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The kinetics of the parahydrogen conversion were studied on nickel and nickel hydride 
thin films as catalysts. The rate of conversion was measured by a conventional method from 
1 to 30 Torr and from 16.5 to 195°K. The transformation of nickel into the hydride phase 
under the influence of atomic hydrogen was attested by observing the change of electrical 
resistance of the film. The transformation diminished 300-fold the rate of the p-o hydrogen 
conversion, due to a decrease in the preexponential factor of the Arrhenius equation. The 
results are in keeping with the poisoning effect of “hydride” hydrogen in nickel or palladium 
hydrides already reported in hydrogenation reactions. The effect is discussed in terms of the 
surface heterogeneity of the hydrided nickel film. Nickel crystallite patches which are not 
transformed into hydride are suggested to be responsible for the residual activity. The 
nickel hydride areas are catalytically inactive, which can be explained on the basis of earlier 
proposals that the metal d-band is filled by Is electrons from hydrogen atoms. 

INTRODUCTION 

The elucidation of the mechanism of cat- 
alytic activity of metals in hydrogenation 
reactions is closely connected with the 
knowledge of the role played by hydrogen 
adsorbed on the catalyst surface. This hy- 
drogen can either enhance or inhibit hy- 
drogenation depending on the form in 
which it is present at the metal/reactants 
interface. Various authors have inves- 
tigated the effect of the hydrogen pread- 
sorption on the catalytic activity of nickel, 
palladium (or their alloys with the IB 
Group metals) in some test reactions in- 
volving hydrogen, usually in the para- 
ortho hydrogen conversion, hydrogen- 
deuterium equilibration, ethylene hy- 
drogenation. However, there are many 
fewer data in the literature for the catalytic 
effect of hydrogen preabsorption in nickel 
or palladium resulting in the formation of 
the respective /3 hydride phases, in which 
hydrogen is placed in octahedral positions 
of the fee parent metal lattice. 

In the case of palladium the catalytic 

behavior of the hydride phase in the para- 
hydrogen conversion was investigated by 
Scholten and Konvalinka (I), but the first 
report is due to Couper and Eley (2). A 
change in the catalytic activity of pallad- 
ium and palladium-gold alloys (rich in 
palladium) ascribed to the respective hy- 
dride formation was observed by Dickens 
er al. (3) in the heterogeneous atomic hy- 
drogen recombination. All the results 
pointed to the poisoning effect of “hy- 
dride” hydrogen. 

This effect was confirmed in detailed 
studies on the catalytic activity of the p 
hydride phases of nickel and nickel- 
copper alloys in atomic hydrogen recom- 
bination (4,5) and ethylene hydrogenation 
(5~5). The present paper deals with inves- 
tigations of the kinetics of the parahy- 
drogen conversion catalyzed by thin films 
of nickel and nickel hydride. The prelimi- 
nary results concerning the catalytic activ- 
ity of a nickel-copper alloy film were re- 
ported earlier (5). 
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EXPERIMENTAL METHODS 

Nickel Film Deposition 

The films were deposited on the inner 
surface of a cylindrical Pyrex glass vessel 
(Fig. 1) of 3 cm diam sealed directly to a 
conventional high vacuum system. Before 
the nickel film deposition the nickel wire 
(spec. pure, manufactured by Johnson- 
Matthey) was well outgassed and the 
vessel was baked out in a vacuum of lo-” 
Torr (1Torr = 133.3 N rn-‘). During the 
metal deposition the temperature of the 
support was maintained at 77°K. The 
evaporation was carried out at the rate of 
lo-30 A min-‘. The final nickel deposit 
was 200-400 A thick. The nickel films 
were annealed in hydrogen for about 1 hr 
at 195°K. 

Parahydrogen Conversion Rate 

The kinetics of the para-ortho conver- 
sion were determined in an apparatus simi- 
lar to that described by Eley and Rideal 
(7). The 300 ml reactor, protected from 
both sides by means of liquid nitrogen 
traps, was evacuated to 1O-6 Torr. Hy- 
drogen obtained electrolytically was fil- 
tered through a heated palladium thimble 
and then enriched to 5 1% in its para modi- 
fication on active charcoal at 77°K (after 
the previous outgassing at 700°K). 

The composition of the hydrogen was 
determined by a micro-Pirani gauge de- 
scribed by Bolland and Melville (8). 
During the measurements the temperature 
of the tungsten filament of the gauge was 
about 200”K, the pressure in the gauge 
was constant and amounted to 50 Torr. 
The maximum difference between the re- 
sistance readings corresponding to normal 
and paraform enriched hydrogen was 
about 4%. 

The rate of conversion was measured at 
various hydrogen pressures ranging from 1 
to 30 Torr. Since the system investigated 
obeyed first order kinetics the experi- 
mental rate constants were determined 

fram the equation k, = (l/t) In (co/c) (c, 
and c are concentrations of the p-H, in 
excess of the equilibrium value at time 
zero and t, respectively). The measure- 
ments were performed within the tempera- 
ture range 165- 195°K using suitable 
cooling mixtures (n-propanol, toluene). 

Preparation of Nickel 
Hydride Films 

Nickel hydride samples were prepared 
by the method described by Palczewska 
and Janko (9), i.e., nickel film deposits 
were exposed to atomic hydrogen pro- 
duced in molecular hydrogen in an elec- 
trodeless rf discharge. The rf coil for the 
discharge was situated directly over the 
reactor, the walls of which were covered 
with the evaporated nickel film sample 
(Fig. 1). 

The transformation of the nickel film 
into the hydride phase was followed by ob- 
servation of its resistance change. As 
Baranowski and Bauer have stated pre- 
viously (IO) the resistivity of nickel un- 
dergoes a considerable change in con- 
sequence of the transformation into nickel 
hydride. A similar effect was observed for 
nickel and nickel hydride thin films in our 
experiments. The resistance of the nickel 
hydride film was about 50% lower at 
195°K than that of the initial nickel film at 
the same temperature. 

When producing atomic hydrogen in a 
glass vessel one has to take into account 
the simultaneous formation of water as a 
consequence of hydrogen atoms reacting 
with the glass surface (II). This contami- 
nation of the molecular and atomic hy- 
drogen mixture is adsorbing on the film 
sample and influences its catalytic activity. 
Therefore, the eventual catalytic effect of 
the exposure of nickel to atomic hydrogen 
is attributable to some extent to partial 
coverage of the film surface by H,O mole- 
cules. 

With the aim of eliminating the catalytic 
effect of H,O adsorption we compared the 
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FIG. 1. Reaction vessel for measuring the rate of 
parahydrogen conversion on nickel and nickel hy- 
dride films. (1) quarz tube; (2) rf coil, (3 and 4) tung- 
sten leads; (5) platinum foils (electrical contact with 
the film layer for resistance measurement): (6) nickel 
wire. 

catalytic activity of the nickel film trans- 
formed into hydride with that of the nickel 
film on which a suitable quantity of water 
vapor had been preadsorbed. 

Procedure 

The kinetics of p-Hz + o-H, were stud- 
ied at various pressures and temperatures, 
though the temperature had to be low on 
account of nickel hydride instability at 
higher temperatures under not sufficiently 
high pressures (12). First, the freshly evap- 
orated nickel sample covered with pread- 
sorbed water was used as catalyst. Then 
the film was exposed to atomic hydrogen 
for 1 hr at 195°K and simultaneously the 
change of resistance was observed, thus 
giving evidence of nickel film transforma- 

tion into its hydride phase. The catalytic 
activity of this film was then compared 
with the first one. 

In separate experiments the catalytic ef- 
fect of the film preexposure to molecular 
hydrogen was also investigated. The con- 
version rates on nickel films preexposed to 
atomic hydrogen, but at higher tempera- 
ture, when the hydride could not form, 
were measured as well. 

RESULTS 

The results of the measurements per- 
formed are shown in Table 1. The experi- 
mental rate constants k, (min-‘) are ex- 
pressed as absolute rates (13) k, = 
NkJ60g (N = the number of molecules in 
the reaction volume; g = the mass of the 
film in mg). 

The catalytic activity of freshly depos- 
ited nickel films is very high; its value is 
far beyond the range of the measurement 
(kA B 1 x 1018 moles s-l mg-‘). The 
adsorption of H,O molecules (in an 
amount comparable with that formed 
during the electrodeless rf dischargel) 
caused a marked decrease of activity @‘A 
of the order of 10” molecules s-l mg-I). k’l, 
was only slightly temperature dependent, 
the apparent activation energy amounting 
to about 2 kcal/mole. 

After the transformation of the nickel 
film into its hydride phase, the catalytic 
activity decreased considerably: the kz’ 
value was now of the order of 1015 mole- 
cules s-l mg-l. The apparent activation 
energy kept its low value of about 1 
kcal/mole. 

The ratio of the rates k’h/kE determining 
the loss of catalytic activity due to the 
“hydride” hydrogen was high and at 
195°K and 15 Torr it was equal to about 
300. As within the experimental error the 
activation energy for both kinds of catalyst 
samples is almost unchanged, the observed 

’ A larger quantity of introduced water vapor had 
practically no effect on the catalytic activity of the 
film. 
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TABLE 1 
RATE OF PARAHYDROGEN CONVERSION ON DIFFERENT CATALYST SPECIMEN+ 

T (“K) P VW k, (min-l) k, (molecules s-l mg-I) 

195 1.85 >7 > ,I.4 X lOI* (a) 
195 1.90 2.5 5.1 x 10” (b) 
195 5.0 0.58 3.1 x 10” (b) 
195 14 0.39 5.8 x 10” (b) 
195 25 0.23 6.2 x 1O’r (b) 
167 2.0 0.80 1.7 x 10” (b) 
170 14.5 0.18 2.8 x 1O’r (b) 
195 1.60 3.6 x lO-3 0.61 x lO= (c) 
195 15.5 1.1 x 10-a 2.1 x 10’5 (c) 
195 23.5 0.8 x 10-S 2.0 x 10’5 (c) 
180 2.0 2.7 x lO-3 0.58 x 10’5 (c) 
180 16 0.93 x 10-S 1.6 x 1015 (c) 

a (a) Pure nickel film freshly evaporated. (b) The same film after preadsorption of water. (c) The nickel film 
after exposure to H atoms during 1 hr at 195°K. 

lowering of catalytic activity seems to de- 
pend on the respective large decrease 
(amounting to about 103) of the preex- 
ponential factor in the Arrhenius equation. 

In separate series of experiments the 
evaporated nickel films were heated for a 
long time in molecular hydrogen at 300, 
373 or 600°K. Under these conditions hy- 
drogen was dissolving in nickel forming 
the CY solid solution. Then the conversion 
rates were determined on such films at 
195°K. Only a slight decrease of the rate 
values (caused by the diminishing surface 
area of films) could be observed for the 
films treated at 300 and 373°K. A larger 
effect appeared for the film heated pre- 
viously at 600”K, but even in this case the 
decrease of the k, value was one order of 

magnitude smaller than that attributed in 
the previous experiments to the hydride 
formation (Table 2). 

For films preexposed to atomic hy- 
drogen at high temperatures (i.e., at 300 or 
600”K), the poisoning effect comparable 
with that appearing at 195°K was still no- 
ticeable in the first case, whereas it com- 
pletely disappeared in the second, one, for 
films which had been heated at 600°K. 

The catalytic activity of films previously 
poisoned by the “hydride” hydrogen could 
regain their former high catalytic activity 
after heat treatment at 600°K. 

DISCUSSION 

As stated in our previous investigations 
of the catalytic effect of the hydride forma- 

TABLE 2 
RATE OF PARAHYDROGEN CONVERSION AT 195°K ON NICKEL FILMS AFTER HYDROGEN 

PRESORPTION AT DIFFERENT TEMPERATURES 

P (To=) k, (molecules s-l mg-‘) Remarks 

1.9 >1.3 x 10’8 Film freshly evaporated 
1.9 8.0 x 10” After annealing in H, at 300°K 
1.8 2.5 x 10” After annealing in H, at 373°K 
2.0 3.7 x 10’” After annealing in H, at 600°K 
1.9 1.5 x 10” After exposure to H atoms at 600°K 
1.9 7.2 x lOr5 After exposure to H atoms at 300°K 
2.0 <8 x 1014 After exposure to H atoms at 195°K 
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tion in nickel and nickel-copper alloy foils 
and films (4,5,6,14) this effect always con- 
sisted in a considerable poisoning of the 
initial metal catalyst. The present results 
concerning the parahydrogen conversion 
confirm the former observations. 

A similar poisoning effect in parahy- 
drogen conversion was observed for pal- 
ladium hydride (1,2). 

The analysis of the kinetics of the reac- 
tion reveals that in general form our results 
confirm those obtained by Scholten and 
Konvalinka (I) for the specimens of pal- 
ladium which had been “cracked” in con- 
sequence of disintegration of its crys- 
tallites in the cr-j3 phase transition. The ac- 
tivation energy for our nickel hydride 
samples retains the low value character- 
istic of the nickel catalyst itself, but the 
preexponential factor decreases markedly. 
This means that it is possible to interpret 
the experimental results by assuming that 
on the nickel hydride catalyst sample the 
parahydrogen conversion is proceeding on 
scarce active patches on the surface of the 
film. They are represented probably by 
nickel crystal planes, which are not trans- 
formed into hydride. There is experimental 
evidence in the literature directly con- 
firming surface heterogeneity of specimens 
of nickel transformed into its hydride 
phase (15). 

We suggest that “hydride” areas of the 
film do not take any important role in the 
reaction studied and thus represent a 
strongly poisoned part of a catalyst sur- 
face. 

The observed lack of uniformity of the 
surface of the polycrystalline nickel hy- 
dride films studied, leading to the coex- 
isting areas of nickel and nickel hydride, 
may occur as a consequence of the struc- 
ture sensitive rates of heterogeneous 
atomic hydrogen recombination on nickel 
crystallites and/or hydrogen-nickel in- 
teraction leading to the hydride phase for- 
mation (16). 

An alternative explanation, similar to 

that of Scholten and Konvalinka (I), could 
refer to the process of disintegration of 
film crystallites during their slow (at 
195°K) /3 + (Y transformation, when the rf 
discharge was switched off. This effect has 
been recognized and described in the liter- 
ature [e.g., Ref. (27)]. If the hydride layer 
is present during the catalytic reaction as a 
skin enveloping nickel kernels, the 
cracking of crystallites will expose fresh 
active nickel planes. The evidence based 
on the low preexponential factor value 
proves that they are not numerous. 

A separate problem, which cannot be 
resolved as yet, is the poisoning effect ob- 
served at higher temperatures such as 
300°K and also ascribed to nickel hydride 
in the film catalyst. The assumption of a 
high stability of a thin surface layer of 
hydride far beyond the thermodynamic 
conditions known for the bulk nickel hy- 
dride phase (12) would necessitate the spe- 
cial thermodynamic treatment of a superfi- 
cial nickel hydride phase. The suggestion 
was put forward also by Scholten and 
Konvalinka (I). 

The poisoning effect of nickel or pallad- 
ium hydrides in reactions of hydrogena- 
tion may be interpreted in terms of the 
electronic structure of those particular 
“alloys.” The 1s electrons of hydrogen 
atoms built into the nickel or palladium lat- 
tice, will contribute to filling the d-band of 
the parent metal and in consequence will 
decrease the catalytic activity. The experi- 
mental evidence and theoretical consider- 
ations (18) are still supporting this general 
approach to the elucidation of the poi- 
soning effect shown by metal hydride 
phase in catalytic hydrogenation reactions 
(2). 
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