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The acid-leaching process resulting in the activation of Urushibara-Ni catalysts was studied by 
means of X-ray photoelectron spectroscopy (XPS), X-ray diffraction, scanning electron micros- 
copy (SEM) combined with X-ray energy dispersion (EDX), and wet chemical analysis. The 
leaching-induced activation has been shown to involve the dissolution of a coating surface layer 
dominated by zinc compounds and the exposure of metallic nickel. Metallic zinc coexisting with 
the nickel on the activated surface prevents (at low oxidation doses) the oxidation of the inherently 
active nickel, by gettering the oxidizing molecules. Exposing the active surface to high oxidation 
doses results in the oxidation of both metallic constituents and the loss of catalytic activity. D 1986 
Academic Press, Inc. 

INTRODUCTION 

Urushibara catalysts (1) can be used for 
the same catalytic reactions as Raney 
nickel catalysts. Their preparation methods 
(2), however, are much simpler and more 
convenient than that of Raney nickel. Vari- 
ous modifications of Urushibara catalysts 
are presently known (2). Conventionally, 
the preparation of these catalysts is carried 
out in two stages. The first stage involves 
the deposition of nickel metal by reaction 
between NiC12 and a suspension of zinc 
dust in water. The deposited nickel in the 
first stage will be termed the “precursor 
U-Ni” and usually it does not catalyze 
hydrogenation reactions. The second stage, 
which results in the activation of the above- 
mentioned precursor, involves the leaching 
of the precipitated U-Ni with either a base 
or an acid. The former activated catalyst is 
termed as U-Ni-B, whereas the latter is de- 
noted U-Ni-A. Exposing an activated cata- 
lyst (either U-Ni-B or U-Ni-A) to the am- 
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bient atmosphere results in the loss of its 
catalytic activity. So far, only one surface 
analysis study characterizing the precipi- 
tated U-Ni precursor has been reported (3). 
The activation mechanism of the leaching 
treatment has not been studied hitherto by 
surface analysis methods. From X-ray dif- 
fraction studies (4) it has been postulated 
that the activating effect of alkalis or acids 
consists of exposing the inherently active 
nickel surfaces of the precipitated nickel by 
removing an overlayer of zinc hydroxide 
chloride. No direct observation which con- 
firms this assumption has been reported. 

In the present work we have compared 
the surface characteristics of Urushibara- 
Ni catalysts before and after the acid leach- 
ing treatment. We also investigated the 
changes occurring on the activated surface 
upon air exposure. The mechanisms associ- 
ated with the leaching-activation process 
and with the air-exposure induced loss of 
activity are thus elucidated. The roles of 
nickel and of zinc composing the catalyst 
are discussed. 

EXPERIMENTAL 

The precursor U-Ni was prepared by the 
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FIG. 1. SEM photographs of the U-Ni precursor (a) and the leached air-exposed U-Ni-A (b) pow- 
ders. 

conventional procedure (2) of adding NiCl* 
to a suspension of Zn powder in water. 
Leaching of the U-Ni was conducted by 
stirring it in 13% acetic acid at room tem- 
perature for about 20 min (2). The catalytic 
activity of U-Ni-A was checked by hydro- 
genating cyclohexanone in a reactor under a 
hydrogen pressure of 15 atm at 100°C. The 
identification of the reaction products was 
performed by gas chromatography. In or- 
der to avoid oxidation (which completely 
obliterates the catalytic activity) of the 
leached catalyst, it was kept under cyclo- 
hexanone. X-Ray photoemission spectra 
were recorded with the PHI model 549 
ESCASAM system applying MgKa radia- 
tion (1253.6 eV). The XPS line positions 
were calibrated according to the Au 4& 
photoelectron peak at 83.8 eV. In cases 
where charging occurred, the shifted line 
energies were referenced to the adventi- 
tious C 1s line at 284.6 eV (5). Prior to 
surface analysis by XPS, the activated 
catalysts were either air-exposed or han- 
dled in argon in a glovebox. The latter 
sample was utilized in an attempt to simu- 
late as much as possible the activated non- 
oxidized catalyst used for the catalytic 
reaction. X-Ray diffraction patterns were 

obtained for air-exposed samples before 
and after leaching with a Philips Model PW- 
1410 diffractometer using CuKol (A = 
1.5418 A) radiation. The same samples 
were examined in a JEOL JSM 35 scanning 
electron microscope, equipped with facili- 
ties for energy dispersive X-ray analysis 
(EDX). Wet chemical analysis was also 
performed. 

RESULTS 

Morphological characterization. Scan- 
ning electron microscopy (SEM) photo- 
graphs of the U-Ni precursor and of the 
leached (air-exposed) U-Ni-A powders are 
illustrated in Fig. 1. The U-Ni precursor 
consists of approximately identical mono- 
lithic pieces with hexagonal form of - 1 ,um 
length and thickness of -0.1 pm. The acti- 
vated catalyst is characterized by porous 
peeled-off particles whose maximum di- 
mension does not exceed 0.5 pm. 

Surface characterization. The Zn 2p pho- 
toelectron peaks of the U-Ni precursor, the 
air-exposed leached U-Ni-A, and the ar- 
gon-handled leached U-Ni-A are illustrated 
in Fig. 2 for both the as-inserted samples 
and for the samples undergoing a short Ar+ 
sputtering. For the U-Ni precursor, shifts 
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FIG. 2. Zn 2p X-ray photoemission spectra from the 
U-Ni precursor (a), the air-exposed leached U-Ni-A 
(b), and the argon-handled leached U-Ni-A before (c) 
and after (d) a short Ar+ sputtering. 

of about 7 eV (toward higher binding ener- 
gies) occurred in the XPS lines due to 
charging. These shifts were roughly esti- 
mated by referring to the C 1s peak and the 
corrected values are presented in Fig. 2. No 
charging effects were observed for the 
leached U-Ni-A samples. The identification 
of the chemical state of zinc in these sam- 
ples is much facilitated by referring to the 
Auger parameter, (Y, given by the separa- 
tion between the Zn 2~~~~ peak and the Zn 
L3M4sM45 Auger line (see Fig. 3). This dif- 
ference can be accurately determined be- 
cause static charge corrections cancel. It is 
customary to present (Y + hv rather than 
a (where hv is the energy of the X-ray 
photon, which for MgKa radiation is 
1253.6 eV) since this quantity is readily ob- 
tained as the sum of the kinetic energy of 
the Auger electrons and the binding energy 
of the photoelectron peak. Table 1 lists the 
(Y + hv values obtained for Zn in the vari- 
ous samples. The existence of two chemical 
states of Zn on the surface of the argon- 
handled leached U-Ni-A sample is clearly 
indicated by these results. The form with a! 
+ hv = 2013.5 eV is attributed to metallic 

zinc whereas that with (Y + hv = 2010 eV is 
related to some oxidized states (5 ). Only 
oxidized states of zinc showed up for the 
U-Ni precursor and for the air-exposed 
leached U-Ni-A sample. 

The XPS Ni 2p312 lines obtained for the 
different samples are illustrated in Fig. 4. 
Actually, no traces of Ni were observed on 
the U-Ni precursor surface, so only the 
leached U-Ni-A samples are presented in 
Fig. 4. The chemical state of the Ni may be 
deduced from the shapes of the Ni 2pji2 lines 
which display a broad satellite splitting in 
the case of oxidized Ni, contrary to the 
sharp-line form of the metallic state. Table 
1 lists the different forms of Ni observed on 
the surfaces of the U-Ni-A specimens. 
While both metallic and oxidized forms ex- 
ist on the argon-handled sample only the 
oxidized state is present on the surface of 
the air-exposed catalyst. 

The 0 1s photoelectron peaks obtained 
for the U-Ni precursor as well as for the 
leached U-Ni-A catalysts displayed a dou- 
ble-peak pattern attributed to oxidic (-530 
eV) and hydroxylic (-532 eV) forms. The 
relative amounts of these forms differed for 
the different samples. 

The existence of chlorine was detected 
only on the surface of the U-Ni precursor 
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FIG. 3. X-Ray induced Zn L3M4~Mds Auger peaks 
from the U-Ni precursor (a), the air-exposed leached 
U-Ni-A (b), and the argon-handled leached U-Ni-A 
before (c) and after (d) a short Ar’ sputtering. 
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TABLE I 

Binding Energies (in eV) of Ni, Zn, Cl, and 0, the Auger Parameter (Y of Zn, and the 
Proposed State of the Zn and the Ni in the Various Samples 

Sample Ni 2~~~: Zn 2~~~~ a + hv” 0 Is Cl 2p Proposed states 
of Zn and Ni 

U-Ni - 1021.2 2009.6 530.3 531.9 198.5 Zn(OH)CI, ZnO 

U-Ni-k 854. I 1021.1 2010.5 529.0 - 531.0 NiO, ZnO 

U-Ni-Ah 852. I 2013.9 529.4 - 
854.5 1021.5 2010.8 531.5 Ni, NiO. Zn, ZnO 

U-Ni-AC 852.3 1020.8 2013.3 - 
2010. I Ni, Zn, ZnO 

” Air-exposed. 
h Argon-handled. 
( Argon-handled after short sputtering. 
d /IV = 1253.6 eV. 

(by the XPS Cl 2p line at 198.5 eV) but not 
on the surfaces of the leached U-Ni-A. 

A quantitative estimation of the relative 
atomic concentrations of the different sur- 
face species was performed by analyzing 
the Ni 2p, Zn 2~~12, Cl 2p, and 0 1s peak 
areas and utilizing the appropriate sensi- 
tivity factors (5). Table 2 compares these 
near-surface compositions obtained by XPS 
(probing depths of about 20-40 A) to those 
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FIG. 4. Ni 2p X-ray photoemission spectra from the 
air-exposed leached U-Ni-A (a) and the argon-handled 
leached U-Ni-A before (b) and after (c) a short Ar’ 
sputtering. 

obtained by EDX (probing depths of a few 
micrometers) and wet chemical analysis 
(bulk compositions). 

An interesting trend displayed in Table 2 
for the U-Ni precursor is the increase in the 
relative concentration of Ni obtained with 
increased probing depth of the analytical 
technique (varying from zero for the sur- 
face-sensitive method up to about 0.2 Ni/ 
Zn ratio for the bulk chemical analysis). An 
opposite trend is displayed for the chlorine 
and oxygen compositions of that U-Ni sam- 
ple. These observations point to the exis- 
tence of a nickel-rich inner core coated by a 
nickel-depleted (but Cl, O-rich) outer layer 
in each of the U-Ni powder particles. The 
absence of any nickel on the outermost sur- 
face of the U-Ni as observed in the present 
study differs to some extent from previous 
results reported in Ref. (3) where some 
traces of nickel compounds were detected 
in the zinc-enriched outer layer. From Ta- 
ble 2, the estimated surface O/Zn composi- 
tion ratio is about 1, the O/Cl ratio is about 
2.3, and the Cl/Zn ratio is about 0.4. These 
results and the existence of hydroxyl 
groups as indicated in Table 2, suggest that 
the surface of the U-Ni precursor com- 
prises a possible mixture of Zn(OH)Cl (2) 
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TABLE 2 

Relative Atomic Concentrations of the Zn, Ni, Cl, and 0 
Components in U-Ni and U-Ni-A (Air-Exposed) as Determined 

by XPS, EDX, and Chemical Analysis (CA) 

U-Ni precursor U-Ni-A (air-exposed) 

Zn Ni Cl 0 Zn Ni Cl 0 

XPS 100 0 44 102 lOOh 3336 0 445 
EDX 100 8 28 -O 100 1011 0 - 
CA 100 20 20 3.5 loo 902 0 986 

(’ EDX is not sensitive to oxygen. 
b The U-Ni-A argon-handled sample exhibits a similar relative atomic con- 

centration of the Ni and Zn components on its surface (from XPS results). 

and ZnO with the relative Zn(OH)Cl/ZnO 
ratio of about 1. 

Leaching the U-Ni precursor exposes a 
nickel-rich surface with a Ni/Zn surface 
composition ratio of about 3.3. As men- 
tioned above, both metallic surface constit- 
uents of the leached catalyst are partially 
oxidized even for the argon-handled sam- 
ple. Only an in situ Ar+ sputter-etching pro- 
duces a metallic nonoxidized surface. Ex- 
posing such a metallic surface to 100 
Langmuirs of oxygen (1 Langmuir = 10d6 
Tot-r . s) results in the partial oxidation of 
both the zinc and the nickel whereas expo- 
sure to the same amount of hydrogen 
causes partial oxidation (due to the pres- 
ence of oxidizing impurities in the hydrogen 
stream) of only the zinc, leaving the nickel 
in its metallic state. 

X-Ray diffraction. The X-ray diffraction 
patterns of the U-Ni precursor and of 
the leached (air-exposed) U-Ni-A are pre- 
sented in Fig. 5. The identification of the 
various peaks is denoted in the figure. The 
absence of any lines of either metallic or 
oxidized nickel in the X-ray pattern of the 
U-Ni precursor is clearly demonstrated in 
Fig. 5. The dominant compound identified 
in that sample is Zn5(OH)&lz (6), with 
some traces of metallic zinc and of ZnO. On 
the other hand, the leached (air-exposed) 
U-Ni-A is dominated by metallic nickel and 

NiO with some very weak lines which may 
be attributed to ZnO. No metallic zinc is 
indicated in the X-ray diffraction pattern of 
the leached sample. 

Linewidth analysis (7) of the diffraction 
peaks associated with the Ni(ll1) and the 
NiO(012) reflections in the leached U-Ni-A 
yields the mean thicknesses of these crys- 
tallites (in the directions normal to the re- 
spective planes) to be about 260 and 180 A, 
respectively. 

DISCUSSION 

The lack of catalytic activity displayed 
by the U-Ni precursor may be attributed to 
the coating surface layer which is com- 
posed of zinc-dominated compounds. The 
charging effects observed in the XPS of that 
sample indicate a relatively thick insulating 
layer coating the powder particles. As indi- 
cated by the X-ray diffraction the most 
dominant compound composing that over- 
layer is Zn5(OH)&12. However, the outer- 
most surface is probably dominated by 
Zn(OH)Cl and ZnO as concluded from the 
XPS results. Actually, ZnO is an effective 
hydrogenation catalyst (8) and its presence 
on the surface should not result in such a 
pronounced deactivation as displayed by 
the U-Ni precursor. The observed oxidic 
zinc is thus probably buried a few mono- 
layers below the topmost layer (composed 



LEACHING-ACTIVATION OF URUSHIBARA CATALYSTS 

l- Zn,(OH)& 
2.ZnO 
3-Zn 

b 

FIG. 5. X-Ray diffraction patterns of the U-Ni precursor (a) and of the leached air-exposed U-Ni-A 
catalyst (b). 

mainly of Zn(OH)Cl) and is thus not in- 
volved in the hydrogen-surface interac- 
tions. The absence of any nickel lines in the 
X-ray pattern of the U-Ni may be argued to 
arise from the substantial thickness of the 
nickel-depleted insulating overlayer which 
hinders the presence of a metallic nickel- 
rich inner core. However, as illustrated by 
Fig. 1, the U-Ni platelet-like particles have 
the average dimensions of about 0.1 x I x 
I pm which are within the probing depth 
of the X-ray radiation. The significant con- 
centration of Ni (about 0.2 Ni/Zn ratio as 
indicated by bulk chemical analysis, cf. 
Table 2) should thus be detected by X-ray 
measurements if that nickel were present 
in its crystalline form (even when buried 
inside the particles). In addition, no dif- 
fraction lines of any Ni-Zn intermetallics 
or of Ni(OH),CI, compounds were ob- 
served. It is thus concluded that the nickel 
dominating the inner core of the U-Ni 
particles is precipitated in an amorphous- 
like form. 

Leaching the U-Ni precursor dissolves 
the zinc-dominated coating layer and ex- 

poses the active nickel-rich metallic core. It 
is well known that metallic nickel is very 
effective in chemisorbing hydrogen disso- 
ciatively (9) thereby acting as an efficient 
hydrogenation catalyst. It is worthwhile to 
point out the change in the structural form 
of the nickel induced by the leaching pro- 
cess, which is clearly indicated by the Ni 
reflections displayed in the X-ray diffrac- 
tion pattern of the U-Ni-A sample (Fig. 5). 

Comparing the XPS-derived Ni/Zn sur- 
face composition ratio of the U-Ni-A cata- 
lyst to its bulk value (obtained by EDX or 
CA, Table 2) indicates that the surface of 
that sample is more enriched with Zn than 
the bulk. Surface segregation effects of zinc 
are likely to occur in a Ni-Zn solid solution 
either due to the characteristics of the melt- 
ing curve in the corresponding phase di- 
agram (IO) as suggested by Burton and 
Machlin (II) or due to the lower surface 
energy of zinc (1020 mJ mm2) as compared 
with that of nickel (2450 mJ m-2) (9, 12, 13). 
In the oxidized (air-exposed) surface an ad- 
ditional driving force exists, namely the 
preferred affinity of zinc toward oxygen 



which may lead to oxygen-enhanced sur- 2. 
face segregation (9). 

3. 

CONCLUSIONS 4. 

1. The precipitated U-Ni precursor is 5. 
composed of particles consisting of an inner 
metallic core coated by an insulating zinc- 
dominated layer in agreement with a pre- 6. 
vious observation (3). 

2. The outermost surface of the insulating 
coating layer is composed of ZnO and 
Zn(OH)Cl which is inactive toward hydro- 7. 

gen chemisorption. 
3. Acid leaching of the precipitated pre- 

cursor dissolves the coating insulating layer 8. 
exposing the metallic core. 

4. The oxidation protection provided by 9. 

zinc is limited to low oxidation doses. At 
high oxidation doses surface nickel is oxi- 10. 
dized resulting in the loss of the catalytic 
activity. 

Il. 
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