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Surface characterization of model Urushibara catalysts was carried out using ESCA, AES, and 
SEM. The surface of the Urushibara precursors consists primarily of precipitated nickel covered 
with a thick oxide coating of Zn or Al, depending on which metal was used to precipitate the nickel 
from solution. Residual chloride salts of Ni and Zn were also detected on the surface. The precipi- 
tated nickel is shown to be sandwiched between the surface oxide layer of Zn or Al and the residual 
Zn or Al metal used to precipitate the nickel. 

INTRODUCTION 

Urushibara catalysts were first described 
in 1952 (I). These catalysts can be used for 
the same catalytic reactions as Raney 
nickel catalysts. Urushibara catalysts are 
prepared by a simpler method and are not 
pyrophoric like Raney catalysts. Conven- 
tional Urushibara nickel catalysts are pre- 
pared by the addition of NiC12 to a suspen- 
sion of Zn dust in water (1). A reaction 
takes place between Ni2+ and the Zn metal 
which precipitates nickel metal presumably 
on the surface of the zinc. It has been deter- 
mined that the precipitated nickel does not 
catalyze hydrogenation reactions. How- 
ever, after treating the precipitated nickel 
with concentrated NaOH, catalytic activity 
comparable to Raney nickel can be 
achieved (1). 

A number of variations now exist for the 
preparation of Urushibara catalysts. To 
date about 35 different preparations have 
been reported (2). One variation is the sub- 
stitution of Al for Zn. Also, the leaching 
process has substituted aqueous KOH, 
NH40H, CH$HOOH, or HCl for NaOH. 
Urushibara catalysts employing metals 
other than nickel have been prepared by 
similar precipitation methods. For exam- 

1 Present address: Texaco Inc., Research Laborato- 
ries, P.O. Box 509, Beacon, N.Y. 12508. 

z To whom all correspondence should be addressed. 

ple, Ni can be replaced by Co, Fe, or Cu. 
Urushibara catalysts are often designated 
by first specifying the precipitated metal 
and then the chemical treatment employed, 
e.g., U-Ni-B indicates Urushibara nickel 
activated by treatment with base. 

To date Urushibara catalysts have been 
studied by x-ray diffraction, optical micros- 
copy, electron diffraction, and chemical ac- 
tivity (2-5). To date, surface spectroscopy 
has not been used to characterize these cat- 
alysts. We have employed ESCA, AES, 
and SEM to characterize the surfaces of 
precipitated nickel using both Al and Zn to 
precipitate the Ni. We have been able to 
establish a model for the chemical states of 
the elements present and their depth distri- 
bution in model catalysts. This type of in- 
formation is important catalytically be- 
cause it must form the basis for 
understanding the mechanism of Urushi- 
bara catalysts, and for comparing them 
with their Raney counterparts. 

EXPERIMENTAL 

ESCA spectra were obtained using a AEI 
ES200 electron spectrometer with a DS 100 
data system. An aluminum anode (AI&Y 
1486.6 eV) was operated at 12 kV and 22 
mA. The base pressure was below 2 x 10m8 
Ton-. The digital data were processed with 
an HP 2114A computer. Binding energies 
were measured with a precision of kO.15 
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eV referenced to the C Is line at 284.6 eV. 
Ion etching was performed using a Physical 
Electronics I-keV ion gun operated at a 
current density of 0.5 PA/cm*. 

Auger spectra were obtained with a 
Physical Electronics Model 545 Auger elec- 
tron spectrometer using a 5-keV primary 
electron beam. The operating pressure was 
below 5 x 1O-9 Torr. For depth profiles, 5 .O 
x 1O-5 Torr of argon was used with an ion 
gun operated at 5 keV and an emission cur- 
rent of 30 mA which corresponds to a cur- 
rent density of 1 PA/cm*. Peak to peak 
heights of the Ni LMM, Zn LMM, and Al 
KLL lines were measured and corrected 
using published sensitivity factors to calcu- 
late the surface concentrations. Scanning 
Auger micrographs were obtained at a scan 
width of 340 pm. 

Scanning electron micrographs were ob- 
tained by the use of a JEOL JSM-5OA scan- 
ning electron microscope. The electron gun 
was operated at 25 kV with a beam current 
of3 x 10-r’ Aandaspotdiameterof IOOA. 
Energy dispersive x-ray analysis was ob- 
tained using an Ortec x-ray Li-Si detector. 

Precursor materials such as NiC12 . 6H20 
(99.9% pure), Zn (99.99% pure) 0.25-mm- 
thick foil, Al (99.99% pure) 0.25-mm foil, 
and Zn dust (99% pure) were obtained from 
Alfa Products of Thiokol. 

The modeled Urushibara precipitated 
nickel was prepared by adding a l-cm2 
piece of Zn or Al to 50 ml of NiClz solution 
(0.1 g of Ni/ml) at room temperature. The 
precipitation reactions on Zn were also car- 
ried out in boiling water (- 100°C). The pre- 
cipitated nickel was washed with deionized 
water and dried at 110°C. The nickel chlo- 
ride solution was prepared by adding 4.04 g 
of NiC12 + 6H2O to 100 ml of deionized wa- 
ter. The precipitation reaction was allowed 
to continue until hydrogen evolution 
stopped (-10 min). 

Nickel was also precipitated on zinc dust 
(U-Ni) to compare the surface characteris- 
tics of this model system with the conven- 
tionally precipitated nickel system. U-Ni 
was prepared by adding 10 g of Zn dust to 

100 ml of a NiC12 solution (0.1 g of Ni/ml) at 
room temperature. The precipitated nickel 
was washed with deionized water and dried 
at 110°C. 

Cross sections of the model precipitated 
nickel samples were prepared for SEM 
analysis by embedding the precipitated Ni 
on Zn or Al foils in plastic. The embedded 
samples were then polished on the end to 
expose the edge of the foils. The samples 
were coated with a thin film of AuiPd alloy 
(60 : 40) to provide a conducting film for the 
insulating plastic mold. 

RESULTS 

The Ni 2pj12, Zn 2pjiz, Zn LMM Auger, 
and Cl 2p photoelectron lines were exam- 
ined to determine the chemical states of Ni, 
Zn, and Cl on the surface of nickel precipi- 
tated on zinc foil (Ni/Zn) and zinc dust (U- 
Ni). The values of the binding energies and 
Zn Auger parameters are listed in Table 1. 
This table also presents binding energy val- 
ues for Ni 2p3j2, Al 2p, and Cl 2p photoelec- 
tron lines of nickel precipitated on afumi- 
num (Ni/Al). Binding energy values 
obtained for a few relevant standard com- 
pounds are also listed in Table 1. 

The Ni 2p312 binding energy for NiiZn and 
U-Ni is 855.6 ? 0.2 eV which corresponds 
to the Ni 2pji2 binding energy of Ni(OH)2. 
For Ni/Al the Ni 2p312 binding energy (856.4 
? 0.15 eV) is 0.8 eV higher than for Ni/Zn. 
The Ni 2~312 binding energy of Ni/Al corre- 
sponds to NiCl2. Also the Cl 2p binding en- 
ergy of Ni/Al is the same as the Cl 2p bind- 
ing energy of NiC&. The Zn 2p3,> binding 
energy (1021.7 5 0.15 eV) and the Auger 
parameter value (498.3 -+ 0.15 eV) for Ni/ 
Zn and U-Ni correspond to the Zn 2pj12 
binding energy and Auger parameter of 
ZnO. For Ni/Al the Al 2p binding energy 
(74.5 t 0.15 eV) is the same as the Al 2p 
binding energy of A1203. 

The relative surface concentrations de- 
termined by AES of Ni, Zn, Al, and Cl for 
Ni/Zn, U-Ni, and Ni/Al are given in Table 
2. Published elemental sensitivity factors 
were used to calculate the relative surface 



426 KLEIN AND HERCULES 

TABLE 1 

Binding Energies of Precipitated Nickel Catalysts 

Sample Binding energies (eV) 

Zn Auger Zn Auger 
Ni &k Zn 2Pw LMM parameter Al 2p Cl 2p 

U-Ni 855.8 1021.7 498.4 523.3 198.8 
Ni/Zn dust 
Ni/Zn foil 855.6 1021.7 498.3 523.4 198.7 
Ni/AI foil 856.4 74.5 199.0 
Zn (metal) 1021.5 494.1 527.4 
ZnO 1021.7 498.2 523.5 
ZnC12 1021.7 497.0 524.7 198.3 
Al (metal) 71.6 
A1203 74.5 
Ni (metal) 852.3 
NiO 854.0 
Ni(OH)2 855.8 
NiClz 856.5 199.2 

Note. Binding energies were referenced to C 1s line at 284.6 eV. Precision is kO.15 eV. 

concentrations (7). The surface concentra- 
tions listed in Table 2 indicate that both Ni 
and Cl are not the major elements on the 
surface of the precipitated nickel. Zn and 
Al are roughly 8 to 10 times more concen- 
trated on the surface than Ni and Cl for Ni/ 
Zn, U-Ni, and Ni/Al. 

Auger element maps of Ni/Zn and Ni/Al 
are shown in Figs. 1 and 2, respectively. 
Each Auger map represents a square 340 
pm on a side. The bright areas of the Auger 
element maps indicate regions with the 
highest surface concentration of an ele- 
ment, while the dark regions correspond to 
lower surface concentrations. Therefore, 

TABLE 2 

Relative Surface Percentage (%) of Precipitated 
Nickel Determined by AES 

Sample Surface composition (%) 

Zn Al Ni Cl 

Ni/Zn foil 83’1 - 9?2 821 
Ni/Al foil - 94*4 4-e3 2 k 0.4 
U-Ni 

Ni/Zn dust 7522 - 722 1821 

the Auger element maps display relative 
concentration changes over a surface, con- 
sistent with the Auger sampling depth (-20 
A). 

The Auger element maps of 0 and Zn for 
Ni/Zn indicate that regions of high-Zn sur- 
face concentration coincide with regions of 
high oxygen concentration (Fig. 1A and B). 
The nickel Auger map of Ni/Zn (Fig. 1D) 
indicates the highest Ni surface concentra- 
tion is located toward the central section of 
the map. This same location indicates a low 
concentration of Cl and a high 0 concentra- 
tion. The nickel Auger map also indicates 
nickel is concentrated in regions near the 
top central area of the micrograph. In this 
region the chlorine signal is more intense 
and the oxygen and Zn signals are lower. 
The Cl Auger element map also shows an 
intense Cl signal in a region where concen- 
trated areas of Zn and 0 are located. 

The Auger micrographs of Ni/Al (Fig. 2) 
indicate direct association between Al and 
0, because the Al and 0 mapping images 
spatially coincide. The Ni and Cl maps also 
show direct correlation because the intense 
regions of Ni and Cl correspond to the same 
locations in the Auger micrographs; they 
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FIG. 1. Auger element maps of Ni/Zn. (A) 0 KLL, (B) Zn LMM, (C) Cl LMM, (D) Ni LMM. 

also correspond to low concentrations of Al 
and 0. 

Secondary electron micrographs (SEM) 
along with energy dispersive X-ray (EDX) 
element maps of Ni/Zn and Ni/Al are 
shown in Figs. 3 and 4. In each figure A is 
the SEM image and B through D are the 
EDX element maps. The ghost images in 
the EDX maps are light SEM images of the 
same sample area superimposed on the 
EDX map. Superimposing an SEM image 
on the EDX map was done to orient the 
EDX maps in relation to the original SEM 
image. Below we will compare SEM/EDX 
element maps with those obtained by AES. 
In doing this comparison it must be remem- 
bered that the “surface” sampled by the 
two techniques differs; for AES the sam- 
pling depth is about 20 A, while for SEMI 
EDX it is about 1 pm. Therefore, although 

the term surface is used for each, what it 
represents differs. 

The EDX element images of NiiZn (Fig. 
3) show that the surface of Ni/Zn is mostly 
covered with Zn. Ni and Cl do not comprise 
a large portion of the surface sampled by 
EDX. The EDX maps of Ni/Zn also indi- 
cate that the distribution of Zn, Ni, and Cl 
is generally uniform across the surface. 

The EDX element maps of Ni/Al (Fig. 4) 
indicate that Ni and Cl are associated on 
the surface of Ni/Al and in a region distinct 
from Al. The high concentration areas of Ni 
and Cl on the right side of the images spa- 
cially coincide with the flat irregular shaped 
regions seen in the SEM image. The areas 
surrounding the flat objects contain high Al 
concentrations which is shown in EDX map 
of Al (Fig. 4B). 

ESCA spectra of Ni/Zn and NiiAl were 
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FIG. 2. Auger element maps of Ni/Al. (A) 0 KLL, (B) Al KLL, (C) Cl LMM, (D) Ni LMM. 

obtained at various sputtering times to 
study Ni/Zn and Ni/Al as a function of 
depth. Figure 5 shows wide scan ESCA 
spectra (O-1000 eV) of Ni/Zn and Ni/Al re- 
corded at five different sputtering times (0, 
3, 6, 8.5, and 16 h) using a I-keV Ar ion 
beam. The Ni 2~3,~ lines for NilZn and Ni/ 
Al recorded at the same sputtering intervals 
are shown under higher resolution in Figs. 6 
and 7, respectively. Also, the Al 2p and Ni 
3p photoelectron spectra of Ni/Al obtained 
for the same sputtering experiment are 
shown in Fig. 8. 

The wide scan ESCA spectra (Fig. 5) 
show an increase in the Ni 2p signal inten- 
sity as a function of sputtering time for both 
Ni/Zn and Ni/Al. After 16 h of sputtering 
the Ni 2p lines are the most intense in the 
ESCA spectra of both systems. Also, the 
Zn, Al, and Cl signals have almost com- 

pletely disappeared after 16 h of sputtering 
for both Ni/Zn and Ni/Al. The Ni 2p3iz spec- 
tra of Ni/Zn (Fig. 6) show an increase in the 
metallic nickel signal (852.4 eV) and the dis- 
appearance of the higher binding energy 
signal (855.8 eV) for longer sputtering 
times. The signal to noise ratio of the Ni 
2pj12 line increases significantly with longer 
sputtering times, indicating an increase in 
Ni surface concentration for longer sputter- 
ing time. As will be discussed later these 
results seem not to be affected by preferen- 
tial sputtering. 

The Ni 2~312 spectra of Ni/Al (Fig. 7) indi- 
cate essentially the same results as ob- 
tained for Ni/Zn. The higher binding energy 
Ni 2p3/* signal (856.4 eV) corresponding to 
NiClz decreases in intensity and disappears 
at 16 h of sputtering. The metallic nickel 
signal (852.4 eV) increases in intensity and 
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FIG. 3. SEM and EDX images of NiiZn. (A) SEM image, (B) Zn EDX map, (C) Ni EDX map, (D) Cl 
EDX map 1000X. 

becomes the only significant signal in the Ni with longer sputtering times is not obvious 
2p3~ spectra after 16 h of sputtering. The from Fig. 6 because the signal to noise does 
increase of the surface nickel concentration not increase significantly as it did for Ni/Zn. 
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FIG. 4. SEM and EDX images of Ni/AI. (A) SEM images, (B) Al EDX map, (C) Ni EDX map, (D) Cl 
EDX map 300X. 

However, the increase in total nickel signal Figure 8, the Al 2p and Ni 3p ESCA spec- 
with longer sputtering times for Ni/Al is tra of Ni/Al, shows the increase in surface 
seen in Fig. 5. nickel at longer sputtering times. The Al 2p 
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FIG. 5. ESCA spectra of NiiZn and NiiAl as a func- 
tion of sputtering time. Left hand side, NiiZn. Right 
hand side, Ni/AI. 

line in Fig. 8 is located at the high binding 
energy side of the spectra (74.4 eV). The Al 
2p signal decreases relative to Ni 3p with 

I 
j /L 

I 
666 658 648 

BIndIng Energy (ev) 

FIG. 6. Ni 2p312 ESCA spectra of NiiZn as a function FIG. 8. Al 2p and Ni 3p ESCA spectra of NiiAl as a 
of sputtering time. function of sputtering time, 

3 hr 

6 hr 

Blndlng Energy IeV) 

FIG. 7. Ni 2~3,~ ESCA spectra of NiIAI as a function 
of sputtering time. 

sputtering. The Ni 3p spectrum shifts to 
lower binding energy and increases signifi- 
cantly in intensity relative to the Al 2p sig- 
nal after 16 h of sputtering. 

Auger depth profiles of Ni/Zn and NiiAl 
are shown in Figs. 9 and 10, respectively. 
The Auger depth profiles are plots of peak- 
to-peak height of given Auger lines as a 
function of sputtering time. Both Figs. 9A 
and 10A indicate that the nickel signal in- 
creases, goes through a maximum, and then 

iA\, Al zp and NI 3p 
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FIG. 9. Auger depth profiles of NiiZn. (A) Sputtered 
through nickel layer. (B) Typical depth profile. 

decreases to zero at longer sputtering 
times. The Zn, 0, and Cl signals for Ni/Zn 
decrease in intensity as a function of sput- 
tering time, going through a minimum when 
the nickel signal is at its maximum. Figure 
9A shows that after 10 h of sputtering the 
Zn and 0 signals slowly increase and then 
level off by 22 h. After 5 h of sputtering the 
Cl intensity decreases and remains at a low 
constant value for the rest of the sputtering 
experiment. The Auger depth profile of Ni/ 
Al (Fig. 10A) also shows a minimum in the 
Al and 0 intensities when the Ni intensity is 
a maximum, at 20 h of sputtering. As the Ni 
signal decreases after 20 h of sputtering the 
Al and 0 signals increase. No Cl was de- 
tected in this particular depth profile. 

The depth profiles shown in Figs. 9A and 
10A for Ni/Zn and Ni/Al, are not typical 
Auger depth profiles of either system. Most 
of the depth profiles did not show sputter- 
ing through the Ni layer even after 48 h of 
sputtering. Figures 9B and IOB show typi- 
cal Auger depth profiles of Ni/Zn and Ni/ 
Al. The depth profile of Ni/Al shown in Fig. 
10B contains a Cl depth profile which was 
not observed in the profile shown in Fig. 
10A. Chlorine was removed from the sur- 

face within the first 2-3 h of sputtering. 
Based on the sputtering rate of A&O3 un- 

der our experimental conditions (7 A/min) 
which was determined previously (8), an 
estimate was made of the thickness of the 
A1203 layer covering Ni/Al. Twenty hours 
of sputtering is where the Al and 0 signals 
reached a minimum and the Ni signal was a 
maximum which would be the approximate 
location of the AlzOJ/Ni interface (10). 
Therefore, for the region depth profiled, the 
oxide layer is about 0% to 0.9~pm thick. 

Because most Auger depth profiles did 
not correspond to sputtering through the Ni 
layer of either Ni/Zn or Ni/Al, SEM photo- 
graphs and EDX element maps of Ni/Zn 
and Ni/Al cross sections were obtained. 
Figures 11 and 12 are SEM and EDX im- 
ages of Ni/Zn and Ni/Al cross sections, re- 
spectively. The SEM images of cross sec- 
tioned Ni/Zn and Ni/Al (Figs. 11A and 12A) 
indicate four distinct regions. At the top of 
the SEM image, there is a black zone which 
is the plastic embedding medium used to 
hold the cross sectioned samples. Just be- 
low the plastic embedding medium is a 
dark-gray layer. The EDX element maps of 
Zn and Al indicate that this dark-gray layer 
consists of Zn and Al for Ni/Zn and Ni/Al, 

=z - 0.0 8.0 aw 16.0 24.c 32.0 10.0 
SPUTTERING TIME (HR) 

5 0.0 8.0 16.0 24.0 32.0 a.0 
a. SPUTTERING TIME (HR) 

FIG. 10. Auger depth profiles of NilAl. (A) Sputtered 
through nickel layer. (B) Typical depth profile. 



SURFACE CHARACTERIZATION OF URUSHIBARA CATALYSTS 433 

FIG. 11. SEM and EDX images of a cross section of Ni/Zn. (A) SEM image, (B) Zn EDX map, (C) Ni 
EDX map, (D) Cl EDX map 1000X. 

respectively. Below the dark-gray zone nickel is the fourth region which the EDX 
there is a light-gray region. The EDX nickel maps indicate is composed of Zn and Al for 
maps show that this region is composed of Ni/Zn and Ni/AI, respectively. The Cl EDX 
Ni for both Ni/Zn and Ni/Al. Below the maps for both Ni/Zn and Ni/AI indicate no 
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FIG. 12. SEM and EDX images of a cross section of Ni/AI. (A) SEM image, (B) Al EDX map, (C) Ni 
EDX map, (D) Cl EDX map 3000X. 

significant association of Cl with any spe- and Al layers which cover the precipitated 
cific region. Also, the Cl signal per unit area nickel ranges from 8- to lo-pm thick for 
is very small indicating low concentrations both Ni/Zn and Ni/Al. The precipitated 
of Cl throughout the cross section. The Zn nickel layer appears to vary significantly in 
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thickness, ranging from 10 to 30 pm for 
both Ni/Zn and NilAl. 

The thickness of the covering oxide layer 
determined by some Auger depth profiles is 
smaller than that determined by SEM. The 
layers of Ni/Zn and Ni/Al are not uniform in 
thickness as seen in the SEM cross sec- 
tions. Therefore, some Auger depth profiles 
could have been performed at points when 
the layers are thinner than those shown in 
the SEM photographs. This latter explana- 
tion seems likely to account for the discrep- 
ancy between the Auger depth profiles and 
SEM results, although the alternative of 
sample rearrangement due to long sputter- 
ing times cannot be ruled out. 

Ni/Zn was also prepared from a NiCll so- 
lution at 100°C to observe the effects of 
high-temperature preparation. The Ni 2p& 
Zn 2p3,2 ESCA intensity ratio for Ni/Zn pre- 
cipitated at room temperature is 0.10 rt 
0.02. For Ni/Zn prepared at lOO”C, the Ni 
2p&Zn 2~~1~ intensity ratio is 0.20 + 0.06. 
Precipitating Ni on Zn at 100°C shows an 
increase in the Ni-to-Zn intensity ratio indi- 
cating that there is an increased amount of 
nickel on the surface for Ni precipitated at 
100°C. Figure 13 shows SEM and EDX im- 
ages of Ni/Zn prepared at 100°C. The EDX 
analysis of Zn and Cl shows that the surface 
of Ni/Zn prepared at 100°C has a lower con- 
centration of Zn and Cl. The Ni EDX map 
on the other hand indicates the surface of 
the high-temperature precipitation is nickel 
rich by the high Ni signal density covering 
the entire surface. The SEM and EDX im- 
ages of the cross-sectioned Ni/Zn prepared 
at 100°C (Fig. 14) indicate no significant 
layer of zinc covering the nickel. The EDX 
map of Zn (Fig. 14B) does not show a zinc 
layer between the embedding media and the 
nickel metal. The Cl EDX map also indi- 
cates that Cl is not a major component of 
Ni/Zn prepared at 100°C. 

The surface of Ni/Zn prepared at 100°C 
structurally has a different surface than Ni/ 
Zn prepared at room temperature. Compar- 
ing the SEM image of NiiZn prepared at 
100°C (Fig. 13) and the SEM image of Ni/Zn 

prepared at room temperature (Fig. 11), 
shows that room-temperature preparation 
creates a less-uniform surface of larger 
crystals, approximately lo- to 20-pm long. 
The high-magnification SEM image of Ni/ 
Zn prepared at high temperature (Fig. 15) 
shows that the high-temperature prepara- 
tion creates a uniform surface of fine nee- 
dle-like crystals about I- to 2-pm long. 

DISCUSSION 

Comparing the ESCA binding energies 
and Auger parameters with the AES sur- 
face concentrations for NiiZn and U-Ni 
shows that the surface of the modeled 
nickel precipitated on zinc (NiiZn) is simi- 
lar to the surface of nickel precipitated on 
zinc dust (U-Ni). The ESCA binding ener- 
gies of Ni 2~312, Cl 2p, Zn 2pxi2, and the Zn 
Auger parameters listed in Table 1 are the 
same for both NiiZn and U-Ni within ex- 
perimental error. Therefore, the chemical 
states of the surface species of both the 
modeled NiiZn and U-Ni can be considered 
to be the same. The surface concentrations 
(Table 2) of the modeled and normal 
Urushibara precipitated nickel catalysts are 
similar but not identical. In both cases, Zn 
is the dominant species on the surface. The 
surface concentration of nickel is essen- 
tially the same for both systems. Chlorine 
appears to be more concentrated on U-Ni 
than on the modeled system. The increase 
of surface chlorine on U-Ni is attributed to 
the greater retention of the Cl after water 
washing caused by the higher surface area 
of the powdered zinc. In general, the sur- 
face results of the modeled NiiZn and U-Ni 
indicate the model system is a reasonable 
representation of the actual precipitated 
nickel Urushibara precursor. 

The surface concentrations determined 
by AES, ESCA, AES depth profiles, and 
SEM/EDX show that surfaces of Ni/Zn and 
Ni/Al are covered with Zn and AI, respec- 
tively. The Zn Auger parameter for Ni/Zn 
indicates the presence of ZnO. However, 
small amounts of ZnClz could exist on the 
surface because the Auger micrographs of 
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FIG. 13. SEM and EDX images of Ni/Zn prepared at 100°C. (A) SEM image, (B) Zn EDX map, (C) 
Ni EDX map, (D) Cl EDX map 300X. 

Ni/Zn indicate some areas having higher show only the presence of A&O3 on the sur- 
surface concentrations of Zn and Cl in the face of Ni/AI. 
same region. Both the Al 2p binding ener- The nickel species detected on the sur- 
gies and the Auger micrographs of Ni/Al face of Ni/Zn appear to be primarily 
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FIG. 14. SEM and EDX images of a cross section of NiiZn prepared at 100°C. (A) SEM image. (B) 
Zn EDX map, (C) Ni EDX map. (D) Cl EDX map 3000X. 

Ni(OH)2 and possibly small amounts of Auger micrographs of Ni and Cl (Fig. 
NiClz. The binding energies of the Ni 2~~~~ indicate areas where relatively high co 
spectra for Ni/Zn in Table 1 correIate with centrations of Ni and Cl coexist. Therefor 
the presence of Ni(OH)z. However, the NiC12 could be present. 

1) 
In- 
-e. 
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FIG. 16. Proposed model of Urushibara precursor. (A) NiiZn. (B) NiiAl. 

The Ni 2~~1~ binding energy and the Ni 
and Cl Auger micrographs of Ni/AI indicate 
that surface nickel is present only as NiCl*. 
Also, the SEM and EDX images of NilAl 
(Fig. 4) show the presence of NiC& because 
the EDX maps of Cl and Ni spatially coin- 
cide only with each other. 

The chlorine results determined by AES 
and SEM/EDX show some discrepancy. 
The surface concentrations determined by 
AES (Table 2) indicate the surface of Ni/Zn 
and Ni/Al consists of between 2 and 8% 
chlorine. The EDX analysis barely detects 
chlorine on Ni/Zn and Ni/Al, except where 
NiClz was detected on Ni/Al. The different 
results between AES and SEM/EDX analy- 
sis can be explained on the basis of sam- 
pling depths. AES sampling depth is about 
20-30 A; the sampling depth of SEM/EDX 
is approximately 1 pm. Hence, SEM/EDX 
samples at considerably greater depths than 
AES. Based on the different sampling 
depths, one can conclude that chlorine is 
concentrated in the upper few atomic lay- 
ers. This conclusion is consistent with the 
Auger depth profiles of Ni/Zn and Ni/Al 
which showed the major portion of chlorine 
was sputtered away in the first 2 to 3 h. 

The ESCA (Figs. 5-8) and AES (Figs. 9- 
10) depth profiles and the SEM-EDX im- 
ages (Figs. 11 and 12) of cross-sectioned Ni/ 
Zn and Ni/Al show that the precipitated 

nickel resides under the oxide films for both 
Ni/Zn and Ni/Al. Binding energies of the Ni 
2p312 spectra recorded at various sputtering 
times indicate that nickel metal is the domi- 
nant peak in the ESCA spectra after lo-20 
h of sputtering on both precipitated nickel 
systems. The SEM and EDX images of the 
cross sections located the precipitated 
nickel between the covering oxide layer of 
Zn or Al and the Zn or Al metal which was 
not consumed in the precipitation reaction. 
This conclusion is easily arrived at because 
Figs. 11 and 12 show that the Ni EDX de- 
tected Ni between the two regions of Zn or 
Al. 

A comment should be directed at the 
ESCA ion etching results of Ni/Zn and Ni/ 
Al. One could argue that ion etching might 
cause the Ni2+ species (Ni(OH)2 and NiC12) 
to reduce to the metal during sputtering. 
However, Kim and Winograd have already 
shown for Ni(OH)2 (10) and we have ob- 
served for NiClz that Ar ion bombardment 
does not cause reduction to the metal under 
the conditions of our experiment. There- 
fore, the metallic nickel signal observed af- 
ter sputtering is not a result of the reduction 
of Ni(OH)2 or NiCl* by ion bombardment 
but exists on the catalyst. 

Auger depth profiles of Ni/Zn and Ni/Al 
(Figs. 9A and IOA) indicate the possible ex- 
istence of ZnO and Al203 between the 
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nickel metal and Zn or Al metal interface. 
Figures 9A and 10A show that as one sput- 
ters through the nickel, both the Zn and 0 
for Ni/Zn and the Al and 0 for Ni/Al show 
parallel increases in intensity. The increase 
of the oxygen signal with the increase in Zn 
and Al signal indicates an oxide region. 
This conclusion, however, is suspect be- 
cause it relies on two nonrepresentative 
depth profiles requiring extremely long 
sputtering times. At long sputtering times 
(10 h and longer), sample damage and rear- 
rangement can take place (9). Therefore, 
confirmation of an oxide layer between the 
Ni and Zn or Al underlayer requires further 
investigation. 

From the results on the two model sys- 
tems, a simple model of Ni/Zn and Ni/Al 
was developed. A graphical description of 
the model is shown in Fig. 16 for room tem- 
perature precipitation. According to the 
model, the catalyst consists of a layer of 
precipitated nickel IO- to 30-pm thick, un- 
derlying a protective oxide layer 8- to IO- 
pm thick, with small amounts of residual 
chloride salts present and the Zn or Al 
which was not consumed in the reduction 
of the Ni2+ ions. It should be noted that 
hydroxy chlorides of Ni and Zn could exist 
on the surface of Ni/Zn, however, the sur- 
face results do not definitely confirm this. A 
small oxide layer is suggested between the 
precipitated nickel metal and the Zn or Al 
metal, however, this oxide layer has not 
been fully confirmed. 

The NilZn prepared at 100°C differs from 
the Ni/Zn prepared at room temperature in 
two ways. First, ESCA showed a larger Ni 
2ppw21Zn 2p3j2 ratio for Ni/Zn prepared at 
lOO”C, indicating that the Zn oxide protec- 
tive film is thinner. Also, the SEM and 
EDX images of Ni/Zn prepared at high tem- 
perature (Figs. 13 and 14) show no appre- 
ciable Zn layer covering the precipitated 
nickel. Second, the SEM images of the 
high-temperature preparation (Fig. 15) 
show that the surface is covered with fine 
needle-like nickel crystals about I- to 2-pm 
long. The SEM image of Ni/Zn prepared at 

room temperature indicates larger crystals 
about lo- to 20-pm long which are covered 
with Zn. Therefore, the preparation tem- 
perature affects the thickness of the protec- 
tive oxide layer and the surface structure of 
the precipitated nickel. Hata has shown by 
x-ray diffraction line broadening that pre- 
cipitated nickel on zinc prepared at 100°C 
contained smaller nickel crystallites (6) 
which is consistent with our results. Hata 
has also shown that the catalytic activity 
increased with higher preparation tempera- 
ture of the nickel precipitation (6). This ef- 
fect is probably related to smaller Ni parti- 
cle size and therefore greater effective Ni 
surface area. 

SUMMARY 

Model Ni/Zn and Ni/Al Urushibara cata- 
lysts have been studied to determine the 
structure of these catalysts. The surface 
layers of these catalysts are Al and Zn ox- 
ides, with some Ni species present. The 
major Ni species in NiiZn is Ni(OH)l , while 
NiCl* is the only species observed for Ni/AI 
catalysts. ESCA and Auger depth profiles, 
along with SEM/EDX cross sections, were 
combined to determine the depth distribu- 
tion of Urushibara catalysts. For the Ni/Zn 
catalyst one has an outer layer of ZnO (8- to 
lo-pm thick), a layer of Ni metal (IO- to 30- 
pm thick), a layer of ZnO and the base Zn 
metal. Similar layering exists for Ni/AI cat- 
alysts, with Al203 substituting for ZnO. 
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