assumption was made 
that the H? and O2 stoichiomet,rp found 
on support#ed Pt and the O2 stoichiometry 
found on supported Au did not change 
in the mixed Au-Pt supported prepara- 
tions. From t.he Hz uptake on Au-l?, the 
percentage of Pt exposed was calculated 
using the adsorption stoichiometry J’t 
+ +Hz --f Pt - H. HP chemisorption was 
measured at, 20°C and Hz partial pressure 
of 0.13 to 0.20 Torr (1 Torr = 133.33 S 
rn+). Ko adsorption of Hz could be de- 
tect,ed on the SiOz support, or on the Au 
preparat,ion. The O2 adsorption was mea- 
sured at 200°C and O2 partial pressure 
of 0.2 to 0.7 Torr. Under these conditions, 
O2 is chemisorbed on both 1% and iiu. 
The Pt#-0 surface stoichiometry atf 200°C 
was established ljy using Pt, catalysts of 
known surface area (determined by H, 
chemisorpt~ion). The average Oa stoichi- 
omctry found at 200°C was 

A summary of experimental results 0x1 

Pt-SiOz is presented in Table 2. 02 ad- 
sorbed on Au in the Au-Pt preparations 
was calculated by subtracting the amount 
of O2 adsorbed on Pt,, det,ermined by the 
Pt-0 stoichiometry at 2OO”C, from the 
total O2 uptake. 

The percentage of Au exposed was cal- 
culated by using t’he 02 adsorption stoi- 
chiometry : 2Au + +O, -+ Au&. Au sur- 
face area derived from t,his stoichiometry 
were found to be con&ent with the 
results from WAXS and Transmission 
Electron Microscopy (16). In Table 3 the 
results obtained using the above procedure 
are reported. From the percentage exposed 
of both metals, t,he surface composition 
was calculated and it is reported in the 
last column of Table 3. The percentage 
of Pt exposed is plotted versus the overall 
composition in I;ig. 1. 

?;o Pt was detected in the WAXS 
analysis of Series A and Series I3 prepa- 
rations. This is taken as an indication of 
small particle siztl of 1% in agreement, with 
the conclusions from Hz adsorption 
(Table 2). An extensive Au-Pt alloying 
is clearly absent, since the lattice constant 
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of Au in the Au-R preparations was 
found to be similar to that of Au. In 
contrast to Pt, Au was easily detect’able 
by WAXS (Table 4). In some Au prepa- 
rations, diffraction from different crystal 
planes yielded different part,icle dimensions, 
indicating large anisot’ropy in particle 
growth. This effect was also reported in 
an earlier study of the supporbed Au (19). 
Most likely, these observations are an 
indication of differences in nucleation and 
growth rat’e between Au and Pt particles. 
Indeed, the equivalent particle diameter 
of Pt in t,he Au-Pt preparations, calcu- 
lat’ed from the Pt surface area, is one 
order of magnitude (or more) smaller than 
that of Au, irrespective of bulk composi- 
tion. This is taken as an indication that 
Pt nucleation was faster than that of Au, 
and, consequently, local depletion of Pt 
salt during particle growt>h set in. These 
events will eventually lead to a mixed 
Au-Pt cry&al particle. 

Analysis of the ESCA results was car- 
ried out by dividing the areas of the Oxa, 
Si 2p, Pt4,, and AUQ peaks, by the cor- 
responding photoelect’ric cross sections (WO), 
and expressing them as percentages. The 
percentage exposed of Pt and Au was 

TABLE 4 

WAXS Characterization of Au-Pt-SiOz 
Preparations 

Total Au 
metal (atom 70) 

(wt%) 

.\u crystallite diameter 

(A) 

(111) (200) (220) (311) (222) 

Series -4 
0.55 100 450 347 261 - - 
0.59 70 450 335 - - - 
0.53 52 477 332 - - - 
0.83 23 240 - - - - 
0.51 0 

Series B 
6.13 89 363 260 248 246 234 
2.31 68 242 230 212 213 - 
1.40 45 215 186 - - - 
1.30 28 318 - - - - 

element, is obtained using a sample with 
known values of W and D. From the 
percentage exposed of Pt and Au the 
surface composition was calculated (Table 
5). The results obtained are plotted in 
Figure 2 together with the values of sur- 
face composition from Hz, 02 chemisorption. 

Hydrogen transfer between benzene and 
cyclohezane. It is assumed that reaction (1) 
takes place via the following sequence of 
adsorption-deposition steps (1) : 

*G&(g) + 6H(s) -+ *GJL2(g), (la> 
calculated by means of the expression: 
D = R/W.K where R is the metal-Si 

CcHlz(g) + C,H,(g) + 6H(s). (lb) 

ratio, from ESCA peak ratios, W is the Since reaction step (lb) is the reverse of 

weight percent of the metal, D is the reaction step (la) and equilibrium condi- 

percentage exposed, and K is a constant. tions prevailed during the course of re- 

The value of K, characteristic for each action (l), the rate of the latter and the 

FIG. 2. Surface versus overall composition of 
FIG. 1. Percentage of Pt exposed from HZ chemi- SiO%-supported Au-Pt particles. Series A: 0, by 

sorption versus overall composition, in Si&-sup- HI, O2 chemisorption; l , by ESCA. Series 13: 
ported Au-Pt; 0, Series .4 ; 0, Scrics 13. 0, by H,, O2 chemisorption; w, by Ii:SCA. 
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TABLE 5 

133CB Characterization of Al~-l’t-SiOl 
Preparations 

Total metal Au overall Surface compositional 

(wt%) (atom %) (Au atom ‘/I) 
-6 

Series A 
0.55 100 100 
0.50 70 20 -7 
0.59 Ti2 5 
0.83 2:s x -I 0 1 
0.51 0 0 log- PWbZ 

PC&S 

Series B 
6.13 
2.31 
1.40 
1 .o:: 

89 :34 
68 6 
45 s 
28 :: 

a Calculated by means of the expression l/ (1 
+ DFt(Pt)t/l)Au(Au)t), where DP~, DA” are the Pt 
and Au dispersion, respectively, and (Pt),, (.4u)t arc 
the total Pt and Au atoms, respectivrly. 

rates of reaction steps (la) and (lb) are 
similar. Considering react’ion step (la), its 
rate is given by : 

FIG. 3. Rate coefficient, k,, for reaction (I) as 
a function of 13 = PCHA/PBE, 205”C, catalyzed by 
.4~l-Pt-Si02; Series .4: 0, 0.51 wtyO Pt; 0, 0.61 
wvtf% .4umpt; 0, 0.83 wt”ir Au-Pt; n , 0..53 wt’6 
All-Pt ; 0, 0.59 wt’q; All-Pt. 

influence of the gas phase composition $, 
upon the rat,e coefficient8 A,,, for catalysts 
of Series A at, 205°C is shown in Fig. 3. 
Similar results for Series B catalysts and 
for Pt,-SiOs are reported in Figs. 4 and 5. 
In all cases, li, increased with fl. 

In the derivation of the Eq. (4), t’he 
reaction rate was assumed t,o be first order 
in j’&I%E and l)*cHA. The act’ual dependence 
is obtained from rate measurement’s at 

where W, YZ*CIIA, P*BE, and ~CHA are the 
catalyst weight,, moles of *CHA, and 
partial pressures of *BE and *CHA, re- -4 

spectively, and l<,~ 12, are the forward 
and reverse rate coefficients of reaction 
step (la). Introducing the equilibrium -5 
condition and integrating Eq. (4) for a 
flow reactor one obtains (1) : log kc 

1 
Ii, = -v- -~ 

1 
1 11 ~.~~..~ - -6 

IVRT 1 + l,‘P 1 - a, 

[ 

molrs 
- 1 ) (5)) -7 
g x WC x at,m 

-1 
log* o 

1 

where P is the total volumetric flow rate C6 Hs 
measured at the temperature 7’, 12 is the 
gas constantj, p = P~:HA/~~E, the reaction 

Flo. 4. Itntc~ c~odfih~t, kc, I’or mtvtiotr (I) :LS 

converSiOn a;: = I)*CHA/(~*CIIA)~; the suf- 
a function of p = I~CHAI~IHI~;, %O;i”C, c:ttalyzc~d bv 
AlI-Pt--SiOq; Series 13: 0, (j.l:J wtfx : A, 2.31 wt,‘;; 

tis e refers to equilibrium conditions. The Awl’t; 0, 1.4!) P-tC; .4r1-1%; 0, L.o:i wty;, I\ll-l’t,. 
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various fi’s. The results are expressed by 
means of the equation 

k, = k,“P” (6) 

where kc0 is the rate constant for reac- 
tion (1) and 0 < m < 1. The values of kc0 
and m calculated from Eq. (6) are reported 
in Table 6 for all three set of catalysts 
examined. Under the experimental con- 
dition used, the rate of reaction (1) on Au 
was found to be negligible. 

Hz-D2 equilibration. Since the results on 
the rate of reaction (2) showed that the 
rate increased with (pu2)totai, it was as- 
sumed that a likely reaction scheme was 
the following : 

H,(g) + D(s) -tHD(g) + H(s), (24 

h(g) + H(s) + HD(g) + D(s). (2b) 

Consider the rate of reaction step (2a) 

v @HD 
~ -- = k,,p,, 

WRT dt 
- kDbpm (7) 

where V, kD, kDb are the volume of the 
catalyst bed and the forward and back- 
ward rate coefficient of reaction step (aa), 

TABLE 6 

Rate Constant, k,~, [Eq. (6) 3, Exponet m[Eq. (6)], 
Surface Collision Efficiency YJEq. (lo)], for Re- 
action (I) Catalyzed by Pt-SiOn and Au-Pt-SiO, 

Preparations, 205°C 

Tots1 AU kc0 112 YC x 109 
metal (atom 70) 

[ 

molecules 

(wt%) Pt(s) x set x atm 1 
0.26 - 0.47 
0.51 - 0.29 
1.28 - 0.42 
3.25 - 0.20 

Series -4 
0.55 100 L1 

0.59 70 0.22 
0.53 52 0.33 
0.83 23 0.15 
0.51 0 0.29 

Series B 
6.13 89 1.64 
2.31 68 I..38 
1.40 45 1.12 
1.03 28 0.45 

n No detectable reaction on An. 

0.79 4.75 
0.76 2.93 
0.76 4.25 
0.81 2.02 

0 a 

0.94 2.22 
0.56 3.34 
0.73 1.32 
0.76 2.93 

0.95 16.58 
0.94 14.05 
0.83 11.32 
O.Y4 4.5.5 

-4 

-7c 

FIG. 5. Rate coefficient, k,, for reaction (1) as 
a function of fl = ?)cHA/?)BE, 205”C, catalyzed by 
Pt-SiOz ; 0, 0.26 wt% Pt; & 0.51 wt% Pt; 
l , 1.28 wt% Pt; 0, 3.25 wt% Pt. 

respectively. Introducing the reaction con- 
version (YD = (rt - YO)/(Y~ - yo), where 
y = 1)HD/ (p&0, eliminating kDb and in- 
tegrating, Eq. (7) yields: 

v 
kD = -+---[~~], (8) 

WRT.r 

where 7 is the contact time. 
The validity of Eq. (7) was tested at 

various 7’s and the calculated values of 
kD were found to be within f30%. Typical 
values of kD for catalyst 2.31 wt% 
(68yc Au) on SiOz at -78°C are plotted 

versus (pHz)total in Fig. 6. The values of 
the rate constant kDO for both series of 

01111111 
o 0.01 0.02 a03 0.04 0.05 0.06 

(PH,)mTAL(Atd 

FIG. 6. Rate coefficient, ko, for reaction (2) as 
a function of (p&,,tal, -7S”C, catalyzed by 
2.31 wtyO AlI-Pt on SiOz. 
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TABLE 7 

Rate Corlstarlt for Reaction (a), kuO, and Collision 
Efficiency ?D, for Au-Pt-SiOn Preparatiorls, 

T = - 78°C 
-...~ ~-~ --~ 
Total metal Au kr,- 7,) x 10’ 

C-T,%) (atwn %I 
[ 

molecules 
Pt(s) x set x arm 1 _ ________~~~ ~~-.- 

Series .2 
0.55 100 

0.59 70 .32.i 5.4 

0,.X( 52 575 6.0 

0.83 23 630 5.5 

0.51 0 1130 11.7 

Series I3 

6.13 89 775 8.0 

2.31 68 11.50 11.9 

1.40 4.5 1300 13 .5 

1.03 28 625 6.4 

Au-Pt preparations are reported in Table 7. 
KDo is defined by the expression X-n = kDO 
(pIIJt”taln (9). In all cases the value of 
n = 0. In the range 10 < pHZ < 100 Torr, 
-77s < T < 30°C the calculated activa- 
t#ion energies were 2.5 t’o 3.0 kcal/mole. 
This value is t,o be compared with earlier 
determinabions on wire, sponge, and Pt 
black ranging between 0.5 to 7.5 kcal 
mole (d1), between 0.5 t)o 3.0 (21) kcal/ 
mole on Pt-SiOz and between 2.5 to 3.0 
kcal/mole (23) on Pt, films. 

DISCUSSION 

Catalyst Characterization 

The significant experiment,al results re- 
ported in the previous section on catalyst 
characterization are : 

1. In Series A and B, the addition of Au 
caused a decrease in the percentage of Pt 
exposed (Fig. 1) ; 

2. Pt cryst,allites and Au-Pt alloy for- 
mation could not be detected by WAXS; 

3. largely nonspherical Au particles, 
with size ranging between 200 and 500 A, 
have been detected by WAXS. Part,icles 
became more spherical as t’he Au content’ 
increased ; 

4. the surface composit,ions in Series B 
preparations deduced from HZ and O2 

chemisorption and from ESCA were similar 
and indicat,ed a Pt enrichment at t’he 
surface (Fig. 2). In Series A t’he Hz and 02 
chemisorption yielded a surface composi- 
t,ion higher in Au than t,hat deduced from 
ESCA (Fig. 2). 

Results under item 1 may be explained 
by means of two hypotheses, namely, that 
(a) upon increasing t’he amount of Au, 
I% particle size increased and the per- 
cent,age of Pt exposed decreased; (b) par- 
ticles of mixed Au and l’t were formed 
and Au covered 1%. Since Pt cryst,allites 
with size >“25 A could not, be detected 
by WAXS (item 2 above), hypothesis (a) 
may be ruled out. 

In earlier studies on SiOZ supported 
Au-Pt catalysts, it was found that alloy 
formation could be achieved by coreduc- 
tion of the mixed Au and 1% salt solution 
at SO”C with hydrazine but, not by sup- 
port coimpregnation and high temperature 
(450°C) reduction with HZ. The coim- 
pregnation catalyst’s did not show alloying 
even after treatment at 610°C for S4 
hours (3). However, if oxidat,ion at 77°C 
and reduction at 200°C were repeatedly 
performed on the coimpregnated cat#alysts, 
alloy formation was obtained (4). 

Since from the WAXS spect,ra of Au 
there was no evidence of alloy formation 
(item 2 above), we conclude t,hat, two 
kinds of part,icles were present, contjaining 
aggregates of Au and Pt, at,oms and of Au 
atoms only. There was no direct evidence 
for t,he presence of particles containing Pt 
atoms only. The Au aggregates were COII- 

siderably larger than those containing Pt 
and Au. We envision that, initially, both 
metals nucleated separately on the sup- 
port, surface ; assuming that, Pt. had a faster 
nucleat,ion rate than Au, a larger number 
of Pt’ embryos were formed. At, a later 
stage of t)he part’icle formation as a con- 
sequence of local enrichment, in the Au 
salt’, and/or higher mobility of Au particles 
alrfxady formed (lower melting point andjol 
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higher vapor pressure, whichever trans- 
port mechanism may have been responsible 
for Au aggregation) deposition of Au upon 
the Pt particles occurred. 

The presence of particles containing 
atomic aggregates of Au and Pt. raises 
the question of composition of their sur- 
face. To this end we shall compare the 
results from Hz chemisorption and from 
ESCA. Since we estimate that the ESCA 
sampling depth was about 12 A, a com- 
parison between the percentage of Pt, ex- 
posed derived from ESCA and that 
obtained from Hz chemisorption is indi- 
cative of the compositional profile in the 
immediat,e subsurface. In contrast t’o the 
samples of Series B, in those of Series A 
the composition was not uniform. The 
comparison may be easily carried out, 
using t’he results presented in Fig. 2. 
Indeed, inspect,ion of Fig. 2 shows t,hat 
for Series A samples, there was disagree- 
ment between surface composition from 
chemisorption and from ESCA. 

In conclusion, Series A and B prepara- 
tions included particles of mixed Au-Pt 
aggregates, of individual Au aggregates 
and, likely, of individual Pt aggregates 
also. The central part of the mixed Au-Pt 
particles was const’ituted by Pt or by a 
Pt-rich Au-Pt alloy. In Series A prepara- 
tion, an Au enrichment at, the surface 
layer was found, but it was not clear how 
morphologically this enrichment’ was dis- 
tributed at the surface itself (uniform 
layer versus rafts or islands). Thus, de- 
pending upon t’he interplay of condit’ions 
prevailing during parMe formation and 
growth, subtle variations in composition 
and local morphology at the surface of 
mixed aggregates of Au and Pt were 
induced into preparations possessing similar 
overall Au/Pt ratios. Since the single dif- 
ferent condition between Series A and 
Series B was the concentration of the 
original salt solution, there is a strong 
implication t,hat the dissimilar surface 
composition obtained in the two series 

OO- 
Overall Composition-Au(Atom%) 

FIG. 7. Rate constant, kCO, for reaction (1) 
[Eq. (6)] versus overall composition in Au-Pt-SiOz 
preparation, 205°C; 0, Series A: 0, Series B. 

reflects the interplay of the nucleat,ion 
and growth rates of the two metals at 
the support surface. 

Hydrogen transfer between BE and CHA. 
The significant conclusions which may be 
derived from an inspection of Figs. 3, 4, 
and 5 and Table 6 are the following: 

(a) Reaction (1) took place readily at 
205’C under the conditions of reaction 
equilibrium (3) on all cat,alyst,s investi- 
gated, except for Au. There was no de- 
tectable presence of side reactions ; 

(b) t’he rate of reaction increased with 
the ratio p = ~CHA/~HE (Figs. 3, 4, 5) ; 

(c) catalysts of Series A and B showed 
differences in the reaction rate (Table 6). 
The activity of catalysts of Series A, when 
expressed in terms of surface Pt atoms, 
was independent of the overall particle 
composition and similar to that measured 
for supported Pt, while that of Series B 
increased with increasing Au cont,ent, 
(Fig. 7) ; 

(d) in I’-SiOz the rat,e of reaction was 
independent of the amount1 of 1% (Table 6) ; 
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TOTAL METAL LOADING (W%) 

FIG. 8. Total amount of metal and rate con- 
stant, kc” for reaction (1) in An-Pt-SiOz catalysts; 
0, Series A ; E, Series 13. 

(e) for all catalysts studied the value 
of m (Eq. 6) was const’ant, over a range 
of @ of about t’wo orders of magnit’ude, and 
0.56 < m < 0.95 (Table 6). 

Result’s under (a) are consist,ent with 
earlier conclusions on the rate of reaction 
(1) over several noble met’al cat,alysts, 
which showed comparable act)ivity at tem- 
peratures as low as 117°C (1). The only 
difference between the two studies is in 
t,he value of the equilibrium hydrogen 
partial pressure; in the earlier investiga- 
tion the hydrogen partial pressure was on 

the order of 10e3 Torr, molecular Hz was 
not’ fed with BE and CHA. In the present 
st#udy, because of the higher t’emperature 
and the desirabilit’y of directly assessing 
the establishment of equilibrium (3), mo- 
lecular hydrogen corresponding t,o the 
equilibrium partial pressure of reaction (3) 
was fed w&h BE and CHA. Also, in the 
earlier work it was found that the reaction 
rat,e increased w&h p [item (e) above]. 
The fact t8hat’ t’he activity of Series A 
catalyst,s was independent8 of the Au con- 
tent and similar to that, of supported IV 
only indicates that, I’t sites responsible for 

the reaction were similar, geometrically 
and energetically, on all these catalysts. 
The compelling conclusion is that Au 
simply acted as a diluent, and no inter- 
action between Au and Pt was evident. 
This role of Au is consistent with previous 
studies on Au-Pt films and foils (10). 

This sit,uation, however, is not reflected 
in the activity of catalysts of Series B. 
In these preparations increasing overall Au 
content increased their catalytic activity. 
,4t, t’he Au/Pt rat,io of 7/3, the value of 
/i,” on Series B was seven times higher 
than t,he value on the cat,alyst of similar 
Au/l% ratio from Series A. It should he 
mentioned t#hat in previous studies on 
support,ed Ru-Cu and OS-Cu catalysts for 
et,hane and cyclohexane hydrogenolysis, it, 
was found t,hat# the activity (per surface 
Ru at,om) decreased wit’h increasing Cu, 
while it was not modified for cyclohexane 
dehydrogenation (23). 

It is tempting to relat’e the effect of Au 
on catalytic activity of Series B to t’he 
subtle differences, as exemplified by t’he 
homogeneous composition of the surface 
layers of the mixed Au-I? particles found 
in preparations B in cont,rast’ t’o the non- 
homogeneous composition of Series A and 
discussed in the previous section. The 
analysis of the experiment’al results does 
not permit, a detailed topological descrip- 
tion of the differences in composition. It 
is, however, conceivable that t,he com- 
posit,ional homogeneity of Series B formed 
the basis for Au-Pt interaction which 
modified the surface react,ivity of Pt. In 
earlier studies on supported E’eel’t catma- 
lyst,s, it was concluded that, the extent’ of 
formation of mixed aggregate of E‘e and 
l’t varied monotonically with the Fe COII- 

centration at constant, Pt concentration 
(24). If a similar effect was present in the 
Au-I% supported preparations, it may be 
concluded t,hat’ the extent, of t,he inter- 
a&m between 1% and Au should increase 
with t,lie amount. of Au at constant l’t, 
content. The results of the reaction rate 
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constant plotted against tot’al metal con- 
tent for Series A and B support this 
contention (Fig. 8). Further insight into 
the Au-Pt interaction may be obtained 
by consideration of the work function of 
Pt and its variat’ion upon additions of Au. 
From previous work function measure- 
ments on equilibrated Au-Pt films (12) 
it may be concluded that upon additions 
of Au to Pt the Fermi level of Pt in- 
creases quite sharply initially, leveling off 
for larger Au additions. We shall assume 
that in our preparations whenever an 
electronic interaction between Au and Pt 
sets in, it involved the raising of the Fermi 
level of Pt with increasing amount of Au. 
To find out the effect of t’he result’ing 
more electron rich Pt surface site on the 
catalytic activity of the site for reaction (1) 
we need to turn to information derived 
from the exponent m [Eq. (6)]. To this 
end, we shall consider that the rate of 
react,ion (1) increased with ,f3 (nz positive) 
indicating that the concent’ration of the 
controlling surface intermediate increased 
with the ratio I)cHA/~~~E. In the reaction 
sequence (la), (lb) the intermediate has 
been formally indicated as H(s), elect’roni- 
tally, however, it may involve both CHA 
and BE. We shall assume that the bonding 
of this int’ermediate included electron 
backdonation from t,he metal to the ad- 
sorbate. Finally, it should be realized that 
the value of m governed the nature of 
t,he adsorption isotherm, 

in such a way that for a given ~CHA/~BE 
ratio, [H(s)] increased with m. Since the 
value of [H(s)] corresponded to the frac- 
tion of surface covered under a given 
poHA/pBE ratio, we may employ the values 
of m to ascertain variations in surface 
coverage of the reactive intermediate. 

We have now the possibility to explore 
qualit.atively the effect of a more elect,ron 
rich Pt site (as a consequence of AU 
jnteract,ion) on the rate of reaction (1). 

Indeed, under the conditions described, 
raising the Pt Fermi level increased the 
coverage of the surface, since more elec- 
trons flow irno t’he lower-lying surface 
level of the adsorbate, whose energy was 
fixed by the pCHA/pDE ratio which was 
held constant throughout the course of 
reaction (1). An increase in surface cover- 
age upon additions of Au Do Pt should 
result, as indicated previously, in a higher 
m value. We turn now to the computa- 
tions reported in Table 6. The average 
value of m for Pt is 0.77, while for Series B 
it is 0.92. The change is in the expected 
direction. For Series A the average value 
of m is 0.7Fi. For the latter series, in 
which no evidence of Au-Pt interaction 
was found, the value of m is practically 
similar to that for Pt. This is considered 
significant. 

The reaction collision efficiency, yr, was 
calculated with the aid of the expression (1) 

yc = kCo(27rMkT)~, (10) 

where M and k are the average molecular 
mass and the Boltzman constant, respec- 
tively. The computed values are collected 
in Table 6. The values ranging between 
about (1 to 15) X 10eg are an indication 
of the low probabilit>y of occurrence of 
react’ion (1). 

Ha-D, equilibration. The results reported 
in Fig. 6 and in Table 7 may be sum- 
marized as follows : 

1. The rate of the HZ-D, equilibrat,ion 
at -7S”C was first order in (pH2)total; 

2. when expressed in terms of surface 
Pt atoms, the catalytic activit)y of Series A 
and Series B was quantitat’ively similar; 

3. the activity was independent of the 
overall composition of the sample (Fig. 9) ; 

4. surface collisional efficiencies at 
-78°C were about lo-‘, or two orders of 
magnitudes higher t,han those for reac- 
tion (1) at 205°C. 

These conclusions have a rat>her simple 
and direct irnerpretation. Indeed, assuming 
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FIG. 9. It& Constant, ho, for reaction (2) and overall composition in Au-Pt-SiOs prepara- 
tions, -78”C, 10 < (jr)f~)t~t~l < 100 Torr, p1r,/71l,~ = 1; 0, Series -4; 0, Series B. 

t’hat H, adsorption is represented by t,he 
react,ion H 2 $2H, it’s Langmuir formula- 
tion gives 0 = bpn,+/l + bpH,i, where 8 is 
the fraction of surface covered by Hz and 
b the adsorption equilibrium constant. 
Taking bpH,i >> 1, 0 Z constant and t>he 
rat’e of reaction (2) cc epnn = Oc pHp (item 1 
above). The possible influence of elec- 
tronic interactions between Au and Pt on 
t,he surface populat,ion of t,he reactive 
intermediate cannot’ be kinetically detected 
whenever the st’eady stat’e surface coverage 
corresponds to a bare or to a fully covered 
surface. The experiment’al observat’ion that 
in this inst’ance n = 0 (Eq. (9)) indicates 
that reaction (2) t,ook place on a fully 
covered surface. Collision efficiencies at 
-78°C were about two orders of mag- 
nit’ude higher than the collision efficiencies 
recorded for reaction (1) at 250°C. 

CONCLUSION 

The concept of sensitivity of a catalytic 
reaction t,o the structure of a surface 
implies the requirement for surface sites 
with specific coordinat,ion and character- 
istic two-dimensional structure. As t,he 
results of this study have shown, react,ion 
(1) can be sensitive and insensit,ive to the 
composition of the surface layers and, 
consequently, to t,he structure of Pt, ag- 
gregates in these layers. It has been argued 
that the presence or absence of sensitivit,y 
dcpcnds. inter alia, upon the extent, of 

surface covered by t’he reactive inter- 
mediate during reaction. There is no 
reason to believe that t’his condition is not 
shared by all catalytic reactions and that, 
surface reactions may be responsive or not 
t’o the struct,ure of the surface, depending 
upon kinetic conditions controlling the 
composition of the surface under st#eady 
state conditions, or, in other words, upon 
the extent of reaction conversion. Thus, 
t,he concept, of react,ion sensitivity should 
not be viewed as a set of stat(ic require- 
ments between adsorbatje molecules or 
molecular fragments and at)omic surface 
sites but rather as a dynamic relationship 
which is a function of t#he extent of surface 
covered by the adsorbat’e molecules. This 
coverage, in turn, depends upon the posi- 
tion of the reaction steady state, and the 
reaction conversion. Two consequences 
follows from this view; namely, that (a) 
a react,ion may be observed as st)ruct,ure 
sensitive or insensit)ive depending upon 
the extent, of conversion, and (b) structure 
sensitive reactions may become, as a limit- 
ing case, structure insensitjive at full sur- 
face coverage. 

St’able bimet’allic support,ed catalysts 
may be prepared with different surface 
activity from similar overall compositions. 
Preparative condit)ions may influence subtle 
dist’ribution pat’terns of the two metals in 
t’he top surface layer and in the sub- 
surface. Whether this possibility implies 
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a kinetic role of the few atomic layers 
underneath the topmost is unclear. How- 
ever, instances of int,erplay between surface 
catalytic activity and compositional varia- 
tions in the subsurface resulting from the 
catalytic reaction are well known. Relat,ed 
to this latter possibility is the definition 
of the catalytic activity per surface Pt 
atom. Indeed, in this study a reaction rate 
constant (per surface Pt atom) on Pt-Au 
higher than on Pt has been observed. 
This realization brings fort’h the close 
correlation between the geometrical ar- 
rangements of the atoms, the morphology 
of the juxtaposition of the two met’al 

aggregates, the composition of the part’icle 
surface and the electronic interactions 
between the two atomic species. 

Effects deriving from particle morphol- 
ogy have already been described for un- 
supported bimetallic preparations (25), 
and this study has shown that they 
are also present in supported bimetallic 
preparations. 
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