
JOURNAL OF CATALYSIS 24, 283-296 (1972) 

Catalytic Hydrogenolysis and Dehydrogenation 

over Copper-Nickel Alloys 

J. H. SINFELT, J. L. CARTER, AND D. J. C. YATES 

Corpornte Resenrch Laboratories, Esso Research and Engineering Co., 
Linden, New Jersey 0’7036 

Received April 27. 1971 

The hydrogenolysis of ethane to methane and the dehydrogenation of cyclo- 
hexane to benzene were investigated over a series of copper-nickel alloys. The 
alloys were characterized by adsorption, X-ray diffraction, and magnetic measure- 
ments. The effect of adding copper to nickel was very different for the two reactions 
investigated. In the case of ethane hydrogenolysis, the catalytic activit.y decreased 
markedly and continuously with addition of copper to nickel over the whole range 
of alloy composition, although much of the activity decline was observed on ad- 
dition of the first few percent. of copper. With cyclohexane dehydrogenation, how- 
ever, the catalytic activity increased initially with addition of small amounts of 
copper to nickel, and then remained insensitive to alloy composition over a wide 
range, finally decreasing sharply at compositions approaching pure copper. The 
effects of alloying are clearly very specific to the nature of the reaction. 

Studies on metal alloy catalysts con- 
stitute an important chapter in the history 
of heterogeneous catalysis. Much of the 
work has been done with the objective of 
investigating the relat.ionship between 
catalytic activity and the electronic 
structure of metals, dating back to early 
ideas proposed by Schwab (1) and Dowden 
(2, 3). Alloying provides a way of altering 
the electronic properties of a metal in a 
continuous manner. By studying the cata- 
lytic properties as a function of alloy 
composition, one then obtains information 
on the effect of varying electronic proper- 
ties on the catalytic activity. Alloys of a 
Group IB metal with a Group VIII metal 
(e.g., copper-nickel) have received par- 
ticular attention, principally for reactions 
such as the hydrogenation of benzene (4- 
8) and ethylene (.9-12). It is widely sug- 
gested that the d electrons of a metal play 
an important role in determining catalytic 
activity for such hydrogenation reactions, 
whether one views the question in terms 

of the elect,ron band theory or the valence 
bond theory of metals. 

Although much research has been done 
on copper-nickel alloy catalysts for hydro- 
genation reactions of unsaturated hydro- 
carbons, very little attention appears to 
have been given to certain other hydro- 
carbon reactions, e.g., hydrogenolysis. We 
have for some time been interested in the 
catalytic hydrogenolysis of hydrocarbons 
on metals, with the objective of relating 
catalytic behavior to properties of the 
metals. In studies on the hydrogenolysis 
of ethane to methane, we have observed 
extremely wide variation in catalytic activ- 
ity from one metal to another (13-17). 
The hydrogenolysis activities of the Group 
IB metals are much lower than those of 
the Group VIII metals (17), and alloy 
combinations of metals from these groups 
appeared to be good candidates for cata- 
lytic st.udies. Consequently, a study was 
made of ethane hydrogenolysis over a 
series of copper-nickel alloys. The de- 
hydrogenation of cyclohexane to benzene 
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was also investigated over these same 
catalysts. The results, coupled with 
previously published data on hydrogen- 
ation reactions on copper-nickel alloys, 
show clearly that alloying copper with 
nickel leads to catalytic effects in hydro- 
genolysis which are dramatically different, 
from those observed for hydrogenation- 
dehydrogenation reactions, The effects of 
alloying thus appear to be highly specific 
to the nature of the reaction. 

EXPERIMENTAL 

Apparatus and Procedure 

Adsorption measurements were made in 
a high vacuum apparatus, which has been 
described indetail elsewhere (16, 18). : The 
catalytic studies were conducted in two 
separate flow-reactor systems, one for eth- 
ane hydrogenolysis and the other for cyclo- 
hexane dehydrogenation. The apparatus 
for the ethane hydrogenolysis studies has 
been described previously (19, 20’). The 
reactor is a stainless-steel tube approxi- 
mately 1 cm in diam and 8 cm in length, 
mounted in a vertical position and sur- 
rounded by an electrical heater. The cata- 
lyst is supported on a fritted stainless-steel 
disk located about half way down the 
length of the reactor tube. Quartz wool is 
packed on top of the catalyst to hold it in 
place. A 3 mm axial thermocouple we11 ex- 
tends upward through the frittcd steel disk 
so that the tip of the enclosed thermo- 
couple is located at the center of the cata- 
lyst bed. The reactant gasses, with helium 
diluent, are first passed through a preheat 
coil and then downflow through the cata- 
lyst bed. The reactant gases, with helium 
helium are measured by simple constriction 
type flow meters (20). The total gas flow 

rate is maintained at 1 liter/min. Reaction 
products are analyzed with a silica gel 
chromatographic column connected to the 
outlet of the reactor. In the present work, 
a 1 g charge of catalyst, of 45-60 mesh 
particle size, was used. The reactor for the 
cyclohexane dehydrogenation studies was 
similar to that used for the ethane hydro- 
genolysis runs. Reactor dimensions were 
approximately 1 cm diam and 18 cm 

length. The fritted disk was located about 
6 cm from the bottom of the reactor tube. 
A catalyst charge of approximately one 
gram was employed in the cyclohexane 
dehydrogenation runs. The catalyst was 
diluted with inert alundum granules to a 
volume of 5 ml. A layer of these same 
alundum granules was placed on top of the 
catalyst bed to serve as a preheat section. 
A measured flow of cyclohexane was de- 
livered to the reactor with a motor-driven 
syringe. On entering the preheat section of 
the reactor, the cyclohexane was vaporized 
and brought to reaction temperature in 
admixt.ure with hydrogen prior to passage 
down through the catalyst bed. The hydro- 
gen flow rate was determined with a rota- 
meter.. The syringe was connected to the 
reactor inlet by a section of Teflon tubing. 
The reaction products were analyzed by a 
Perkin-Elmer Model 226 gas ehromato- 
graph containing a 300 ft, squalane capil- 
lary column with a flame ionization de- 
tector. The chromatographic unit was 
connected to the reactor outlet. 

X-Ray diffraction measurements on the 
copper-nickel alloys were made with a 
Phillips diffractometer employing copper 
Ka radiation. Magnetic data on the cata- 
lysts were obtained by the Faraday 
method employing apparatus described 
in detail elsewhere (21). 

Materials 

The ethane used in this work was ob- 
tained from the Matheson Company, and 
hydrogen from the Linde Company. Cyclo- 
hexane was obtained from Phillips Petro- 
leum Company. As determined by chro- 
matographic analyses, the ethane and 
cyclohexane contained less than 0.01% and 
O.lO%, respectively, of hydrocarbon im- 
purities. The hydrogen was purified by 
passing it through a Deoxo unit contain- 
ing palladium catalyst, to remove trace 
amounts of oxygen as water, followed by 
drying with a molecular sieve. 

The copper-nickel alloys employed in 
this work were prepared by a method de- 
scribed previously by a number of workers 
(4, 7, 9, 10). The method consists of co- 
precipitation of the metals as carbonates 
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from an aqueous solution of copper and 
nickel nitrates. In the case of pure copper 
and nickel catalysts, the same procedure 
is followed except that the solution con- 
tains only one of the metal salts. In a 
typical preparation in the present work, a 
small amount of ammonium bicarbonate 
was added initially to a continuously 
stirred solution of the metal ions until a 
permanent turbidity just developed. An 
amount of 2.2 moles of bicarbonate per 
mole of metal ion was then added rapidly, 
and the suspension was stirred for 15 min. 
The precipitate which formed was allowed 
to settle overnight, after which it was fil- 
tered and washed several times with hot 
distilled water. After a final filtration, the 
precipitate was dried overnight at 110°C 
and then calcined in air for 2 hr at 400°C 
to convert the carbonates to the mixed 
oxides. The sample was then reduced in 
hydrogen in a heated quartz tube t’o form 
the copper-nickel alloy. The procedure in- 
volved initial heating of the sample to 
150°C in a flow of 16 liter/hr of helium. 
A flow of 0.5 liter/hr of hydrogen was then 
introduced with the helium for 30 min and 
subsequently increased to 1.5 liter/hr for 
an additional 30 min. Much water was 
evolved during this treatment, but no 
marked temperature rise was observed. 
The flow of hydrogen was increased and 
the flow of helium decreased over a period 
of 3 hr, to a point at which the reducing 
gas consisted of a flow of 32 liter/hr of 
pure hydrogen. The temperature was then 
increased to 35O”C, and the hydrogen flow 
was maintained overnight to complete the 
reduction. After the reduction, a flow of 
helium was introduced and the hydrogen 
flow discontinued. Helium purging was 
continued while the reduced metal gran- 
ules were cooled to room temperature. The 
metal was then passivated by introduction 
of a small flow of oxygen into the helium 
stream with a gradual increase in oxygen 
concentration to 20%. The passivated 
metal was bottled and stored until needed 
for experiments. Prior to their use in cata- 
lytic, adsorption, and magnetic studies, the 
copper-nickel preparations were rereduced 
in situ in flowing hydrogen at 450°C for 

an additional 2 hr. The X-ray diffraction 
measurements were made on samples from 
adsorption runs. The samples were pas- 
sivated %n situ in the adsorption cells prior 
to discharge. In the adsorption and mag- 
netic studies the samples were evacuated 
at 450°C after reduction. 

RESULTS 

The copper-nickel catalysts in the pres- 
cnt investigation were characterized by 
adsorption, X-ray diffraction, and mag- 
netic measurements. Data on surface areas 
determined by the physical adsorption of 
argon at 77°K and on lattice constants 
determined by X-ray diffraction measure- 
ments arc summarized in Table 1. Inter- 
estingly, the surface areas of very dilute 
alloys on either the nickel-rich or copper- 
rich end of the composition scale were 
found to be lower than those of the pure 
metals or of more concentrated alloys. The 
highest surface areas were observed for 
the alloys containing roughly equivalent 
amounts of copper and nickel. A plot of 
the lattice constant vs the composition of 
the alloy is given in Fig. 1. The data on 
the present samples, represented by the 
circles, agree very well with the data of 

TABLE 1 
PROPERTIES OF COPPIGR-NICKEL C.4Tz4LYSTS0 

Composi- At. 76 Cu Surface 
tion, nomi- Chem. anal- area Lattice con- 
nal OyO Cn ysis W/db stant (WY 

- 

0 0.97 3.5237 
5 6.2 0.63 

10 10.3 0.83 x5331 
28 3 1 .5 1.46 
38 42.4 1 39 3.5560 
4s -52.7 1.24 3.5669 
.5s 63.3 1 1.5 
68 74.0 0.93 3.5879 
95 95.6 0.64 3.6097 

100 - 0.89 3.6152 

a Properties determined on catalysts after re- 
reduction in flowing hydrogen at 450°C for 2 hr to 
correspond with the procedure employed in the 
catalytic experiments. 

b Determined by physical adsorption of argon at 
77°K. 

c Determined by X-ray diffraction. 
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ATOM % COPPER 

FIG. 1. Lattice constants of copper-nickel alloys as a function of composition: 0, dat,a on copper-nickel 
catalysts used in the present work; 0, dat’a of Coles (22). 

Coles (S’S’), represented by the squares. relationship, as commonly observed with 
Agreement with other data (9.3, 2’4) is alloys of this type (25). 
also good. The data show a small but sig- Magnetic data on a number of the 
nificant deviation from a Vegard linear copper-nickel catalysts are shown in Fig. 2 

J 
0 20 40 60 80 

ATOM % COPPER 

100 

FIG. 2. Magnetization of copper-nickel alloys as a function of composition. The points are relative 
magnetizations at 77°K on the copper-nickel catalysts used in the present work, determined from data 
at field strengths of 1500-6500 oersteds. The curve is derived from values of the spontaneous magnetiza- 
t,ion at 0°K of copper-nickel alloys, reported by Ahern, Martin, and Sucksmith (26). 
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as a function of the alloy composition. The 
ordinate of Fig. 2 represents the magneti- 
zation relative to the magnetization of 
pure nickel. Data on the copper-nickel 
catalysts are represented by the points, 
and are compared with a curve represent- 
ing the published data of Ahern, Martin, 
and Sucksmith (96). The curve is the ratio 
of the spontaneous magnetizat,ion of an 
alloy to that of pure nickel at O”K, as de- 
termined by extrapolation of data on the 
dependence of the magnetization on field 
strength and temperature. The data on the 
copper-nickel catalysts were derived from 
magnetization values at 77°K determined 
at field st’rengths of 15W65OO oersteds. At 
these conditions the magnetization was 
virtually independent of field strength for 
all the copper-nickel catalysts in Fig. 2. 
The ratio of the magnetization of a 
copper-nickel catalyst to that of pure 

nickel was therefore also essentially inde- 
pendent of the particular field strength at 
which the ratio was determined. In Fig. 2 
each point represents an average value of 
the ratio over the range of field strengths 
employed. Clearly, the effect of composi- 
tion of the copper-nickel alloys on the 
magnetization agrees very well with the 
previously published data, considering that 
the latter were obtained on alloys prepared 
from the molten metals. From Fig. 2, it is 
clear that the ferromagnetism of nickel 
disappears at an alloy composition of 
about 60 at. % copper, as shown by others 
(3, 6). 

The chemisorption of hydrogen on the 
various copper-nickel catalysts was also 
investigated. Typical adsorption isotherms 
at room temperature, expressed as volume 
adsorbed per unit surface area, are shown 
in Fig. 3. The three separate fields of 
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FIG. 3. Hydrogen adsorption isotherms at room temperat,ure on copper-nickel catalysts of varying compo- 
&ion. The circles are isotherms representing the total adsorption of hydrogen on the catalysts after reduction 
and evacuation at 450°C. When these isotherms were completed, t,he catalysts were evacuated for 10 min at 
room temperature, after which t,he hydrogen isot,herms represented by t’he squares were measured to deter- 
mine t,he amount of weakly adsorbed hydrogen. 
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Fig. 3 show data for nickel, for a copper- on copper. The fraction of weakly ad- 
nickel alloy, and for copper. Two iso- sorbed hydrogen increases markedly when 
therms are shown for each of the cata- a small amount of copper is added to 
lysts. In each case, the circles represent an nickel, as is evident from a comparison of 
isotherm obtained on the catalyst after re- the isotherms for nickel with those for the 
duction and evacuation of the catalyst at catalyst containing 10.3% copper. By 
450°C. After such an isotherm was com- taking the difference between isotherms 
pleted, the catalyst was evacuated for for total adsorbed hydrogen and weakly 
10 min at room temperature, and a second adsorbed hydrogen, the amount of strongly 
adsorption isotherm was determined. Iso- adsorbed hydrogen is readily determined. 
therms obtained in this way are repre- In Fig. 4, the amount of strongly adsorbed 
sented in Fig. 3 by squares for all three hydrogen and the total hydrogen adsorp- 
catalysts, and provide a measure of the tion at an equilibrium pressure of 10 cm 
amount of weakly adsorbed hydrogen, i.e., are shown as a function of the composit.ion 
hydrogen which can be removed by simply of the catalyst.. The former is represented 
evacuating the catalyst at room tempera- by the lower curve in Fig. 4, and the latter 
ture. In the case of the nickel catalyst, by the upper curve. Both the total hydro- 
the amount of weakly adsorbed hydrogen gen adsorption and the amount of strongly 
is small compared to the total adsorption. adsorbed hydrogen decrease when copper 
By contrast, the weakly adsorbed hydrogen is added to nickel. The amounts adsorbed 
accounts for virtually all of the adsorption decrease markedly on addition of the first 

I I I I I I 

ATOM % COPPER 

FIG. 4. The adsorption of hydrogen on copper-nickel catalysts as a function of the copper content. The 
circles represent the total amount of hydrogen adsorbed at room temperature at 10 cm pressure. The tri- 
angles represent the amount of strongly adsorbed hydrogen, i.e., the amount not removed by a 10 min 
evacuation at room temperature following the completion of the initial adsorption isotherm. The amount of 
strongly adsorbed hydrogen is determined as the difference between the initial isotherm and a subsequent 
isotherm obtained after a 10 min evacuation. 
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increments of copper until a composition 
of about 10 at. % copper is attained. The 
decrease at low copper contents is far 
more pronounced for the strongly adsorbed 
hydrogen. In the range of catalyst com- 
position between about 10 and 70 at. % 
cower, the effect of composition is rela- 
tively small, but becomes more pronounced 
again as the composition approaches pure 
copper. 

In the catalytic studies on the copper- 
nickel alloys, reaction rates were deter- 
mined at low conversion levels: 0.1-2.7s 
for the hydrogenolysis of ethane to meth- 
ane and 0.1-14s for the dehydrogenation 
of cyclohexane to benzene. Reaction rates 
per unit weight of catalyst were obtained 
using the relation, 

r = (F/W)s, (1) 

where F is the flow rate of hydrocarbon 
reactant in moles per unit time, W is the 
weight of catalyst in the reactor, and z is 
the fraction of reactant converted (i.e., 
the fraction of ethane converted to meth- 
ane or of cyclohexane converted to ben- 
zene) . The catalyst surface areas in Table 1 

were then used to calculate reaction rates 
in molecules/set cm2. 

Data on the effect of temperature on the 
rates of ethane hydrogenolysis on the 
copper-nickel catalysts are given in Fig. 5. 
The data were obtained at ethane and 
hydrogen partial pressures of 0.030 and 
0.20 atm, respectively. Apparent activation 
energies and pre-exponential factors de- 
rived from the data in Fig. 5 are sum- 
marized in Table 2. Both of these kinetic 
parameters vary as the composition of the 
alloy is changed. The apparent activation 
energies are higher on the copper-nickel 
alloys than on the pure nickel catalyst, 
and the pre-exponential factors are gen- 
erally lower. 

The dependence of ethane hydrogenol- 
ysis rates on the partial pressures, p, and 
pH, of ethane and hydrogen, respectively, 
can be expressed by a simple power rate 
law: 

r = kph-pHm. (2) 

Values of the exponents n and m, and the 
temperatures at which they were deter- 
mined, are given in Table 2. The exponent 

1000/T, 'K 

FIQ. 5. Arrhenius plots for ethane hydrogenolysis over copper-nickel alloys: 0, 0, 0, 0% Cu (three 
different runs); 0, 6.2yG’,cu; I, 10.3% Cu; V, 31.5% cu; v, 42.4% CU; A, 52.7y0 Cu; A, 63.3y0 Cu; 
+, 74y0 Cu (the percentages are at. %). The ethane and hydrogen pressures are 0.030 and 0.20 atm, re- 
spectively. 
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TABLE 2 
SUMMARY OF KINETIC PARAME:TERS FOR ETHANOL HYDHOGENOLYSIS ON COPPER-NICKEL Annoys 

Reaction orders 

Composition Temp. range 
(at. % Cu) PC) Iv T’“h n’ md 

0 226-268 43 2.1 x 103’ I .o -2.1 
6.2 308-339 51 3.2 x 1031 0.9 -1.3 

10.3 326-356 51 1.1 x 103’ 

31.5 355-396 50 6.0 X 10% - - 1 .3 
42.4 352-395 51 5.2 x 1029 0.9 -1.3 
52.7 383408 50 2.0 x 1028 0.8 -1.2 
63.3 383-440 4x 1.8 x lo28 0.8 -1.2 
74.0 424455 4; 6.j X lo= 

a Apparent activation energy, kcal/mole. 
* Pre-exponent,ial factor, molecules/set cm2, in the equat,ion r0 = rfO exp (-E/M’). 
c Order with respect to ethane. 
d Order wit,h respect t,o hydrogen. 
e Temperature at which the reaction orders were det,ermined. 

Temp. 

(“W 

238 
331 

377 
384 
399 
420 

n was determined for ethane partial pres- of 0.10-0.40 atm, at a constant ethane par- 
sures in the range of 0.01-0.10 atm, at a tial pressure of 0.030 atm. The data show 
constant hydrogen partial pressure of that ethane hydrogenolysis is nearly first 
0.20 atm. The exponent m was determined order in ethane partial pressure on all the 
for hydrogen partial pressures in the range catalysts investigated. The reaction rate 

- I I I I I 

1 CYCLOHEXANE DEHYDROGENATION 

I I I I I I 
0 20 40 60 80 100 

ATOM % COPPER 

FIG. 6. Specific activities of copper-nickel alloy catalysts for the hydrogenolysin of ethane to methane and 
the dehydrogenation of cyclohexane to benzene at 316°C: 0, ethane hydrogenolysis at ethane and hydro- 
gen partial pressures of 0.030 and 0.20 atm, respectively; H, cyclohexane dehydrogenation at cyclohex- 
ane and hydrogen pressures of 0.17 and 0.83 atm, respectively. 
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decreases markedly with increasing hydro- 
gen pressure, with values of m ranging 
from -1.2 to -2.1 depending on catalyst 
composition and/or temperature. 

Specific act,ivities of the copper-nickel 
catalysts for both ethane hydrogenolysis 
and cyclohexane dehydrogenation are 
shown in Fig. 6 as a function of the cata- 
lyst composition. The specific activities 
are react’ion rates at, 316°C. In the case of 
ethane hydrogcnolysis, the reaction rates 
were calculated using the apparent ac- 
tivation energies and pre-exponential fac- 
tors in Table 2, which are applicable for 
cthant and hydrogen partial pressures of 
0.030 and 0.20 atm, respectively. The 
temperature of 316°C represents an in- 
termediate temperature in the range in- 
vest,igated on the various copper-nickel 
catalysts. In the case of cyclohexanc~ dc- 
hydrogenation, the reaction rates on all of 
the catalysts were measured directly at 
316”C, at cyclohcxane and hydrogen par- 
tial pressures of 0.17 and 0.83 atm, respec- 
tively. The catalytic activity of nickel 
for ethane hydrogenolysis decreases mark- 
edly and continuously as copper is alloyed 
with it. The addition of 5 at. ‘/(! copper 
to the nickel decreases the hydrogenolysis 
activity by three orders of magnitude. On 

further addition of copper, the hydrogenol- 
ysis activity continues to decline, although 
at, a lower rate, over the whole range of 
composition investigated. The activity of 
a catalyst containing 63.3 at. 7* copper 
is five orders of magnitude lower than that 
of pure nickel. Attempts to measure the 
hydrogenolysis activities of catalysts con- 
taining 95-100 at. % copper were unsatis- 
factory, since the reaction rates were too 
low to measure in our apparatus, even at 
temperatures as high as the temperature 
of reduction of the catalyst. In contrast to 
t.hc ethane hydrogenolysis results, the cata- 
lytic activity of nickel for cyclohexane 
dehydrogcnation increases initially with 
addition of small amounts of copper, and 
thrn remains fairly insensitive to alloy 
composition over a wide range, finally de- 
creasing sharply at compositions approach- 
ing pure copper. It is interesting that the 
artivity of the cata.lyst containing 95.6 at. 

% copper is equivalent to that of the pure 
nickel catalyst, although the activity of 
the copper itself is roughly two orders of 
magnit’ude lower than that of the nickel. 

The most interesting feature of the pres- 
ent’ work is the marked difference in the 
effect of copper on the catalytic activity 
of nickel for the ethane hydrogenolysie 
and cyclohexane dehydrogenation reac- 
tions. In the case of ethane hydrogenolysis, 
the activity of nickel decreases prccipi- 
tously on addition of small amounts of 
copper, and continues to decrease with in- 
creasing copper content over the whole 
range of composition of the alloys. In the 
case of cyclohexanc dehydrogenation, how- 
ever, the activity of nickel is affected 
much less by the addition of copper, and 
actually increases slightl?. A:: the copper 
content of the catalyst is increased to very 
high Icvcls, the cyclohcxanc dehydrogena- 
tion activity rrmains virtually constant’ 
until the catalyst composition approaches 
pure copper. The promotional effect of 
copprr on nickel is similar to previously 
reported results (7, 9, 10, 12) for benzene 
and ethylene hydrogenation on coppcar- 
nickel alloys. 

In attempting to rationalize the markedly 
different’ effects of copper on the catalytic 
activity of nickel for ethane hydrogenol- 
ysis and cyclohexane dehydrogenation, it 
is of interest to consider effects of copper 
on the ndsorpt)ion properties of nickel. The 
hydrogen adsorption studies of the present 
work indicate that addition of copper to 
nickel dccrcasee markedly the average 
strength of adsorption of hydrogen, in the 
sense that the strongly adsorbed hydrogen 
becomes a much smaller fraction of the 
total. In general, this cffcct. might be con- 
sidered in tcrrn? of two factors, one being 
an electronic interaction between copper 
and nickel, and the othrr the structure or 
composition of the surface. The first of 
thcsic factors would affect the strcnsth of 
bonding of hydrogen to nickel, while the 
scro~d would affect also the relative num- 
bers of various types of sites available for 
adsorption, i.e., the number of surface Ni 



292 SINFELT, CARTER, AND YATES 

or Cu atoms, or the number of Ni-Ni, 
Cu-Cu, or Ni-Cu atom pairs in the sur- 
face. Other workers (8, 27) have provided 
evidence indicating that the surface com- 
position of copper-nickel alloys is quite 
different from the bulk composition, in 
that the surface of low copper content 
alloys contains very much more copper 
than the bulk. The marked effects of small 
amounts of copper on the adsorption prop- 
erties of nickel in the present work are 
consistent with this. The conclusions of 
van der Plank and Sachtler (8) were de- 
rived largely from hydrogen adsorption 
data, and were based on the premise that 
nickel chemisorbs hydrogen while copper 
does not. These workers used the total 
hydrogen chemisorption at room tempera- 
ture as a measure of the amount, of nickel 
in the surface. However, in the present 
work it has been found that hydrogen ad- 
sorption on the copper catalyst, while small 
compared to adsorption on nickel, is not 
negligible. Thus, consideration of total 
hydrogen adsorption alone introduces com- 
plications in the determination of surface 
composition. It is clear, however, that the 
amount of strongly adsorbed hydrogen on 
the copper catalyst is negligible, and this 

may provide a better basis for an estimate 
of surface composition. However, there is 
still a complication, in that the amount of 
strongly adsorbed hydrogen on the base 
nickel catalyst was less t’han the total by 
about 20%. The nature of the weakly 
adsorbed hydrogen is not clear. For sim- 
plicity, we shall assume that considera- 
tion of only the strongly adsorbed hydro- 
gen is necessary for a determination of 
the number of nickel atoms in the surface. 
For each of the copper-nickel alloys we 
can then calculate a quantity f, which 
represents the ratio of the amount of 
strongly adsorbed hydrogen per unit sur- 
face area on the alloy to that on the base 
nickel catalyst. This quantity is shown as 
a function of the catalyst composition in 
the lower curve in Fig. 7. In attempting to 
assess surface compositions we might. sim- 
ply take the quantity f to be equal to the 
atom fraction of nickel in the surface. 
However, if the strongly adsorbed hydro- 
gen required surface sites consisting of 
Ni-Ni atom pairs, the concentration of 
such sites would not be simply propor- 
tional to the nickel content of the surface, 
but probably more nearly proportional to 
the square of the nickel concentration. In 

ATOM % COPPER 

FIG. 7. Dependence of the quantities f and f”* on the composition of copper-nickel alloys, where f repre- 
sents the amount, of strongly adsorbed hydrogen on an alloy relative to that on nickel. 
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this case the atom fraction of nickel in the 
surface would be equal to f”, which is 
given in the upper curve of Fig. 7. This 
assumes that hydrogen chemisorption on 
Ni-Ni atom pairs, which is in all proba- 
bility dissociative, is also immobile. If the 
adsorption were mobile, then hydrogen 
atoms formed on Ni-Ni sites could migrate 
on t,he surface to isolated Ni atom sites, 
in which case f rather than f’h would be a 
better indication of the atom fraction of 
nickel in the surface. Thus, there is some 
uncertainty in the quantitative determina- 
tion of surface composit8ion from adxorp- 
t’lon data. Nevertheless, it seems clear 
from the adsorption data that copper con- 
centrates markedly in the surface of 
copper-nickel alloy catalysts of low over- 
all copper content. From Fig. 7 we would 
estimate t,hat a catalyst containing 5% 
copper overall would have a surface com- 
position in the range of 4&60y0 copper, 
depending on which of the curves in Fig. 7 
is adopted as a measure of surface com- 
position. Furthermore, for a broad range 
of alloy catalysts containing more than 
about 10 at. % copper, the variation in 
surface composition is small. As the over- 
all copper content approaches 100% cop- 

per, of course, the copper content of the 
surface increases correspondingly. 

The conclusion that copper concentrates 
strongly in the surface of copper-nickel 
alloys of low over-all copper content would 
imply a much greater alteration of intrin- 
sic metallic propert,ies in the surface region 
than in the bulk. Thus, while the percent- 
age d-character of the metallic bond (28) 
in copper-nickel alloys (10) decreases with 
copper content in the manner shown in 
Fig. 8, the value of this quantity in the sur- 
face region would decline much more 
sharply as small amount,s of copper are 
added to nickel, because of the strong con- 
centration of copper in the surface region. 
This point is particularly of interest in 
regard to the data on the effect of copper 
on the ethanc hydrogenolysis activity of 
nickel. Previous work reported by us (14- 
17) has shown that the hydrogenolysis ac- 
tivity of metals varies in a manner that 
parallels the variation in percentage 
d-character of the metallic bond. Since 
copper has the effect of decreasing the 
percentage d-character of nickel on alloy- 
ing, it would be expected to decrease the 
hydrogenolysis activity of nickel, as ob- 
served in this work. The particularly sharp 
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FIQ. 8. Percentage d-character of the metallic bond in copper-nickel alloys as a function of composition 
(10). 
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decline in the hydrogenolysis activity of 
nickel on addition of the first increments 
of copper is consistent with a much more 
marked decline in the percentage d-char- 
acter in the surface region than in the bulk. 
The hydrogenolysis activities of copper- 
nickel alloys may also be considered from 
another point of view. In studies of the 
kinetics of ethane hydrogenolysis on nickel 
and other metals, it has been concluded 
that ethane is chemisorbed with extensive 
dissociation of carbon-hydrogen bonds 
leading to a highly unsaturated dicarbon 
surface residue as the reaction interme- 
diate (17). It seems likely that such an 
intermediate would be multiply bonded to 
surface metal atoms. The amount of the 
intermediate could be very sensitive to 
restrictions in the number of multiple 
nickel atom sites available for chemisorp- 
t.ion on a surface in which copper concen- 
trates so markedly. The hydrogenolysis 
activity of the surface would clearly re- 
flect this. 

In returning to a consideration of the 
very different effects of copper on the 
catalytic activity of nickel for the ethane 
hydrogenolysis and cyclohexane dehydro- 
genation reactions, it will be helpful to 
consider a generalized, simplified sequence 
of steps involved in a catalytic reaction: 

A, B-C 
MD 

Here A represents a reactant in the gas 
phase, and D represents the final product 
of the reaction, also in the gas phase. The 
species B is a surface species formed from 
-4 on chemisorption, and C is another sur- 
face species formed from B. Desorption of 
the species C yields the product D. In gen- 
eral, any of the three steps shown could 
be rate limiting, and the effect of copper 
on nickel will clearly depend on which of 
t,he steps is rate controlling. If the product 
desorption step controls, the strength of 
adsorption of C is of prime importance. If 
the surface reaction B + C controls, then 
the strength of adsorption of B becomes 
important. It should be realized that the 
reaction rate in these two cases could be 

affected in directionally different ways by 
a change in t.he heat of adsorption of the 
surface species B or C. In proceeding with 
the discussion, we will assume that the 
strength of adsorption of hydrocarbons on 
nickel is affected directionally in the same 
way as the strength of adsorption of hy- 
drogen when copper is added to nickel. If 
the surface coverage by the species C is 
very high, such that desorption of C con- 
trols the reaction rate, a decrease in the 
heat of adsorption of C would increase the 
rate. We suggest that this may be the case 
in cyclohexane dehydrogenation, i.e., de- 
sorption of the benzene product controls 
the reaction rate. Thus, on addition of 
copper to nickel the heat of adsorpt.ion of 
benzene would he expected to decrease, 
leading to a corresponding decrease in the 
activation energy of the desorption step. 
The suggestion here is prompted by previ- 
ous work on the dehydrogenation of 
methylcyclohexane to toluene on platinum 
(29), where it was concluded that the reac- 
tion rate was limited by desorption of the 
toluene product. This reasoning would 
account for the initial enhancement of the 
rate of cyclohexane dehydrogenation ob- 
served on addition of the first increments 
of copper t,o nickel. The range of composi- 
tion (6-740/O copper) over which the rate 
was essentially constant is likely charac- 
terized hy a somewhat smaller variation 
of the heat of adsorption of the hydrocar- 
bon and by a gradual change in the rate 
determining step of the reaction, such that 
at very high copper content the reaction 
rate is limited by a step prior to the final 
product dcsorption step. It is entirely rea- 
sonable that the reaction rate could then 
be adversely affected by a decrease in the 
heat of adsorption of hydrocarbon inter- 
mediate B on the surface, corresponding 
to the observed decrease in rate as the 
catalyst composition approaches pure cop- 
per. In other words, there is an optimum 
strength of binding of surface intermedi- 
at,es corresponding to maximum catalytic 
activity. For the cast of ethane hydro- 
genolysis, in which the reaction interme- 
diate B is probably a highly unsaturated, 
dicarbon surface rrsidue with both carbon 
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atoms bonded to metal surface atoms, we 
can also rationalize the catalytic results 
in a general way. It seems reasonable that 
the strength of bonding between the two 
carbon atoms in the surface intermediate 
B would vary in an inverse manner with 
the strength of bonding of the carbon 
atoms to the surface. Conseyuently, the 
rupt,ure of the carbon-carbon bond would 
be facilitated by an increase in the heat of 
adsorption, and inhibited by a decrease in 
the heat. If such carbon-carbon bond rup- 
ture is the rate limiting step in the reaction, 
the rate of reaction should decrease as the 
heat of adsorption decreases, corresponding 
to addition of copper to nickel. This would 
appear to be the case over the whole range 
of composition in the copper-nickel cata- 
lyst system. Presumably, the rate of rupture 
of t’he carbon-carbon bond (step B + CI 
would have to be even higher than that 
obtained on the base nickel catalyst to per- 
mit desorption of the methane product 
(step C + D) to bc the rate controlling 
step. 

In considering again the relation of 
catalytic activity to the percentage d-char- 
acter of the metallic bond, we note that 
the situation for cyclohexane dehydrogena- 
tion on copper-nickel alloys is different 
from that already considered for cthane 
hydrogcnolysis. In the case of cyclohexane 
dehydrogenation, the activity actually 
varies inversely with percentage d-char- 
acter in the nickel-rich end of the com- 
position range. This presents no anomaly. 
The role of percentage d-character would 
be fundamentally one of affecting the 
strength of adsorption, and we have just 
seen how catalytic activity can vary in 
different, ways with the strength of adsorp- 
tion of intermediate surface species, de- 
pending on the nature of the rate limiting 
step in a reaction. 

In concluding the discussion, we wish to 
re-emphasize the major finding of the 
present’ investigation on catalysis by 
copper-nickel alloys, namely, that, the 
effect of copper on the catalytic activity 
of nickel is strongly dependent on the 
nature of the reaction. Thus copper-nickel 
alloys exhibit, a high degree of specificity 

in catalyzing certain types of hydrocarbon 
transformations. 
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