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Methane decomposition and steam reforming were studied over silica-supported copper-nickel 
alloy catalysts. Hydrogen chemisorption and X-ray photoelectron spectroscopy (XPS) measure- 
ments showed copper surface segregation after reduction at 773 K. The carbon forrnation/gasifica- 
tion equilibrium was the same for the alloy catalysts as for monometallic nickel catalysts except at 
the highest copper concentration (80 at.% Cu). The rate of carbon formation, for more than 10 at.% 
Cu, was more strongly decreased by alloying with Cu than the rate of steam reforming, which 
followed approximately the decrease in hydrogen capacity. On samples with less than 80 at.% Cu 
the carbon was deposited mainly as filaments with a metal particle at the end and with approxi- 
mately the same diameter as the metal particle. At 80 at.% Cu thinner filaments of a new type were 
observed. A kinetic expression describing the rate of methane decomposition at low hydrogen 
pressure over the catalysts with 10 at.% Cu or lower indicates that a surface reaction step is rate 
controlling. 0 1985 Academic Press. Inc. 

INTRODUCTION 

The production of pure hydrogen and 
synthesis gas by steam conversion of meth- 
ane, the main component of natural gas, is 
an important and well-known industrial 
process. Supported nickel catalysts are 
commonly used in this reaction and their 
activity and deactivation patterns have 
been widely studied. The operation with 
minimum oxygen-to-carbon ratios can lead 
to the formation of carbon either by decom- 
position of methane or carbon monoxide. 
Carbon deposition may decrease the activ- 
ity of the catalysts and can cause severe 
operational problems in the reformer. Vari- 
ous methods have been used to prevent car- 
bon deposition, namely, the use of addi- 
tives and the control of the size of the 
metallic particles of the catalyst and of the 
operational conditions (I). 

Recently, it was found that the coverage 
of the nickel surface by sulfur, above 70% 
of full coverage, inhibits the rate of carbon 
formation more than the rate of steam re- 
forming. This effect was explained assum- 

ing that the nucleation of carbon involves a 
larger number of active nickel surface sites 
than the steam reforming reaction (2). 

One method of controlling the extension 
of the active surface domains is the alloying 
of nickel with a metal inactive for the de- 
composition of methane. Copper appears to 
be such a metal, as it does not chemisorb 
methane (3), shows no activity for carbon 
deposition from aliphatic hydrocarbons at 
temperatures below 1073 K (4), and, in al- 
loys with nickel, decreases the tendency for 
deactivation (5). In addition to this, Bar- 
cicki et al. (6) state that the addition of 
0.02% (w/w) of copper to alumina-sup- 
ported nickel catalysts increases signifi- 
cantly the rate of methane steam reforming. 

The study of supported Ni-Cu systems is 
of great interest per se. In spite of the many 
studies published about catalytic Ni-Cu al- 
loys, some controversial points remain (7). 
Although it is established that, at equilib- 
rium, the surface of massive alloys and 
films is enriched with copper as compared 
with the bulk, the situation of supported al- 
loys is less clear. It is conceivable that 
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small alloy particles may not have the same 
surface-to-bulk composition relation as 
massive samples. Surface segregation 
could be enhanced due to lower surface 
atom coordination, while, on the other 
hand, the limited supply from the bulk of 
small particles could result in limited segre- 
gation or, in the case of phase separation, 
in island formation on the surface. 

Dalmon (8) and Vass and Contescu (9) 
concluded, on the basis of hydrogen chemi- 
sorption and magnetic measurements, that 
the surface composition of Ni-Cu alloys 
supported on silica and kieselguhr, respec- 
tively, was the same as that of the bulk. On 
the other hand, Maskos and van Hooff (20) 
and Cale and Richardson (11) stated that 
the surfaces of Ni-Cu alloys supported on 
zeolites and silica, respectively, were en- 
riched in Cu. Vass and Contescu (9) attrib- 
uted these differences to the methods of 
catalyst preparation and to the nature of the 
support. 

Recently, Bajpai et al. (5) observed that 
the capacity for hydrogen chemisorption of 
alumina-supported Ni-Cu catalysts de- 
creased more than linearly with increasing 
Cu content. To reconcile this observation 
with the nonenrichment conclusion of 
Dalmon (8), they suggested that large 
nickel ensembles are necessary for the che- 
misorption of hydrogen and that the num- 
ber of such ensembles drops rapidly with 
increasing copper concentration. 

The catalytic effect of Ni-Cu alloys in a 
number of reactions was reviewed by 
Khulbe and Mann (7) and by Ponec (12). 
According to Ponec (I2), all the reactions 
can be divided into two groups: Type I, 
comprising reactions for which the specific 
catalytic activities of alloys with medium- 
range Cu concentrations are about the same 
as for pure nickel, and Type ZZ, comprising 
reactions for which the specific catalytic ac- 
tivities of the alloys are more than one or- 
der of magnitude lower than those of pure 
nickel. Briefly, the first type corresponds to 
reactions where C-H or O-H bonds are 
broken or formed, while the second type 

corresponds to reactions where C-C or 
C-O bonds are broken. 

Very few studies of reactions on sup- 
ported Ni-Cu alloys have been reported. 
Contrary to Barcicki et al. (6), Bajpai et al. 
(5) observed a much lower methanation ac- 
tivity for alumina-supported Ni-Cu cata- 
lysts than for the same catalysts without 
copper. For ethene hydrogenation, Vass 
and Contescu (9) also observed a decrease 
in the activity, when adding up to 20% cop- 
per to nickel supported on kieselguhr. 

Luyten et al. (13) studied the methana- 
tion reaction over silica-supported Ni-Cu 
catalysts. Dalmon and Martin (24, 15) stud- 
ied methanation, hydrogenolysis of al- 
kanes, CaH6 hydrogenation, and CH4/D2 
exchange over silica-supported Ni-Cu cat- 
alysts and correlated the changes in the ac- 
tivity with changes in the probability of en- 
sembles of Ni surface atoms. 

In the present work we report the study 
of the properties of a range of silica-sup- 
ported Ni-Cu catalysts and of their activity 
for carbon deposition and steam reforming. 

EXPERIMENTAL 

1. Catalyst Preparation 

Ni-Cu/SiOz catalysts were prepared by 
“dry” impregnation. The required amounts 
of nickel and copper nitrates were dis- 
solved in a volume of water equal to the 
measured pore volume of the support mate- 
rial (Cab-0-Sil H5). The solution and the 
support material were mixed together by 
vigorous stirring in a mortar until the mix- 
ture became a thick, homogeneous liquid. 
It was then dried at room temperature and 
finally calcined at 773 K for 3 h. The cata- 
lysts were reduced at 773 K in H2 for 44 h. 

Catalysts were prepared with 20 wt% to- 
tal nickel plus copper and nominal bulk 
copper concentrations in the metallic phase 
of 0, 0.1, 1, 10, 25, 50, 80, and 100 at.%. 

2. Characterization 

The reduced samples were characterized 
by hydrogen chemisorption, hydrogen sul- 
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fide chemisorption (sulfur capacity mea- 
surement), X-ray diffraction, electron mi- 
croscopy, and X-ray photoelectron 
spectroscopy. 

Hydrogen chemisorption. Hydrogen che- 
misorption measurements were carried out 
in a volumetric system with a Texas Instru- 
ments precision pressure gauge. The sam- 
ples were rereduced at 773 K for 16 h in the 
chemisorption system, followed by a l-h 
evacuation at 773 K to a final pressure of 
about 3 x low4 Pa. The total HZ uptake was 
measured at 298 ? 3 K and 0.2-30 kPa. The 
samples were then evacuated to about 4 x 

10m4 Pa for 1 h at this temperature and a 
new isotherm was measured. The differ- 
ence between the two isotherms is denoted 
as “strongly chemisorbed” hydrogen (16, 
27). 

Sulfur capacity. Samples of the catalysts 
were saturated with sulfur by exposure to a 
flow of hydrogen containing lo-20 ppm 
H$ for 96 h at 825 K. The sulfur capacity 
(1) was then determined by analyzing the 
amount of sulfur chemisorbed using Gus- 
tafsson’s method (18). 

X-Ray powder diffraction (XRPD). X- 
Ray diffraction measurements were carried 
out using CuKa radiation. The lattice con- 
stants of the metal particles of the catalyst 
samples were measured from the angle of 
the (ill), (200), and (220) reflections. The 
diffraction angle was calibrated from mea- 
surements on natural quartz. The mean 
crystallite size of the metal particles was 
calculated from the width of the (11 l), 
(200), and (220) diffraction peaks, corrected 
for Kh2 and instrumental broadening by 
using the methods described by Klug and 
Alexander (19). 

Electron microscopy (EM). The morphol- 
ogy of the carbon formed on the catalyst 
samples was studied by means of a JEOL 
lOO-CX electron microscope. The composi- 
tion of the metal particles of some of the 
catalyst samples was analyzed by means of 
the KEVEX energy dispersive X-ray spec- 
trometer of the microscope after carbon 
deposition. These measurements were 

made in the STEM-SCAN mode with an 
analyzed area in the range 5-10 nm. 

X-Ray photoelectron spectroscopy 
(XPS). XPS spectra were taken for several 
of the freshly reduced samples by means of 
a modified V.G. Scientific ESCA 3 spec- 
trometer. After reduction, the samples 
were brought into the spectrometer without 
contact with air through a stainless-steel 
high-vacuum glovebox connected to the 
preparation chamber of the apparatus. 
AlKa radiation was used for the excitation 
of the surface atoms. A constant-pass en- 
ergy of 50 eV and 4-mm slitwidth was used 
for all recordings. 

The intensities of the Ni 2p, Cu 2p, Si 2p, 
and 0 1s peaks were determined by mea- 
suring the areas bounded by the spectral 
curve and a linear background tangent to 
the curve, at a point on each side of the two 
spin-orbit component peaks of the 2p spec- 
tra or on each side of the 0 Is peak. 

3. Reactor System and Reactants 

The reactor system consisted of a micro- 
balance (C.I. Electronics, MK2B) and as- 
sociated flow reactor, heated lines, fur- 
naces, and temperature controllers (2, 4). 
The composition of the outlet gas was de- 
termined by gas chromatography, thus al- 
lowing simultaneous measurements of the 
rates of the reforming and carbon deposi- 
tion reactions. The latter rates were deter- 
mined from the slope of the curves drawn 
by the microbalance recorder. 

A constant steam flow was obtained by 
direct hydrogen reduction of copper oxide 
in an on-line heated reactor. The other 
gases were available in bottles. Methane 
contained less than 0.05% impurities 
(mainly CO*), with no higher hydrocarbons 
detectable by gas chromatographic analy- 
sis. 

A single catalyst pellet (4 x 4 mm cylin- 
der, approx. 60 mg) was placed in a quartz 
basket suspended from the microbalance. 

All the experiments were performed at 
atmospheric pressure and with total flows 
varying from 0.61 to 0.90 mol h-l. 
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Except where otherwise stated in the 
captions of the figures most of the experi- 
ments were performed with the same par- 
tial pressure of reactants (Pcu, ca. 13 kPa, 
PH2 ca. 7 kPa, P,, ca. 3 kPa). Nitrogen was 
used as diluent throughout this work. 

Prior to the reaction pure hydrogen was 
flushed through the reactor at the working 
temperature, until there was complete re- 
duction of the catalyst. 

RESULTS 

1. Characterization of Catalysts 

I .2. X-Ray powder diffraction (XRPD). 
The X-ray diffraction spectra of the re- 
duced catalysts showed only one metal 
phase to be present, when the copper con- 
tent was less than that of nickel. The alloy 
had a composition which was equal to the 
nominal composition within the accuracy of 
the determination from the lattice parame- 
ter. 

The spectra of the catalysts with 50 and 
80 at.% Cu showed the existence of two 
metal alloy phases. 

The peaks observed for the catalyst with 
50 at.% Cu showed that ca. 92% of the 
metal was present as an alloy with about 47 
at.% Cu and the rest as an alloy with about 
95 at.% Cu. For the catalyst with 80 at.% 

TABLE 1 

Mean Particle Diameters from XRPD, Sulfur 
Capacities, and Total Metal Surface Areas 

cu &,,D s 4 AXRPD AXPS 
at.%’ (nm) @g/g cat) (d/g cat) (m’/g cat) (m*/g cat) 

0 19.1 2050 4.6b 4.6 4.6 
0.1 19.0 1940 4.4 4.6 - 
1 17.5 1880 4.5 5.0 - 

10 15.0 2010 5.0 5.8 4.3 
25 16.3 1860 4.8 5.4 5.4 
50 20.4 1660 4.3 4.3 4.2 

80 {it ;z 1390 3.6 3.1 3.8 

100 32 1760 4.6b 2.7 4.6 

a CU 
- loo. 
Cu + Ni 

b From the formula E = V/A the mean particle diameter is calculated 
to be ca. 30 nm for the two monometallic catalysts, i.e., approximately 
equal to &R~D for the Cu/SiOz catalyst but ca. 1.5 times &WI for the 
NiBi catalyst. 

, , 1 I 1 
4 8 12 I6 20 24 28 

Hydrogen P~SSUN 1 kPa 

FIG. 1. Hydrogen isotherms. Total uptake at 298 f  3 
K for x = 0, 0.01, 0.1, 0.25, 0.5, 0.8, where x = Cu 
atomic bulk fraction of the metal particles. 

Cu, the spectra showed that ca. 40% of the 
metal was present as an alloy with ca. 59 
at.% Cu and the rest as pure Cu. 

The mean particle diameters &rn, de- 
termined from the widths of the diffraction 
peaks, are shown in Table 1. For the cata- 
lyst with 80 at.% Cu two values, corre- 
sponding to the two metal phases, are 
shown. 

1.2. Hydrogen chemisorption. Some of 
the hydrogen isotherms measured at room 
temperature are shown in Fig. 1. The up- 
take (pmol/g cat) of total and weakly ad- 
sorbed hydrogen, respectively, were deter- 
mined as a function of hydrogen pressure. 
The amount of strongly chemisorbed hy- 
drogen was determined by taking the differ- 
ences between these two curves. It is al- 
most independent of pressure. The values 
obtained for the strong chemisorption at PH2 
= 133 Pa are plotted in Fig. 2 as a function 
of the nominal bulk Cu concentration of the 
metal particles. 

The hydrogen chemisorption results pre- 
sented in this study agree quite well with 
those reported previously for unsupported 
(16, 17, 20) and alumina-supported (5) Ni- 
Cu alloys, but they differ from those ob- 
tained by Dalmon (8) for Ni-Cu/SiOz alloy 
catalysts. 



CARBON DEPOSITION AND STEAM REFORMING ON Ni-Cu/Si02 521 

0.9 

\ 

0.6 

5 
\ 

i 0.7 
\ 

I” \ 

p 0.6 \ 

f \ 

\ 

\ 

- 

01 1 I 
0 0.2 0.4 0.6 0.6 1.0 

Copper Atomic Bulk Fraction 

FIG. 2. Relative hydrogen uptake at 298 + 3 K. (0) 
Total uptake; (H) strong uptake; (+) Bajpai et al. (5); 

(---) Dalmon (8). 

The hydrogen capacity of alloys cannot 
be converted unambiguously into a nickel 
surface area. Hence, in the present work, 
the normalized rates are just referred to the 
capacity of “strongly chemisorbed” hydro- 
gen. 

1.3. Sulfur capacity. The sulfur capaci- 
ties (pg S/g catalyst), corrected for sulfur 
uptake by the support (20 ,ug S/g support), 
are shown in Table 1. 

From the sulfur capacities the metal par- 
ticle areas A, (m2 per g catalyst) shown in 
Table 1 were calculated by assuming the 
same copper segregation as in massive al- 
loy samples. In the calculations, the satura- 
tion values for sulfur chemisorption were 
taken to be 449 pg S/(m2 Ni) and 384 pg St 
(m2 Cu), which correspond to the mean val- 
ues for the (ill), (loo), and (110) surfaces. 
(21). On the basis of the sulfur capacity, the 
mean particle diameter for the Ni/Si02 cata- 
lyst was estimated to be ca. 30 nm. This 
value is larger than that found by XRPD 
(see Table 1). A similar discrepancy be- 
tween XRPD and chemisorption data has 
been reported before (I, 22). 

1.4. X-Ray photoelectron spectroscopy 
(XZ’S). The electron binding energies (BE) 
of the Ni 2~~2, Cu 2p312, and 0 1s peaks, 
were corrected for charging by subtracting 
a constant energy amount so that BE(Si 2p) 
becomes 103.6 eV. The BE’s for Ni and Cu 
were equal to the values for the pure metals 
within the accuracy of the measurements 
(kO.3 eV). The intensity ratios ZNizp/Zsizp, 
Z c- 2plZsi +, and lo IslZsi z,, are shown in Table 
2. 

The metal areas AXps (m2/g cat) were cal- 
culated from the intensity ratios by using 
the metallic areas of the monometallic cata- 
lysts determined from the sulfur capacities 
as described above. The calculations of the 
AXps of the alloy catalysts were based on 
the simplest possible model, assuming a ho- 
mogeneous surface layer of thickness d and 
a homogeneous bulk phase. 

The following expression for the Cu-Ni 
intensity ratio can then be derived: 

k” SC” 4 -=-.- 
INi SNi 1 - 6 

(1) 

with 

C#I = x, + (xb - x,) exp(-d/h sin 0), (2) 

where x, and xb are the Cu atomic ratios in 
the surface layer and in the bulk, respec- 
tively, A is the inelastic mean free path of 
the electrons (the difference between Ni 2p 

TABLE 2 

XPS Intensity Ratios from Ni 2p, Cu 2p, Si 2p, and 
0 Is Intensities 

Cu at.%a INill.% ICulISa IOlISi ICulINc Lb b 

1 - Xb 

0 0.115 0 6.9 0 0 
10 0.079 0.061 6.9 0.77 0.22 
25 0.086 0.099 6.5 1.16 0.67 
50 0.053 0.102 7.0 1.91 2.0 
80 0.029 0.133 6.9 4.6 8.0 

100 0 0.231 6.7 ~0 a: 

0 cu 
~. 100. Cu + Ni 

b Theoretical Cu-Ni intensity ratio for homoge- 
neous metal particles (see text). 
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and Cu 2p electrons is neglected), and 8 is 
the escape angle of the emitted electrons. 
Scu and SNi are the sensitivity factors for Cu 
2p and Ni 2p electrons, respectively. Then, 
for a homogeneous Ni-Cu alloy: 

ku 
( ) 

‘%u xb .-. 
INi horn = K 1 - &, (3) 

By assuming the intensities of the Cu and 
Ni lines to be proportional to the relative 
concentrations multiplied by the metal area 
per gram catalyst, the following expres- 
sions are obtained: 

AXPS = As(Xb = 1) * (kulku,,) 

’ 11 + (sCu/sNi)(zNi/zCu)l (4) 

or 

AXPS = AsGb = 0) ’ (zNillNi.0) 

’ [1 + (~Ni/~Cu)(~Cu/~Ni)l. (5) 

Similarly, for homogeneous alloys (without 
surface layer): 

AXPS = A&b = 1) * UC&J> * i (6) 

and 

AXPS = As(xb = 0) ’ (zNillNi,O) * & 
b’ 

(7) 

where Zc”,i and INi. are the intensities for 
monometallic copper and nickel catalysts, 
respectively. 

The sensitivity factor ratio #!$cu/SNi in the 
expressions (l), (4), and (5) can be deter- 
mined from Table 2, using the two intensity 
ratios (Zc,/Zsi)x,=, and (ZNi/Zsj)xbzO for the 
monometallic catalysts and the areas deter- 
mined by the sulfur capacity measure- 
ments: 

scu = k” . &j . & 
SNi zsi INi Acu 

= 2.0. (8) 

Using this value and the formulas (4) or (5), 
the Asps values shown in Table 1 are ob- 
tained. If no surface enrichment layers are 
present, the intensity ratio Zcu/ZNi would be 
cw * &/(l - xi,). This factor iS shown in 
Table 2. 

2. Carbon Deposition 

2.1. Equilibrium tests. A series of exper- 
iments was performed to assess the charac- 
teristics of the carbon formed on these alloy 
catalysts via the reaction 

CH,*C + 2H2 (9) 

using mixtures of methane and hydrogen. 
The equilibrium quotient 

(10) 

was calculated using the partial pressures 
corresponding to the onset of carbon for- 
mation, i.e., the methane pressure above 
which carbon is formed for a fixed hydro- 
gen pressure and below which carbon is re- 
moved. The K, values were determined at 
reversible conditions and, accordingly, 
they can be considered as equilibrium con- 
stants. 

Figure 3 shows the value of K, as a func- 
tion of the temperature for the entire range 
of copper contents studied. A straight line 
was fitted by linear regression analysis to 
the whole data distribution with a relative 
error smaller than 5%. The quotient ratios 
for the reaction on the 80 at.% Cu catalyst 
were consistently smaller than those for the 
other catalysts. On the other hand, there 
was no systematic difference between the 
data corresponding to the 100% Ni and to 
the Ni-Cu alloy catalysts. The temperature 
dependence of KP, the constant corre- 
sponding to the equilibrium of methane and 
hydrogen with graphite, is also presented in 
Fig. 3. 

Values for the free energy deviation from 
graphite data: 

dG, = RT ln(K,/&,) (11) 

which can be obtained from the two lines in 
Fig. 3, can be correlated with the recipro- 
cals of the maximum diameters of the 
nickel particles on top of carbon whiskers. 
These deviations were attributed to the 
contribution of the surface energy of the 
whiskers (I). 

At 773 K, for instance, the present data 
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-T(“C) give AG, = 4.45 kJ mol-I. Then, from Ref. 
900 600 700 600 500 (I), this corresponds to an equivalent diam- 
1’1’ I ’ I I 

eter of ca. 50 nm obtained for the largest 
CH4=C+2n~ 5. particles present in the carbon deposits. 

This is in agreement with the diameter of 
the largest nickel crystals observed in the 
electron microscope (Table 3). The bigger 
values of AG, determined for the 80 at.% 

at.%Ni 

l 100 x 50 

0 90 l 20 
A 75 

,. Cu catalysts may be explained either by 
smaller metallic particles or by a less-or- 
dered structure of the carbon formed (see 

-5 below). 
2.2. Morphology of carbon deposits. X- 

Ray microanalysis in the electron micro- 
scope showed that the copper concentra- 
tions of the metallic particles do not change 
significantly with the carbon deposition. In 
most of the samples with carbon deposits 
the typical carbon whisker structure with a 
less dense core and a metallic particle at the 
top (1, 4, 23) was observed in the electron 
microscope (Table 3). 

1 11 I I 11 I I I c The deposits formed on the 80 at.% 
1.0 1.2 

103/T(K-‘1 -) 

FIG. 3. Equilibrium for methane decomposition on 
Ni-Cu/Si02 alloy catalysts. K, from graphite data, K, 
as in Eq. (10) (pressures in atm). Total flow ca. 0.8 mol 
h-‘. Points obtained by interpolation between carbon 
deposition and gasification rates. 

CU catalyst showed, however, a different 
structure with various filaments of amor- 
phous carbon attached to the same metallic 
particle. Similar “octopus” carbon has also 
been observed by Rostrup-Nielsen in de- 
posits formed on nickel catalysts with high 
sulfur coverages (2,24). Figure 4 shows mi- 
crographs of typical “whisker” and “octo- 
pus” carbon structures. 

TABLE 3 

Electron Microscopy and X-Ray Diffraction Analysis of Fresh and Deposited Catalysts 

Cu at.%. DXRPD (nm) 

Fresh Deposited 
catalyst catalystb 

0 19.1-21.5 40.7 
10 15.0-16.7 26.8-50.6 
25 16.3 19.8 
50 20.4 - 
80 18-45 - 

G.4 (nm) 

Fresh Deposited 
catalyst catalyst 

EM observ. 
deposited 
catalyst 

15.0-50.0 - Whisker carbon 
- - Whisker carbon 

-25.0 70.0-140.0 Whisker carbon 
-60.0 -60.0 Whisker carbon 

- - “Octopus” carbon 
(amorphous structure) 

0 cu ___. 
Cu + Ni loo. 

b Corresponding to the (220) peak. 
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FIG. 4. Electron micrographs of the carbon deposits formed: (a) on the 10 at.% Cu catalyst (whisker 
carbon); (b) on the 80 at.% Cu catalyst (“octopus” carbon); (c) on the 100 at.% Cu catalyst (“pneu- 
matic tube” carbon). 

“Octopus” carbon was observed in all 
the deposits formed on the 80 at.% Cu cata- 
lysts, and this may well explain the higher 
deviations in the free energy referred to 
above. In fact, in contrast to the whisker 
carbon structure, the “octopus” structure 
is characterized by carbon filaments with 
diameters smaller than those of the nickel 
particles to which they are attached. There- 
fore, a higher contribution from surface en- 
ergy is to be expected in this case. 

On the 100% Cu/Si02 catalyst long and 
thin, almost transparent carbon filament 
tubes with elongated copper particles inside 
were observed after carbon deposition (see 
Fig. 4~). 

2.3. Carbon deposition rates. The rates 
of carbon deposition, measured for various 
values of temperature and partial pressure 
of methane and hydrogen, are presented in 
Fig. 5a. Figure 5b shows the same rates nor- 
malized by the hydrogen chemisorption ca- 
pacity. As for previous experiments with 

nonalloyed nickel catalysts (23, the rates 
were constant with time after a short, tem- 
perature-dependent , induction period. Af- 
ter the establishment of the steady state, 
changes in reactant pressures or tempera- 
ture lead very rapidly to a new constant 
value of the rate. 

Figure 5 summarizes the data for the tem- 
perature dependence of the rate for the 
whole range of copper concentrations stud- 
ied. The relative activities of the various 
catalysts are maintained when the rates are 
normalized by referring to the capacity for 
strongly chemisorbed hydrogen. For the 
100% copper sample, carbon is only formed 
above 998 K, supposedly by a noncatalytic 
reaction (4). Figure 5 indicates that the pro- 
cess of carbon formation at the higher cop- 
per concentrations is strongly sensitive to 
the surface concentration of active nickel 
sites (see also Fig. 8). 

Carbon deposition experiments were per- 
formed at constant temperature and fixed 
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----TCC) 

900 600 700 600 600 460 

I 0.9 1.0 1.1 1.2 1.3 1.4 

103/TfK-‘1 - 

1.0 1.1 1.2 1.2 1.4 

103jT(K-‘) ---+. 

FIG. 5. Dependence on temperature of the rates of carbon formation from methane, Rates normal- 
ized: (a) by the catalyst weight; (b) by the relative amount of strongly chemisorbed hydrogen. Condi- 
tions: PcH4 = 13.2 kPa; Pa2 = 7.1 kPa; Nz as balance. Total flow ca. 0.7 mol h-l. 

pressure of one of the reactants. Results for 
the 1 and 10 at.% Cu catalysts are pre- 
sented in Figs, 6a and b, respectively. Data 
were also obtained in the same type of ex- 
periments for 50 at.% Cu catalyst. 

3.6. Steam reforming and carbon deposi- 
tion. Simultaneous steam reforming and 
carbon deposition rates were determined in 
the reactor microbalance system for Ni-Cu 
catalysts with 0, 1, 10, and 50 at.% Cu and 
reactor temperatures from 748 to 998 K. 
Mass balances with respect to carbon 
agreed quite well for all the experiments, 
typically within k 1 . 5% , 

Gas chromatographic analysis of the out- 
let gases, when steam was present, showed 
that the Cu content had a strong influence 
on the conversion of methane but practi- 
cally no effect on the CG/C!O~ ratio. 

The rates, normalized by the hydrogen 
chemisorption capacity, are presented in 
Fig. 7, plotted against the catalyst tempera- 
ture. The experiments were affected by 

heat transfer restrictions in the gas film sur- 
rounding the catalyst particle. Hence, the 
catalyst temperature had to be estimated 
using a correlation for the apparatus, estab- 
lished in earlier studies (2), which involves 
the gas and reactor wall temperatures. 

The influence of pore diffusion on the re- 
forming rates is reflected by the data in Fig. 
7, at temperatures above 798 K, for the 
100% Ni catalyst (note that, although not 
shown in the figure, the nonnormalized 
rates for the alloyed catalysts were well be- 
low those for the 100% Ni catalyst). This 
influence is confirmed when calculating the 
effectiveness factor, q (at 998 K, for in- 
stance, for an assumed D,ff = 0.1 m* h-i, r) 
= 0.7). 

It can be observed in Fig. 7 that the re- 
forming rates are consistently and signifi- 
cantly higher than the rates for carbon de- 
position. The carbon deposition curves 
show a maximum above which the rates de- 
crease sharply with temperature. A simiiar 
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FIG. 6. Rates of carbon formation on Ni-Cu/SiO, alloy catalysts by decomposition of methane at 
constant methane pressure and at constant hydrogen pressure: (a) 1 at.% Cu catalyst; (b) 10 at.% Cu 
catalyst. Points are experimental values. Curves are calculated using Eq. (13) and the parameter values 

in Table 4. Conditions: (a): (0) PcHd = 22 kPa; (0) P,, = 6.5 kPa; (0) Pcu4 = 18 kPa. (b): (0) Pcul = 22 
kPa; (0) PH2 = 6 kPa; (Cl) PcH4 = 22 kPa; (m) PH2 = 6 kPa. Total flow in both cases ca. 0.8 mol h-r. 

rate maximum with temperature is not ob- 
served for the reforming reaction. 

The activities of the different Ni-Cu cat- 
alysts for the deposition of carbon in the 
presence of steam (Fig. 7) are not very dif- 
ferent when the rates are referred to the 
hydrogen capacity, showing that the depen- 
dence on copper content is smaller than for 
CH4 decomposition without steam. 

The behavior of the catalysts in the re- 
forming reaction is quite different as the 
rates, normalized in the same way, show a 
complex dependence on the concentration 
of copper. This difference can be better un- 
derstood if the data are presented in the 
form shown in Fig. 8, in which the ratio of 
the rates for alloy and 100% Ni catalysts is 
plotted as a function of the copper content 
of the alloy catalysts. It is clearly seen that, 
for fixed temperature and reactant concen- 
trations, the reforming rates decrease much 
less than the carbon deposition rates when 
the copper content increases. 

DISCUSSION 

1. Structure of Ni-Cu Alloy Catalysts 

Previous studies of supported Ni-Cu cat- 
alysts have shown that proper characteriza- 
tion of alloy catalysts is considerably more 
difficult than for monometallic catalysts. 
Some of the standard methods of catalyst 
preparation have been shown to result in 
incomplete alloying (26) or in the formation 
of more than one alloy phase (27). A major 
problem with alloy catalysts is that a sepa- 
rate analysis of the composition of the sur- 
face of the metal particles is required due to 
the probable surface segregation of one of 
the components. In the present work hy- 
drogen chemisorption and XPS were used 
to settle this question. 

The analysis of the X-ray diffraction 
spectra with respect to the number of metal 
phases and their compositions are in agree- 
ment with the results reported by Soma- 
Noto and Sachtler (27) for a range of 
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FIG. 7. Dependence on temperature of the rates of simultaneous carbon formation (right-hand side 
ordinates) and steam reforming (left-hand side ordinates). Rates normalized by the relative amount of 
strongly chemisorbed hydrogen. Conditions: PcH4 = 13.2 kPa; PH2 = 6.8 kPa; Pure = 3.0 kPa; NZ as 
balance. T-, estimated from nT$ + bT,,, = aT$ + bTgds - Q. T, is the wall temperature of the reactor 
(Tin Kelvin), Q (kJ/mol) is heat absorbed by the reaction, a = 1.36 x 10e4 and b = 5.04 X 1O-z (from 
Ref. (2)). 

Ni-Cu/Si02 catalysts prepared by 
impregnation. They found that catalysts 
with more than 50% Cu consist of two 
phases, a Cu-rich alloy (ca. 95% Cu) and a 
Ni-rich alloy (ca. 65% Ni). The proportion 
of the two phases varied with total Cu con- 
tent. The particle sizes (12-15 nm) calcu- 
lated by those authors from the width of the 
peaks are in good agreement with the 
present results, considering that a higher 
reduction temperature was used in this 
work. X-Ray diffraction, chemical analysis, 

and XPS show, in agreement with the 
results obtained by Robertson et al. (26), 
that the reduction conditions used in the 
present work result in completely reduced 
Ni-Cu/Si02 catalysts. 

The understanding of hydrogen chemi- 
sorption on Ni-Cu alloys at the relatively 
high pressures (0.1-10 kPa) applied in the 
volumetric chemisorption measurements is 
far from complete. However, from the sur- 
face analysis by electron spectroscopy 
(AES and XPS) and ion scattering (ISS) of 
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massive Ni-Cu alloys, it has been shown 
(12) that the strong drop in hydrogen che- 
misorption capacity with copper content is 
due to surface enrichment in copper. 

In the present study, the very good 
agreement of the hydrogen chemisorption 
results with those reported for unsupported 
Ni-Cu alloys (26, 17, 20), can be taken as 
evidence of surface enrichment in copper of 
the metal particles of the reduced Ni-Cu/ 
Si02 catalysts. This conclusion is sup- 
ported by the XPS results. The intensity 
ratios for the Cu 2p and the Ni 2p peaks are 
significantly larger for the 10 and 25 at.% 
Cu samples than would be expected for ho- 
mogeneous particles. 

At the. higher Cu concentrations, the 
presence of more than one metallic phase 
complicates the interpretation. It is reason- 
able, however, that the intensity ratio ob- 
served for the 80 at.% Cu sample is 
smaller than that expected for a homoge- 
neous sample, as a considerable part of the 
copper is present in particles with diame- 
ters larger than the escape depth of the pho- 
toelectrons. 

In the analysis of the hydrogen chemi- 
sorption results it was assumed that the 
metal area per gram of catalyst was the 
same for all the samples. This assumption is 
justified by the X-ray diffraction peak 
broadening and the XPS intensity measure- 
ments which are in reasonable agreement 
except for the 100% Cu and 10 at.% Cu 
samples. In the latter case, an anomalously 
broad (200) diffraction peak corresponds to 
a fairly large metal area, while the XPS in- 
tensities correspond to an area below aver- 
age. The metal area of the 100 at.% Cu sam- 
ple determined from the X-ray diffraction 
peak broadening is significantly smaller 
than the metal area determined from the 
sulfur capacity. This may be due to a parti- 
cle size distribution very different from the 
other samples. Electron microscopy indi- 
cates that a considerable part of the copper 
is very finely dispersed and may not be ob- 
served by X-ray diffraction. 

In view of the present results, it is diffi- 

cult to understand why Dalmon (8) ob- 
tained results for Ni-Cu/Si02 catalysts 
which correspond to homogeneous metal 
particles without surface copper enrich- 
ments. The average metal particle sizes (7 
and 15 nm) of the Dalmon samples were 
somewhat smaller than those in the present 
work (15-20 nm). However, in the present 
study, hydrogen chemisorption measure- 
ments were also carried out for reduced 
catalysts (Ni-Cu/Al,O3) with particle sizes 
close to the same range (7-9 nm), and also 
in this case the chemisorption capacity 
showed a sharp drop as the copper content 
increased. 

The cause of the lack of surface copper 
segregation in the reduced samples of 
Dalmon (8) should probably be attributed to 
the higher temperature of reduction used by 
him. In Ref. (8) it is reported that samples 
with a copper content of less than about 
40% were reduced at 940 K and those with 
more copper at 1270 K. It is interesting to 
note that Fig. 7 in Ref. (8) shows that the 
hydrogen uptake at 45 Torr as function of 
the copper content corresponds to two 
straight line segments connected by a drop 
at about 40% Cu. We suggest that the high 
temperatures used for the reductions make 
possible the incorporation of silicon atoms 
from the support into the surface of the al- 
loy particles. The surface tension is thereby 
decreased sufficiently to eliminate the driv- 
ing force for the surface segregation. This 
suggestion is supported by the work of Pra- 
liaud and Martin (28). They explained the 
results of their magnetic and hydrogen 
chemisorption measurements on silica-sup- 
ported nickel catalysts reduced at 920 
and 1180 K by assuming the formation of 
a surface and a bulk Ni-Si alloy, respec- 
tively. 

Bajpai et al. (5) obtained hydrogen che- 
misorption results very similar to the 
present ones for a range of Ni-Cu/A1203 
catalysts with particle sizes in the range 5- 
12 nm. Assuming that the conclusion of 
Dalmon about the homogeneity of the metal 
ahoy particles was valid for their samples, 
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Bajpai et al. (5) suggested that the drop in 
hydrogen chemisorption capacity was due 
to an ensemble effect. Obviously, they did 
not realize the close agreement between 
their chemisorption results and those ob- 
tained for massive Ni-Cu alloy samples 
and that the “linear” chemisorption results 
of Dalmon are qualitatively different (see 
Fig. 2). 

2. Carbon Deposition 

2.1. Morphology. The equilibrium exper- 
iments as well as the electron microscopy 
observations show that the carbon formed 
on Ni-Cu/SiOz catalysts, in the tempera- 
ture range 673-973 K, is mostly of the usual 
whisker type. The mechanism of growth of 
this type of carbon is generally believed 
to involve diffusion of dissolved carbon in 
the nickel (I, 4, 23). Copper does not affect 
the structure of the carbon formed up to a 
threshold content in the alloys which, in the 
present study, corresponded to 80 at.%. At 
this concentration a different structure is 
formed in which many threads of nearly 
amorphous carbon are attached to a single 
metallic particle. The metal particles in this 
structure are not pear-shaped, as typically 
observed in the whisker carbon. In con- 
trast, they show many facets, each one 
connected to a filament (Fig. 4b). This 
“octopus” carbon was also found on 
sulfur-passivated nickel catalysts, above a 
sulfur coverage corresponding to approx. 
70% of the saturation coverage (2, 29). As 
for the sulfur case, this could indicate a 
change in carbon nucleation at higher cop- 
per contents as a result of a blocking of the 
dissolution of carbon into nickel. 

2.2. Reaction rates. Grabke and co- 
workers (30, 31) studied the decomposition 
of methane on (Y- and y-iron and obtained 
the following expression for the rate of car- 
bon deposition: 

r, = k+PCH4Pfiy2 - k-P$a, (12) 

in which k+ and k- are the aggregated con- 
stants for the forward and reverse reac- 
tions, respectively, and a, is the chemical 

activity of carbon dissolved in iron, shown 
to be proportional to the surface concentra- 
tion of carbon in the case of a-iron, while 
deviations from proportionality were ob- 
served for y-iron. 

Grabke et al. showed that expression 
(12) was in good agreement with kinetic 
measurements, not only for (Y- and y-iron 
but also for iron-nickel alloys with 10 and 
20 wt.% nickel (32). Turkdogan et al.’ con- 
cluded, however, from their carbon gasifi- 
cation measurements that the rate of the 
backward reaction is independent of the 
carbon content at high concentrations. 

Detailed studies of the kinetics of the 
deposition and gasification of carbon on 
nickel with CHd-H2 mixtures have not been 
reported. Williams et al. (33) used expres- 
sion (12) in discussing the influence of wa- 
ter vapor on the steady-state carbon activ- 
ity of nickel films in flowing CH4-H2-H20 
mixtures. L&z&r et al. (34) found that the 
deposition of carbon on nickel foils does 
not obey expression (12) at low carbon 
activities. They also reported that Grabke 
et al. found the rate of hydrogasification to 
be proportional to Pk2. Figueiredo and 
Trimm (35) found the same hydrogen pres- 
sure dependence for the time-independent 
rate of hydrogasification of nickel foils and 
Ni/A120s catalysts. Moreover, they ob- 
served that in the case of nickel foils, the 
rate of hydrogasification was proportional 
to the amount of carbon initially present, 
while no correlation was observed in the 
case of the supported catalyst. 

In the present work, the amount of car- 
bon formed on the catalysts was far greater 
than that reported by Grabke et al. The in- 
dependence of the carbon content observed 
by Turkdogan et al.’ might, therefore, be 
expected to apply to the present results. 

The above observations suggest that the 
kinetic data obtained in the present work 
may be described by a modified version of 
expression (12) 

’ The results of Turkdogan et a/. are referred to in 
Ref. (30). 



CARBON DEPOSITION AND STEAM REFORMING ON Ni-Cu/Si02 531 

rC = (k+PcH, - k!P$)IP&. (13) 

In contrast to Eq. (12), the rate in Eq. (13) 
is independent of a,. Furthermore, by in- 
troducing the exponent (Y ((u < OS), it is 
taken into account that the inhibiting influ- 
ence of hydrogen is expected to be smaller 
than that observed by Grabke et al. for iron 
and iron-nickel alloys. 

Expression (13) was fitted to deposition 
and gasification rate data for the catalysts 
corresponding to 1 and 10 at.% Cu. The 
results are shown in Figs. 6a and b, respec- 
tively, and the values obtained for the pa- 
rameters are shown in Table 4. 

It is seen that expression (13) gives a 
good description of the data at the lower 
hydrogen pressures. At higher hydrogen 
pressures the rates are higher than pre- 
dicted, which indicates that an upper limit 
of the gasification rate is reached. 

The hydrogen exponent CY is found to be 
0.3 for both catalysts, i.e., somewhat lower 
than the value CY = 0.5 obtained by Grabke 
et al. for iron and iron-nickel alloys, but 
higher than that indicated by Figueiredo 
and Trimm (35). 

Expression (13) was also fitted to data 
obtained for the rates of carbon deposition 
on a Ni/MgAllOs catalyst at 923 K (I) and 
on a Ni-Cu/A1203 catalyst with 10 at.% Cu 
at 798 and 873 K (36) in a CH4-HZ mixture. 
The hydrogen exponents obtained in these 
two cases were (Y = 0.08 and (Y = 0.22, 

TABLE 4 

Carbon Deposition in CH,-HZ Mixtures, Rate 
Constants and Exponent of Eq. (13) 

Cu at.%a T k, x 104’ k’ x 10db a 

(K) 

1 798 3.3 0.35 0.3 
1 873 9.5 0.16 0.3 

10 798 1.8 0.37 0.3 
10 948 9.0 0.13 0.3 

<I CU 
___’ loo. Cu + Ni 

b Rates in SK’. Pressures in kPa. 

respectively, indicating that the (Y value 
may depend on the support material. 

These observations, as well as the values 
obtained for g in the present work, show 
that the results for nickel and nickel-cop- 
per alloy catalysts cannot be explained in 
the same simple way as the results for iron. 
However, qualitatively, the present results 
indicate that hydrogen is inhibiting the sur- 
face dehydrogenation steps less strongly, 
or that the methane chemisorption step on 
supported nickel and nickel-copper alloy 
catalysts is slower than for iron, so that the 
latter step can become rate controlling for 
carbon formation. 

3. Ensemble and Ligand Effects 

In the Ni-Cu catalysts, the nickel surface 
sites are surrounded by copper atoms, 
which cannot activate methane. If the ef- 
fect of copper is just to dilute the nickel 
sites, the following equation may apply for 
the rate: 

r = ro( 1 - xcJk (14) 

in which k is the number of nickel atoms in 
the active ensemble, xcU the atomic frac- 
tion of copper in the alloy surface, and ro 
the rate in the case of pure nickel. If copper 
deactivates the neighboring nickel atoms 
(electronic ligand effect), k will be higher 
than the ensemble size (37). 

If the active ensemble consists of more 
than one nickel atom and/or ligand effects 
play a role, the rate should drop more than 
the hydrogen chemisorption capacity 
(nickel area) when the copper concentra- 
tion is increased. 

Figure 5 shows that this behavior is ob- 
served for the alloy catalysts with 25 at.% 
Cu or more, but not for catalysts with less 
than 10 at.% Cu. This can also be observed 
in Fig. 8 (points without line) as CH4 
decomposition rates follow the strongly 
chemisorbed hydrogen curve until 10 at.% 
Cu and then fall by about one order of mag- 
nitude. The rate constants obtained for al- 
loy catalysts with 10 at.% Cu or less in Ta- 
ble 4 show that the rate of carbon formation 
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FIG. 8. Reforming and deposition rates relative to 
the rates for the 100% Ni/SiOr catalyst as functions of 
the copper content of the alloy catalysts. Also shown 
are the relative amounts of total and strongly chemi- 
sorbed hydrogen from Fig. 2. 

decreases by less than a factor of 2, i.e., 
less than the drop in hydrogen chemisorp- 
tion capacity, while the rate of gasification 
by hydrogen stays almost constant when 
the copper concentration is increased from 
1 to 10 at.%. According to the Ponec classi- 
fication (12), both processes thus belong to 
group I. This is consistent with the sugges- 
tion that chemisorption of methane or a sur- 
face reaction step is rate determining, as 
this implies the breaking of C-H bonds, 
which is typical of group I reactions. The 
strong decrease in the rate observed above 
10 at.% Cu (Fig. 8) indicates a change to a 
group II reaction. This could be ascribed to 
a change in the rate-controlling step 

CH4 + *,, A CH, - en 5 C - *m 

A C in Ni f whiskers m > n (15) 

For low Cu contents the rates of steps, 2,3, 
and 4 are high and step 1 becomes rate con- 
trolling. At high Cu contents the concentra- 
tion of the larger ensembles, *m, decreases 
more rapidly than *,, , and step 2 becomes 
rate determining. However, further studies 
are required to confirm this model. 

4. Steam Reforming 

The results obtained in the present work 
can be used to clarify the mechanism of si- 
multaneous steam reforming and carbon 
deposition. The temperature dependence of 
the carbon deposition and gasification rates 
on Ni/Si02 is shown in Fig. 9. It includes 
the deposition of carbon in the absence 
(curve 1) and presence (curve 3) of steam 
and the gasification (curve 2) by steam. 
Curve 4 was obtained by subtraction of 1 
and 2. Curves 1 and 3 were measured for 
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FIG. 9. Comparison of carbon deposition in the ab- 
sence and presence of steam for 100% Ni/Si02 cata- 
lyst. Conditions: Curve 1: PC,,., = 13.2 kPa, PHZ = 7.1 
kPa. Curve 2: PH2 = 7.1 kPa, PHzo = 3.4 kPa. Curve 3: 
P cad = 13.2 kPa, Paz = 7.1 kPa, I&, = 3.4 kPa. Nz as 
balance in all experiments. Total flow ca. 0.7 mol h-l. 
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the same partial pressures of methane and 
hydrogen, and curves 2 and 3 for the same 
partial pressures of hydrogen and steam. 
Results similar to those in Fig. 9 were ob- 
tained for the 1 at.% Cu catalyst. 

It can be concluded that the carbon mon- 
oxide and carbon dioxide formed during the 
reforming reaction do not originate from 
steam gasification of already-formed car- 
bon deposits, since this would imply that 
curves 3 and 4 should almost coincide. It is 
true that hydrogen gasification also affects 
curve 1, but this cannot alter the previous 
conclusion, as this effect is minor in the 
presence of steam. 

In the light of these ideas, it is interesting 
to discuss the occurrence of a common in- 
termediate for steam reforming and carbon 
deposition. It has been suggested that this 
intermediate could be adsorbed carbon at- 
oms (2, 38). However, on a catalyst with a 
lower concentration of nickel atoms, com- 
plete dissociation of methane may not be 
necessary for steam reforming (2). 

In terms of sequence (15) it means that 
CH, - *” may become the most abundant 
surface intermediate at higher copper con- 
tents and hence the intermediate for the 
reforming reaction, whereas the carbon 
deposition still requires C - *m as interme- 
diate. 

As can be observed in Fig. 8, the reform- 
ing rates follow closely the curve of 
strongly chemisorbed hydrogen (Type I re- 
action (22)), whereas the deposition rates 
are one order of magnitude lower (Type II 
reaction). 

CONCLUSIONS 

The main conclusions of the present 
work can be summarized as follows: 

1, Silica-supported Ni-Cu alloy catalysts 
with one metallic phase can readily be ob- 
tained by “dry” impregnation if the cata- 
lyst contains more nickel than copper. 
2. Copper surface segregation takes place 

in the same way on supported Ni-Cu alloy 
particles reduced at moderate temperature 
(-770 K) as on massive Ni-Cu alloys. 

3. The carbon formation/gasification 
equilibrium in CH4-Hz mixtures is the same 
for Ni-Cu catalysts as for pure Ni catalysts 
except at very high copper contents (80 
at.% Cu). 

4. In the absence of steam the carbon 
deposition rate depends only weakly on the 
copper concentration when the copper con- 
tent is low (10 at.% or less) and the ob- 
served dependences on hydrogen and 
methane pressure indicate that the chemi- 
sorption of methane and/or one of the first 
surface dehydrogenation steps is rate con- 
trolling. The copper concentration depen- 
dence is much higher when the copper con- 
tent is above 10 at.%, indicating a change 
from a Type I to a Type II reaction, which 
can possibly be explained by an ensemble 
effect. At very high copper concentrations 
(80 at.% Cu) a new form of carbon filaments 
(“octopus” carbon) is seen in the electron 
microscope. 

5. The rate of carbon formation in the 
presence of steam is significantly lower 
than expected from a simple superposition 
of the rate of carbon deposition without 
steam and the rate of gasification by steam. 
Different rate-determining steps appear to 
be involved in the reforming and carbon 
deposition reactions. The former can be 
considered as a Type I reaction. Deposition 
in the presence of steam appears to be a 
Type II reaction for all copper concentra- 
tions. 
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