
JOURNAL OF CATALYSIS 131, 573--581 (1991) 

Mechanisms of the Formation of PdNi x in the Cages of NaY 

JENNIFER S. FEELEY AND WOLFGANG M. H. SACHTLER 

Center for Catalysis and Surface Science, Northwestern University, Evanston, Illinois 60208-3000 

Received February 25, 1991; revised May 6, 1991 

Three mechanisms by which Pd and Ni in the same zeolite enhance each other's reducibility and 
form bimetallic particles have been identified. Two series of bimetallic samples are compared with 
monometallic samples and their physical mixtures. In one series Pd 2+ ions are initially positioned 
in sodalite cages, while N i t  clusters occupy supercages. Upon reduction Pd atoms that leave the 
small cages are formed, and some become attached to N i t  clusters and enhance their reduction. 
In the other series Ni 2+ and Pd 2+ ions are initially located in small cages. In this case two reduction 
mechanisms have been identified: below 200°C PdNi dimers are formed, which subsequently migrate 
to supercages; the activation energy for this migration is higher than that for Pd atoms. In a third 
mechanism unreduced Ni 2+ ions start migrating at T > 400°C to Pd or PdNix particles in supercages; 
subsequent reduction to PdNix particles is fast. This process is reversible; at elevated temperature 
in an inert atmosphere the protons that were formed during reduction selectively reoxidize Ni atoms 
of PdNix particles. Rereduction at T > 400°C reproduces the TPR peaks of the above process. The 
"leaching" of Ni atoms out of PdNix particles is confirmed by the ability of the remaining Pd clusters 
to form Pd hydride. © 1991 Academic Press, Inc. 

I. INTRODUCTION 

Previous results (1-3) on (Pd + Ni)/NaX 
and (Pt + Ni)/NaX samples showed an in- 
crease in both Ni reducibility and dispersion 
in the presence of Pd and Pt; however, no 
attempts were made in these early works to 
determine whether alloy formation oc- 
curred. More recently Pd (4) and Pt (5, 6) 
have been reported to enhance the reducibil- 
ity of Ni supported on NaY zeolite. In par- 
ticular, investigations in this lab explored 
the effects of washing at various pH values, 
calcination temperature (T c) and Pd loading 
on this phenomenon using temperature-pro- 
grammed reduction (TPR) (4). 

The present study focuses on the forma- 
tion of bimetallic "al loy" particles inside 
zeolite cages and dealloying by selective 
leaching of Ni. Temperature-programmed 
desorption is used to determine Haas/Me ° 
ratios, where Me ° refers to the number of 
reduced metal atoms (Pd ° + Ni°). TPD was 
chosen over static chemisorption because 
TPD peak shifts relative to monometallic 
profiles can provide information on the for- 
mation of bimetallic particles. 
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The formation of bimetallic particles is 
also followed qualitatively by monitoring 
the presence or absence of hydride forma- 
tion. Pd hydride is easily detected by a char- 
acteristic TPD peak; for bimetallic PdNix 
particles such peaks are absent unless x and 
dispersion are both very low. Literature 
data (7) show that for PdNi x , with x > 0.2, 
the solubility of hydrogen at 25°C and PH2 
= 1 atm is extremely low: H/Me ° < 0.05. 
Under the same conditions the value is 0.7 
forx  = 0. 

When applying TPD to determine the 
fraction of exposed metal atoms it is essen- 
tial to realize that not all hydrogen released 
in a TPD is necessarily due to desorption of 
chemisorbed H atoms. Reoxidation of Ni by 
zeolitic protons has been quoted to cause a 
TPD peak at high temperature (5, 6). This 
reaction, Eq. (1), is the reverse of the reduc- 
tion process: 

Ni ° + 2H + = Ni 2+ + H2. (1) 

When applied to bimetallic particles this 
chemistry can lead to selective "leaching" 
of Ni out of PdNi particles. Leaching of 
Cu by zeolitic protons from bimetallic PtCu 
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particles has been detected by EXAFS (8). 
Likewise, leaching of Cu from CuPd parti- 
cles in (Cu + Pd)/NaY (9) has been detected 
by the ability of Cu-free Pd to form hydrides. 
This process is of considerable interest; its 
clarification for ( P d +  Ni)/NaY forms one 
of the objectives of the present work. Identi- 
fication of those TPD peaks that are due 
to Ni reoxidation rather than desorption of 
adsorbed hydrogen has been achieved by 
comparing TPD profiles with those of pro- 
ton-free samples. 

Previous results had clarified how metal- 
ion location and ligancy before reduction 
are controlled by calcination temperature 
(To) and pH (10-16). In the present work a 
Tc of 500°C was chosen in order to com- 
pletely remove the ammine ligands of the 
Pd 2+ ions and leave these ions predomi- 
nantly in sodalite cages, irrespective of pH. 
Likewise the position of Ni 2÷ ions prior to 
reduction has been controlled by appro- 
priate pretreatment conditions. It is known 
that after treatment at low pH Ni 2÷ ions 
migrate to the small cages during calcination 
(4, 6, 12, 13, 17-19), but after washing at 
high pH, small NiO clusters are formed in 
the supercages during calcination (4, 10, 11). 

The particle growth mechanism for mono- 
metallic Pd/NaY samples, where Pd 2÷ ions 
occupy small cages before reduction, is well 
understood (16, 20, 21) and has been shown 
to occur in two steps. First, isolated Pd 
atoms, unable to dissociatively chemisorb 
H2, are formed in sodalite cages. At higher 
reduction temperatures (Tr) these atoms es- 
cape from the small cages and form particles 
inside supercages. A maximum is obtained 
in the Hads/Pd ° ratio, as measured by H 2 

TPD (16) and by the rate of benzene hydro- 
genation (21) at Tr of ca. 350°C. Higher Tr's 
result in particle agglomeration and con- 
comitant loss in activity for this reaction. 

It is of interest to verify whether analo- 
gous elementary steps can be identified in 
the particle growth mechanism for bimetal- 
lic zeolite-supported systems. This is ac- 
complished in the present work by studying 
Haas/Me ° ratios as a function of T r. Two 

scenarios will be compared: (A) (Pd + Ni)/ 
NaY(A), where P d  2+ and N i  2+ ions both 
occupy small cages before reduction, and 
(B) (Pd + Ni)/NaY(B), where NiO clusters 
occupy supercages but Pd 2 + ions are located 
in small cages. 

II. EXPERIMENTAL 

IIA. Sample Preparation 

A series: Ni/NaY(A), Pd/NaY(A), and 
(Pd + Ni)/NaY(A). Linde LZ-Y52, NaY, 
was ion exchanged at a pH of 6.0 for 24 h at 
room temperature with either a 0.01 M NiCI z 
or Pd(NH3)4(NO3) 2 solution for the mono- 
metallic samples. The bimetallic sample was 
prepared by a simultaneous exchange of the 
two metal ions. Following ion exchange, the 
samples were washed at a pH of 6.0 for 
1 h using a dilute HNO3 solution. The metal 
loadings in terms of number of atoms per 
unit cell, as determined by atomic absorp- 
tion, were 8.8Ni for Ni/NaY(A), 10.0Pd for 
Pd/NaY(A), and 10.3Pd + 8.6Ni for ( P d +  
Ni)/NaY(A). 

B series: Ni/NaY(B), Pd/NaY(B), and 
(Pd + Ni)/Na Y(B). Ni/NaY, Pd/NaY, and 
(Pd + Ni)/NaY samples were washed at a 
pH of 10.5 using a dilute NaOH solution 
for 1 h following ion exchange to obtain B 
samples. Metal loadings were 8.8Ni for Ni/ 
NaY(B), 10.0Pd for Pd/NaY(B), and 10.0Pd 
+ 9.2Ni for (Pd + Ni)/NaY(B). 

(Pd + Ni)mJNaY(A) and (Pd + Ni)mi J 
NaY(B). These samples were prepared by 
physically mixing equal amounts of the 
corresponding monometallic samples de- 
scribed above. 

Ni/Pdrea/NaY(B). NiC12 was exchanged 
into Pdred/NaY(B), described below, and 
then the sample was washed at a pH of 10.5. 
Metal loadings were 10.0 Pd and 8.8 Ni 
atoms per unit cell. PdrdNaY(B)  was pre- 
pared by calcining Pal/NaY(B) in O2 to 500°C 
for 2 h, followed by purging, and then reduc- 
ing in Hz/Ar for 20 min at 350°C. 

liB. TPR/TPD Procedures 

All temperature-programmed experi- 
ments were carried out in situ in a flow sys- 
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tern described previously (14, 22). Hydro- 
gen consumption and evolution were 
monitored with a calibrated thermal conduc- 
tivity detector (TCD). A molecular sieve 
trap, cooled to -78°C, was placed after the 
sample to trap any water formed during re- 
duction. Catalysts, ca. 150 rag, were cal- 
cined in quartz microreactors in an O2 flow 
of 180 ml/min from RT to 500°C at 0.5°C/ 
rain and then held at 500°C for 2 h. After 
calcination, samples were purged in Ar, 25 
ml/min, at RT for 30 min and then cooled in 
Ar to -78°C, at which point the flow was 
switched to a mixture of 5% H2/Ar, 25 ml/ 
rain. Samples were then reduced from 
-78°C to the specified reduction tempera- 
ture, Tr, with a ramp of 8°C/min, and then 
held at T~ for 20 min. We refer to this treat- 
ment as TPR1. After TPRI, samples were 
cooled in the 5% Hz/Ar flow to RT, held 
there for 20 min, and then purged in Ar for 
20 rain at RT. This purging procedure has 
been shown to remove physisorbed H2 and 
to decompose Pd hydride (16, 23). TPD pro- 
files were then recorded in Ar, 25 ml/min, 
from - 78°C to 760°C at 8°C/rain. A second 
TPR, which we refer to as TPR2, was re- 
corded immediately following TPD and 
cooling to -78°C in Ar. TPR2 was carried 
out with the same conditions as TPR1 with 
r r = 760°C. 

IIC. Calculation of Hads/Me ° Ratios 

By comparing the areas of TPR1, TPD, 
and TPR2 with the weight loading of metal 
in the sample as determined by atomic ab- 
sorption, it is possible to calculate Hads/Me ° 
values as well as the amount of Ni, if any, 
that is reoxidized during TPD. Recent re- 
suits in this lab (4) have shown that H2 con- 
sumption during TPR1, if carried out to 
760°C, corresponds within 5% to the reduc- 
tion of divalent Pd and Ni for all of the sam- 
ples presented in this work. If no metal reox- 
idation occurs during TPD, the number of 
H2 atoms consumed (TPR1 + TPR2) should 
correspond to the number of divalent metal 
ions present in the sample. This was found 
to be the case for all monometallic Pd sam- 

TABLE 1 

Tr (°C) %Ni %Ni 
reduced reoxidized 

A B A B 

200 20 23 - -  - -  
300 48 31 17 5 
400 54 56 31 32 
500 60 60 25 31 
600 82 77 44 45 

Note. Tr, temperature of reduction after calcination 
to 500°C. A, (Pd+ Ni)/NaY(A); B, (Pd+  Ni)/NaY(B). 

ples as well as for the proton-free samples. 
For all other samples however, H2/Me 2+ ra- 
tios were consistently found to be in excess 
of 1.0 due to reoxidation of nickel during 
TPD. In addition, comparing the TPD areas 
to the TPR1 areas of these samples, without 
accounting for Ni reoxidation, often gave 
Hads/Me ° ratios that were significantly 
greater than 1.0. The extent of Ni reoxida- 
tion is thus determined by comparing the 
H2 consumption in TPR1 + TPR2 with the 
known metal loading; the amount of chemi- 
sorbed hydrogen can then be calculated by 
subtracting H 2 evolution due to reoxidation 
from the total area of the TPD. All HadJMe ° 
values in Table 1 have been determined in 
this manner and results were reproducible 
within 15% experimental error. 

liD. Identification of Pd Hydride 

Samples were subjected to one of two pre- 
treatments, after T c = 500°C, before probing 
for the Pd hydride phase. One treatment 
involved reduction at 600°C for 1 h and then 
cooling in Hz/Ar to -78°C; the other con- 
sisted of reduction at 600°C for 30 min fol- 
lowed by purging in Ar at 600°C for 30 min, 
cooling to RT in Ar and then switching to 
Hz/Ar and cooling to -78°C. Once at 
- 78°C, all samples were subjected to a tem- 
perature-programmed hydride decomposi- 
tion procedure which consisted of heating 
samples in a Hz/Ar flow of 25 ml/min to 
100°C at 8°C/rain. Hydrogen evolution, due 
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FIo. I. TPD profiles of A Series: a) Ni/NaY(A) after 
Tr = 650°C; b) Pd/NaY(A) after Tr = 400°C; c) (Pd + 
Ni)r~x/NaY(A) after Tr = 400°C; d) (Pd + Ni)/NaY(A) 
after Tr = 400°C. 

to decomposition of the Pd hydride phase, 
was monitored with a TCD cell and is evi- 
dent as a negative peak in the TPD profile. 
Both monometallic Pd/NaY(A and B) and 
bimetallic (Pd + Ni)/NaY(A and B) samples 
were studied. 

III. RESULTS 

IliA. TPD Results 

A1. Monometallic samples. For Ni/ 
NaY(A) a temperature program up to Tr = 
650°C was required to reduce ca. 30% of the 
Ni. After this TPR1, the TPD profile shows 
two peaks (Fig. la), a small peak at ca. 400°C 
and a larger peak at ca. 650°C, similar to 
previous findings on comparable Ni/NaY 
samples (5, 6). The Hz/Ni 2+ ratio deter- 
mined by the sum of TPR1 and TPR2 was 
>1.0; the e x c e s s  H 2 consumption corre- 
sponded to the area in the high-temperature 
TPD peak. This indicates that the H 2 evolu- 

tion at high temperature is due to Ni reoxida- 
tion by protons (Eq. (1)). This hydrogen is 
therefore not included in the calculation of 
the Hads/Me ° ratio, which was found to be 
0.08. 

As found previously (4, 10, 11), Ni/ 
NaY(B) was much easier to reduce than Ni/ 
NaY(A). After Tr = 400°C, 32% of the Ni in 
Ni/NaY(B) was reduced. The TPD of Ni/ 
NaY(B) after Tr = 400°C (Fig. 2a) shows 
one peak at ca. 400°C, which corresponded 
to HadJMe ° of 0.15. Within 5% experimental 
error, the area of TPR2 corresponds to the 
reduction of the Ni that had not been re- 
duced during the first TPR. No Ni reoxida- 
tion was detected during TPD for this pro- 
ton-free sample. 

The Pd/NaY(A) and Pd/NaY(B) samples 
were found to have TPR and TPD profiles 
virtually identical to those reported earlier 
for Pd/NaY samples, which were not sub- 
jected to any pH washes (16). In Figs. lb 

a 
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T e m p e r a t u r e  (°C) 

FIG. 2. TPD profiles of  B Series after Tr = 400°C: a) 
Ni/NaY(B); b) Pd/NaY(B);  c) ( P d +  Ni)mix/NaY(B); d) 
(Pd + Ni)/NaY(B); e) N i /PdrdNaY(B) .  
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and 2b the TPDs of Pd/NaY(A) and Pd/ 
NaY(B) after T r = 400°C are displayed, re- 
spectively. The HadMe ° ratios for these 
samples after Tr = 400°C are ca. 0.72. Re- 
duction to 200°C in TPR 1 results in complete 
reduction of pd2+; TPR2 profiles, carried 
out after TPD, show no further reduction, 
thus proving that no Pd reoxidation takes 
place during the TPD procedure. 

A2. Physical mixtures and Ni/Pdrea/ 
Na Y(B). Figures 1 and 2 clearly show that 
the TPDs of the physical mixtures, (Pd + 
Ni)mix/NaY(A) and (Pd + Ni)mix/NaY(B), 
are simply linear combinations of those of 
the monometallic samples used in their 
preparation. This was previously found (4) 
to be the case for the TPR profiles of these 
samples. For (Pd + Ni)mi×/NaY(A), Tr = 
400°C, no Ni is reduced and the TPD, Fig. 
lc, is very similar to that of Pd/NaY(A), 
Fig. lb. For (Pd + Ni)mix/NaY(B), after T r 
= 400°C, Ni reduction is ca. 30%, similar to 
Ni/NaY(B). In the TPD, Fig. 2c, no high- 
temperature Ni reoxidation peak is ob- 
served; the total H 2 consumption in TPR1 
and TPR2 corresponds exclusively to the 
reduction of the divalent metals. This shows 
that no Ni reoxidation is observed when pro- 
tons, although present, are not located in 
the same zeolite crystal as Ni °. 

For the proton-free bimetallic sample that 
was prepared by exchanging Ni 2+ ions into 
PdrJNaY,  followed by washing at high pH, 
no Ni reoxidation peak is observed in the 
TPD, Fig. 2e. Also, the sum of Hz consump- 
tion in TPR1 + TPR2 corresponded exclu- 
sively to the reduction of the divalent met- 
als. This confirms that the high-temperature 
peak present in the proton-containing bime- 
tallic samples is due to reoxidation ofNi ° by 
protons. 

A3. Bimetallic samples. Table 1 lists the 
percentages of Ni in samples of the A and B 
series which are reduced during TPR1, and 
reoxidized during TPD as a function of T~. 
It is clear that increasing T~ results in an 
increased amount of Ni reduction as re- 
ported earlier (4). In Fig. 3, Haas/Me ° ratios 
are plotted as a function of Tr for both of 
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FIG. 3. H a d M e  ° Ratios for A and B series bimetallic 
samples  as a funct ion of Tr. 

these series. The TPD profiles of (Pd + Ni)/ 
NaY(A) and (Pd + Ni)/NaY(B), after T r = 
400°C, are presented in Figs. ld and 2d, 
respectively. 

In both series, A and B, bimetallic sam- 
ples exhibit an enhancement of Ni reducibil- 
ity, which is not present in physical mix- 
tures. For the A series, 54% of Ni is reduced 
in the bimetallic sample after Tr = 400°C, 
whereas no Ni reduction is observed under 
the same conditions for the corresponding 
physical mixture. In the B series, 56% of Ni 
is reduced in the bimetallic sample, after 
T~ = 400°C, compared to only 30% in the 
physical mixture. This enhanced reducibil- 
ity results in Haas/Me ° ratios much higher 
than those for the monometallic Ni samples; 
i.e., for Ni/NaY(B) and (Pd + Ni)/NaY(B) 
after Tr = 400°C these ratios are 0.15 and 
0.68, respectively. 

The TPD profiles of bimetallic samples 
are strikingly different from those of mono- 
metallic samples or their physical mixtures, 
Figs. I and 2. This dramatic difference pro- 
vides strong evidence for the formation of 
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bimetallic particles. In particular, the pro- 
nounced H2 desorption peaks between 300 
and 500°C, which dominate the TPD profiles 
of the bimetallic samples, are totally absent 
in the profiles of the physical mixtures. In 
addition, less H2 desorption below 200°C is 
observed in the bimetallics. It is clear from 
these TPD results that the chemisorption 
properties of both metals, Pd and Ni, are 
significantly altered by the presence of the 
second metal in the same zeolite. 

The presence of Pd also affects Ni reoxi- 
dation during TPD. In agreement with ear- 
lier findings for Ni/NaY and (Pt + Ni)/NaY 
samples (5, 6), the highest temperature peak 
in the TPD profiles appears to correspond 
roughly to the amount of Ni which is reoxi- 
dized. This Ni reoxidation peak is shifted to 
lower temperatures in the presence of Pd; 
i.e., compare Figs. la and ld. A similar shift 
was found in the case of (Pt + Ni)/NaY (5, 
6) and is construed as further evidence for 
the formation of bimetallic clusters. 

The Hads/Me ° ratios in Fig. 3 are higher 
for the bimetallic B series than for the A 
series samples and the dependence of their 
ratios on T r are quite different. In (Pd + Ni)/ 
NaY(B), small NiO clusters occupy su- 
percages (4, 10, 11) and Pd 2+ ions are in the 
small cages (14-16, 21) before reduction. 
The dependence of the HadMe ° ratio, on 
Tr, for this sample is similar to that of mono- 
metallic Pd/NaY; i.e., the maximum H~ds/ 
Me ° is reached near Tr = 300°C (16, 21). 
The dispersion of (Pd + Ni)/NaY(B) at 
higher Tr's is, however, higher than that of 
Pd/NaY, i.e., HaaJMe ° = 0.78 vs 0.65 after 
Tr = 500°C (16). On the other hand, for (Pd 
+ Ni)/NaY(A), where both Pd 2+ and Ni 2÷ 
ions occupy small cages before reduction 
(10, 12, 14-16, 18, 19), maximum H~ds/Me ° 
is reached only at 7 r = 500°C. 

IIIB. Pd Hydride Results 

In Fig. 4a decomposition of Pd hydride is 
observed at ca. 25°C. This same TPD profile 
is observed for Pd/NaY(A) and Pal/NaY(B) 
after the pretreatments described in the ex- 
perimental section. In contrast, no hydride 
is detected during TPD for the bimetallic 
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FIG. 4. Temperature Programmed Hydride Decom- 
positions of a) Pd/NaY(A and B) after Tr = 600°C for 
1 hr. or after Tr = 600°C for 30 min followed by purging 
in Ar at 600°C for 30 min; b) (Pd + Ni)/NaY(A and B) 
after Tr = 600°C for 1 hr.; c) (Pd + Ni)/NaY(A and B) 
after Tr = 600°C for 30 rain followed by purging in Ar 
at 600°C for 30 rain. 

samples, (Pd + Ni)/NaY(A and B), after 
reducing at 600°C and cooling in the reduc- 
ing atmosphere (Fig. 4b). However, when 
these bimetallic samples were pretreated by 
reducing and then purging at 600°C, hydride 
decomposition is observed at ca. 15°C (Fig. 
4c). 

IIIC. TPR Results 

In Fig. 5 the TPR1 and TPR2 profiles of 
(Pd + Ni)/NaY(A) are compared. The area 
of TPR1, carried out to 760°C, corresponds 
to the complete reduction of Ni 2 ÷ and Pd 2 ÷ . 
The first peak in this TPR is 40°C lower than 
the TPR peak of corresponding monometal- 
lic Pd sample indicating that Ni has en- 
hanced the reducibility of Pd. TPR2 exclu- 
sively reflects the reduction of Ni z+ ions, 
which were formed by reoxidation of Ni ° 
during the preceding TPD. Note that the 
position of the peaks above ca. 400°C are 
identical in these two TPRs. 

IV. DISCUSSION 

IVA. Evidence for Bimetallic Particle 
Formation 

The additivity of the TPR and TPD pro- 
files of physical mixtures and the strong de- 
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FIG. 5. Temperature Programmed Reduction Profiles 
of (Pd+ Ni)/NaY(A): a) TPRI 4; b) TPR2. 

viation from additivity of the profiles for the 
bimetallic samples that contain both metal 
precursors in the same zeolite crystal (Figs. 
1 and 2)justify discussion of the latter obser- 
vation in terms of an interaction between Pd 
and Ni. The TPD results indicate that the 
chemisorption properties of both Pd and Ni 
are significantly altered by the presence of 
the other metal, suggesting bimetallic parti- 
cle formation. 

It is well known that the presence of Ni 
in PdNix alloys strongly inhibits the ability 
of Pd to absorb hydrogen (7). The striking 
lack of hydride formation in the bimetallic 
samples, in contrast to monometallic Pd/ 
NaY, provides further evidence for the for- 
mation of PdNix particles. 

In agreement with previous findings for 
( P d +  Ni)/NaX samples (1, 3), significant 
enhancements in both Ni reducibility and 
dispersion were found in the present (Pd + 
Ni)/NaY samples. New information gained 
in the present work, however, indicates that 
bimetallic PdNi x particles are formed. 

IVB. Mechanism of  Enhanced Reduction 

Significant enhancements in Ni reducibil- 
ity and dispersion were found in both A and 
B series bimetallic samples with respect to 
the monometallic Ni analogs and physical 

mixtures. The primitive model for enhanced 
Ni reduction and particle growth, i.e., hy- 
drogen spillover, cannot be reconciled with 
previous TPR results (4) or the current find- 
ings. The H~ds/Me ° ratios of the A and B 
bimetallic series follow different trends with 
respect to T~, reflecting the differences in 
the nature and location of Ni precursors be- 
fore reduction. It is likely that different 
mechanisms control particle formation and 
growth for these two series. 

The clearest situation is encountered for 
the bimetallic sample of the B series, ( P d +  
Ni)/NaY(B). In this sample only Pd 2÷ ions 
occupy the small cages (14-16, 21), while 
NiO clusters that are formed after calcina- 
tion are located in the supercages (4, 10, 11). 
The maximum in H~ds/Me ° for Pd/NaY and 
(Pd + Ni)/NaY(B) occurs at approximately 
the same T~. It thus appears that the pres- 
ence of NiO clusters in the supercages does 
not influence the reduction of Pd in the small 
cages and the migration of these atoms to 
supercages. Once reduced Pd atoms enter 
the supercages they can adhere to NiO clus- 
ters, which are then easily reduced due to 
dissociative chemisorption o fH 2 on Pd. This 
reduction results in the formation of bime- 
tallic particles. Although nucleation of Pd 
particles would also take place in those su- 
percages that do not contain NiO clusters, 
leading to the formation of monometallic Pd 
particles as well as bimetallic PdNi X parti- 
cles, the absence of Pd hydride shows that 
after reduction to 600°C, isolated Pd parti- 
cles do not exist in significant numbers. 

Several pathways for mutually enhanced 
reducibility are conceivable for the A series 
samples that contain, after calcination, both 
Pd 2+ and Ni 2+ ions in the small cages (10, 
12, 14-16, 18, I9). One can imagine two 
mechanisms: 

(1) Ni and Pd ions have some cation-cat- 
ion interaction prior to reduction, which 
helps to dissociate H2 and creates exother- 
mic metal-metal bonds, resulting in PdNi 
dimers in the small cages. 

(2) Pd is reduced first with no reduction 
enhancement by Ni. Ni 2 ÷ ions then migrate 
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to either (a) Pd atoms in the small cages 
or (b) Pd particles in the supercages, to be 
reduced. 

The present data, in combination with 
previous results (4), are able to discriminate 
between these possibilities. Enhanced re- 
ducibility of Pd by Ni in the (Pd + Ni)/ 
NaY(A) bimetallic sample, evidenced by a 
40°C shift to lower temperature of the Pd 
TPR peak, was recently reported (4). This 
shift provides strong evidence for pathway 
(1) as one mechanism for the mutually en- 
hanced reducibilities of Pd and Ni at low 
temperatures, i.e., below ca. 200°C. The 
presence of the resulting PdNi dimers and 
their retention in the small cages may ex- 
plain why the maximum Haas/Me ° value is 
not reached until reduction to ca. 500°C. 

The present study shows that pathway 
(2b) predominates at high temperatures, 
i.e., above ca. 400°C. The evidence is based 
on the comparison of profiles of TPR1 and 
TPR2 in Fig. 5. Curve 5b shows the reduc- 
tion profile after virtually all of the Ni has 
been leached out of PdNix particles by selec- 
tive oxidation with zeolite protons. In this 
situation it can be fairly assumed that all Pd 
is present in the form of reduced Pd parti- 
cles, whereas Ni is present as Ni 2+ ions, 
most of which are located in the small cages. 
For the subsequent rereduction of this sam- 
ple only mechanism (2b) is available. There- 
fore, we assign the two high-temperature 
peaks in curve 5b to two variants of this 
mechanism. This permits assignment of the 
same high-temperature peaks in curve 5b to 
the same mechanistic path. We therefore 
conclude that Ni reduction above 400°C is 
indicative for this path also in TPR1. 

IVC. Leaching of  Ni from PdNi Particles 

Protons created during reduction con- 
ceivably reoxidize Ni ° to Ni z+ at high tem- 
perature. Indeed, a "TPD peak" at high 
temperatures, ca. 400°C (Figs. ld, 2d), 
which is absent in proton-free samples 
(Figs. 2a and 2e), demonstrates this reversal 
of the metal reduction process. Not surpris- 

ingly our results show that this process oc- 
curs only when protons and Ni ° are located 
in the same zeolite crystal, as follows from 
comparison of Figs. 2c and 2d. The coreduc- 
tion of Pd and Ni in bimetallic samples re- 
sults in a proton concentration higher than 
that in monometallic Ni samples with the 
same Ni content, which may explain why 
this peak is shifted to lower temperatures in 
the former samples; compare Figs. la and 
ld. 

The selective reoxidation of Ni atoms 
from PdNix particles corresponds to the 
electrochemical experience with bimetallic 
electrodes: in contact with a strong acid the 
less noble metal is selectively leached. As 
shown above, leaching of Ni from PdNi x 
particles is proven by formation of Pd hy- 
dride after leaching. This Pd hydride is un- 
ambiguously identified by its decomposition 
peak in Fig. 4c. The solubility curves of 
hydrogen in PdNix alloys (7) show that sig- 
nificant hydride formation only occurs in 
alloy particles containing less than 20% Ni. 

V. CONCLUSIONS 

The formation of bimetallic PdNix parti- 
cles in (Pd + Ni)/NaY samples has been 
determined, by TPR, TPD, and by the ab- 
sence of Pd hydride. Dealloying occurs by 
selective leaching of Ni from these bimetal- 
lic particles. After leaching of Ni, Pd hy- 
dride is observed. This Ni reoxidation oc- 
curs at high temperature under TPD 
conditions provided Ni ° and protons occupy 
the same zeolite crystal. 

The following mechanisms for bimetallic 
particle formation are operating depending 
on initial precursor locations: 

(1) B Series: After calcination Pd 2+ ions 
are located in small zeolite cages and NiO 
clusters occupy supercages. P d  2+ ions are 
reduced in the small cages followed by mi- 
gration of Pd atoms to supercages where 
they adhere to NiO clusters, inducing an 
enhanced reducibility of NiO and formation 
of bimetallic particles. 

(2) A Series: After calcination, both Pd z+ 
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and  Ni  2+ ions occupy small cages. Pd 2+ and 
Ni 2+ ions are coreduced in the small cages 
below ca. 200°C, resulting in a mutual en- 
hancement in reducibility and PdNi dimer 
formation. At higher reduction tempera- 
tures, above ca. 400°C remaining Ni 2+ ions 
migrate to supercages to be reduced in the 
presence of Pd and/or PdNi x particles, form- 
ing bimetallic particles. 
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