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Design of a Surface Alloy Catalyst for 
Steam Reforming 

F. Besenbacher, I. Chorkendorff, B. S. Clausen, B. Hammer, 
A. M. Molenbroek, J. K. Nnrrskov,* I. Stensgaard 

Detailed studies of elementary chemical processes on well-characterized single crystal 
surfaces have contributed substantially to the understanding of heterogeneous catalysis. 
Insight into the structure of surface alloys combined with an understanding of the relation 
between the surface composition and reactivity is shown to lead directly to new ideas for 
catalyst design. The feasibility of such an approach is illustrated by the synthesis, char- 
acterization, and tests of a high-surface area gold-nickel catalyst for steam reforming. 

Single crystal surfaces have long served as 
models of the active part of catalysts ( I ) .  
Examples of catalyst design on the basis of 
fundamental, surface science-based insight 
are, however, extremely few. Recently, 
King and co-workers used a surface science 
approach to suggest new process conditions 
in which the effectiveness and stability of 
the usual Pt-based catalyst for the ammonia 
oxidation process can be markedly im- 
proved (2). Here we discuss an example in 
which the full step has been taken from 
atomistic surface science studies of model 
systems to the design of a high surface area 
alloy catalyst for the steam-reforming pro- 
cess. We present experimental results con- 
firming the suggestion from a combination 
of scanning tunneling microscopy (STM), 
molecular beam scattering experiments, and 
density functional theory (DFT) calcula- 
tions that Au alloyed into the surface layer 
of a Ni catalyst should increase the effec- 
tiveness of the catalyst in steam reforming. 

In the steam-reforming process, hydro- 
carbon molecules (mainly CH,) and water 
are converted into Hz and CO. The usual 
catalyst for the reaction is based on Ni as 
the active element (3). The main problem 
with the reaction is that Ni also catalyzes 
the formation of graphite. Graphite forma- 

tion impedes the activity and may eventu- 
ally lead to a breakdown of the catalyst. 
One solution to this problem is to selective- 
ly poison the catalyst surface by adding H,S 
to the reactants (4). Adsorbed S poisons the 
reforming process, but poisons the graphite 
formation to an even greater extent, so the 
net effect is an improved catalyst. 

In a number of instances alloys have been 
shown to have superior catalytic properties 
(5) compared withelementary metals. In the 
past, research has focused on the class of 
binary metal systems that form ordered or 
random bulk alloys. Members of another 
class of two-component metal systems do not 
mix in the bulk. Even such metals may form 
stable alloys in the outermost surface layer 
( 6 ,  7). The Au/Ni system belongs to this 
category. The heat of solution of Au in Ni is 
large and positive (27 kJ/mol). Yet it has 
been found in STM studies by Nielsen et al. 
(7) that when Au is added to any of the low 
index Ni surfaces, an alloy is formed in the 
first atomic layer (Fig. 1). The Ni atoms in 
the surface layer are undercoordinated com- 
pared with the Ni atoms in the bulk. The Au 
atoms have an electron density that is more 
extended than that of the Ni atoms. When 
the Au atoms are alloyed into the surface 
layer, the neighboring Ni atoms experience a 
higher electron density or, equivalently, a 
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reactivity of Ni with respect to the steam- 
reforming process. As discussed above, two 
factors determine the suitability of a surface 
as a catalyst for this process: (i) the ability 
of the surface to activate hydrocarbon mol- 
ecules and (ii) the tendency of the surface 
to bind C and form graphite. 

As a measure of the abilitv of the surface 
to activate hydrocarbon molecules, we con- 
sider the energy barrier for abstraction of 
the first H atom from CH,. For pure Ni 
catalysts, this is the rate-limiting step in the 
steam-reforming process (8). The effect of 
Au on the activation barrier was studied 
both theoretically and experimentally. 

DFT calculations of the dissociation of 
CH, were performed by Kratzer et al. (9) ,  
who used a Ni slab with varying amounts of 
Au substituted into the surface layer to 

Fig. 1. Two STM images of a Ni(l11) surface with 
2% (A) and 7% (B) of a monolayer of Au. The Au 
atoms appear black in the images. The Ni atoms 
next to the Au atoms appear brighter because of a 
change in geometry and electronic structure, indi- 
cating that the chemical activity of the Ni atoms 
may be modified by nearest-neighbor Au atoms. 
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describe the surface. The transition state for 
CH, dissociation on Ni(ll1) is located 
with the C atom essentially being on top 
with respect to a Ni atom, and the process is 
highly activated (Fig. 2). The reaction path 
and the finding of a high barrier are both 
consistent with other calculations of this 
process based on a cluster model of the 
surface (1 0) and with experiment (I  1 ). In 
the DFT calculations, one or two of the 
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nearest neighbors to the Ni atom under the 
transition state were exchanged for Au (Fig. 
2). One Au neighbor increases the barrier 
for the CH, dissociation over a Ni atom by 
16 kJ/mol, and two Au neighbors increase it 
by more than twice as much. Dissociation 
over the Au atom is expected to have a 
much higher barrier (12). 

The predictions of the DFT calculations 
were tested experimentally for the same 
well-defined Ni( 11 1) surface by Holmblad et 
al. (1 3). We measured the dissociation prob- 
ability for CH, on Ni(ll1) using molecular 
beam scattering experiments (Fig. 2). As 
expected, Au impedes CH, dissociation. 
The DFT calculations suggest that the dis- 
sociation probability decreases mainly be- 
cause Ni atoms next to the Au atoms have a 
higher barrier for dissociation and thus a - 
lower dissociation rate. This can be quanti- 
fied in the following way (14). From the 
STM experiments the surface composition is 
known at any Au coverage, and the number 
of Ni atoms with zero, one, two, or more Au 

Fig. 2. The measured dissociation probability 
~ ( 0 , ~ )  for CH, on Ni(l11) as a function of the Au 
coverage 0,. The dissociation probability has ;, 0.0 
been normalized to the value for 8,, = 0. The full 
curve is the prediction of the model described in 
the text. (Inset) The calculated energy along the 
minimum-energy path for CH, dissociation over a 
clean Ni(ll1) surface and over a Ni atom in a -0.5 
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Fig. 4. k2-welghted EXAFS spectrum, ~ ( k ) ,  after 
extraction of the nearest-neighbor shell contrlbu- 

-400 tion at the Au L,-edge of the Au/NI catalyst. The 
clrcles represent experlmental data. The dashed - - curve shows the best fit to the experlmental spec- 
trum wlth only Au amplitude and phase functions. 
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Fig. 3. (Bottom curve) The calculated adsorption Time 

energy of a C atom on a Ni(ll1) surface as a Fig. 5. Conversion of n-butane as a function of 
function of position along the surface. (Top curve) time during steam reforming in a 3% n-butane- 
The same energy function is shown when one of 7% hydrogen-3% water in helium mixture at a 
the surface Ni atoms has been exchanged for a Au space velocity of 1.2 hour-'. The dashed curve 
atom (15). The insets show the geometry in each shows the n-butane conversion for the Ni and the 
of the two cases. solid curve is for the Au/Ni-supported catalyst. 

neighbors can be counted directly. The DFT 
calculations show how the barrier depends 
on the number of Au neighbors. From inde- 
pendent beam experiments on clean 
Ni( 1 1 1 ), it can be deduced how the dissoci- 
ation probability depends on the translation- 
al energy and thus on the barrier height. 
Combining these three pieces of information 
gives a prediction of the variation of the 
dissociation probability with Au coverage 
that compares very well with the experimen- 
tal one (Fig. 2). 

It is not unexpected that Au added to a 
Ni surface reduces the ability to dissociate 
CH,. We have treated the problem in some 
detail here for two reasons. First, it is im- 
portant for the discussion below that the 
effect on the CH, activation of adding Au 
is reasonably small. Second, we emphasize 
that it is possible to predict changes in 
reactivitv based on a knowledge of the sur- 

u 

face composition. This strongly vindicates 
the general approach taken here. 

As a measure of the tendency to form 
graphite, we consider the stability of ad- 
sorbed C on the Ni(ll1) surface. The prob- 
ability of nucleation of graphite is deter- 
mined by the coverage of C that is given by 
the stability of the adsorbed C atoms. The 
less stable the adsorbed C, the larger the 
tendency to react with adsorbed 0 to form 
CO and the lower the coverage. DFT cal- 
culations of the energy of acadsorbed C 
atom in the vicinity of a Au atom in a 
Ni(ll1) surface were compared with the 
same energy function on a pure Ni(ll1) 
surface (Fig. 3) (15). On the pure Ni sur- 
face, the most stable adsorption site is the 
threefold hexagonal close-packed site. The 
threefold sites next to a Au atom are seen to 
be completely unstable, and even the three- 
fold sites that are next nearest neighbors to 
the Au atoms are substantiallv destabilized. 

The effect of Au on atomic C adsorption 
is thus considerably stronger than the effect 
on CH4 activation. In addition, from de- 
tailed studies of the effect of S adsorption on 
CH, activation and graphite formation on 
pure Ni surfaces and catalysts, we know that 
the ensemble size needed for CH4 dissocia- 
tion is smaller than for nucleation of graph- 
ite (4). The combined surface science work 
on the Au-Ni surface alloy therefore suggests 
the Au-Ni surface allov to be a less reactive. 
but more robust, steam-reforming catalyst 
than Dure Ni. It also shows that onlv a small 
fraction of Au is required to modify the 
surface chemical properties of Ni. 

To convert these ideas into a practical 
industrial catalyst, we must synthesize a 
Au/Ni catalyst in a high surface area form. 
The catalyst to be discussed here is a 
MgAl,O,-supported Ni catalyst (with 16.5 
weight % Ni) that has been modified with 
0.3 weight % Au. 
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T o  verify that the A u  is actually alloyed 
into the first layer of the Ni  catalyst, we 
examined the structure and colnnosition of 
the active catalyst by extended x-ray absorp- 
tion fine structure spectroscopy (EXAFS). 
The  EXAFS snectrum of the bimetallic cat- 
alyst Lvas recorded in situ  under synthesis 
conditions to make sure it is the active cat- 
alyst that is studied (Fig. 4). Only if we allow 
for the possibility that A u  atoms have Ni  
neighbors at Ni  interatomic distances can are  
account for the spectrum. Because A u  is 
immiscible in bulk Ni, this demonstrates 
that ALI is alloyed into the Ni  surface layer as 
o n  the single crystal model systems. 

T h e  steam-reforming activity was mea- 
sured for the N i  catalyst and for the  A u / N i  
catalyst for which the  EXAFS data are re- 
corded (Fig. 5). T h e  only difference be- 
tween the two salnnles is in the  ALL modi- 
fication. Both samples rvere first reduced in 
pure H and subsequently exposed to  a di- 
luted n-butane pas at 550°C. W e  used n- u 

butane to test the  activity because it gives 
rise to the  most severe graphite formation 
problems. T h e  n-butane conversion as a 
function of time o n  stream starts out at 
about 99.99%. It is seen that the  nure N i  
catalyst deactivates rapldly, rvhereas the  
conversion for the AuINl  samnle 1s almost 
constant. T h e  deactivation is typical of a N i  
catalyst under these extreme conditions, 
and it can be associated with the  formation 
of graphite as seen in, for example, electron 
microscopy. T h e  Au-containing sample, in 
contrast, does not  produce graphite. This 
has been checked by independent thermo- 
gravimetric measurements. 

In conclusion, we are approaching a 
point rvhere fiu~ldarnental insight into sur- 
face structure and reactivity can be applied 
directly to  the design of nerv catalysts. By 
combining several experimental surface sci- 
ence techniques with theory and insight 
into synthesis and in situ characterization of 
high surface area catalysts, it has been pos- 
sible to  go beyond our fundamental under- 
standing of the  atomic processes involved 
in  catalysis to the  design of an  improved 
catalyst for the steam-reforming reaction. 
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The Theropod Ancestry of Birds: New Evidence 
from the Late Cretaceous of Madagascar 

Catherine A. Forster,* Scott D. Sampson, Luis M. Chiappe, 
David W. Krause 

A partial skeleton of a primitive bird, Rahona ostromi, gen. et sp, nov., has been dis- 
covered from the Late Cretaceous of Madagascar. This specimen, although exhibiting 
avian features such as a reversed hallux and ulnar papillae, retains characteristics that 
indicate a theropod ancestry, including a pubic foot and hyposphene-hypantra vertebral 
articulations. Rahona has a robust, hyperextendible second digit on the hind foot that 
terminates in a sicklelike claw, a unique characteristic of the theropod groups Troodon- 
tidae and Dromaeosauridae. A phylogenetic analysis places Rahona with Archaeopteryx, 
making Rahona one of the most primitive birds yet discovered. 

T h e  origin of birds has been debated for 
more than 100 years, theropod dino- 
saurs (1-6) and basal archosauriforrns (7, 8) 
most frequently hypothesized as their ances- 
tors. Several workers have argued explicitly 
against the  "birds as dinosaurs" theory (8- 
12).  W e  report-here a new raven-sized prim- 
itive bird that adds near morphological data 
to the  question of bird ancestry. T h e  11010- 
type specimen of this new bird, Rahona 
ostromi, gen. e t  sp. 11ov. (13),  was recovered 
from a small quarry (site MAD93-18) in  
Upper Cretaceous rocks in  northa~estern 
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Madagascar. This quarry has produced a 
diverse, well-preserved vertebrate fauna, in- 
cluding the  primitive bird Vorona beriuot- 
rensis (14).  

T h e  skeleton of Rahona exhibits a strik- 
ing mosaic of theropod and derived avian 
features (Fig. 1 ) .  T h e  specimen appears to 
be adult, based o n  the  complete fusion of 
neural arches to vertebral centra (Fig. 2). 
T h e  single camellate cervicodorsal vertebra a 

bears a large hypopop11ysis and bilateral 
nneumatic foramina, as in rnanirantorans 
and birds, as well as a large vertebral canal 
(88% of the  centrum height; Fig. 2B). 
Pneumatic foramina also occur o n  the  dor- 
sal vertebrae, lying within arell-developed 
pneumatic fossae, as in  some enantiorni- 
thines (Fig. 2A) .  T h e  vertebral canals are 
large (42 to 62% of the  centrum height), as 
in birds. T h e  dorsal vertebrae have accesso- 
ry hyposphel~e-hypantra articulatio~ls, a 
unique character of theropod and sauropod 
dinosaurs, retained only in Patagonykus (15) 
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