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The reactivity of catalytic surfaces is oft en dominated by very 
reactive low-coordinated atoms such as step-edge sites1–11. 
However, very little knowledge exists concerning the 

infl uence of step edges on the selectivity in reactions involving 
multiple reaction pathways. Such detailed information could be 
very valuable in rational design of new catalysts with improved 
selectivity. Here we show, from an interplay between scanning 
tunnelling microscopy experiments and density functional theory 
calculations, that the activation of ethylene on Ni(111) follows 
the trend of higher reactivity for decomposition at step edges as 
compared with the higher-coordinated terrace sites. Th e step-edge 
eff ect is considerably more pronounced for the C–C bond breaking 
than for the C–H bond breaking, and thus steps play an important 
role in the bond-breaking selectivity. Furthermore, we demonstrate 
how the number of reactive step sites can be controlled by blocking 
the steps with Ag. Th is approach to nanoscale design of catalysts 
is exploited in the synthesis of a new high-surface-area AgNi alloy 
catalyst, which is tested in hydrogenolysis experiments.

The idea that special active sites can control the reactivity of 
an atomic surface dates back to the pioneering work of Taylor1. 
Traditionally, the infl uence of step edges has been investigated by 
comparing the reactivity of planar and stepped atomic surfaces, 
using integrating techniques (for example, reaction rate studies 
or thermal desorption spectroscopy2–4). The scanning tunnelling 
microscope (STM) with its unique imaging capabilities has proven 
to be a very powerful tool for identifying the active sites on metal 
surfaces, as fi rst demonstrated by Ertl and co-workers5 for NO 
dissociation on Ru(0001). With the advent of density functional 
theory (DFT) calculations, it became evident that the difference in 

Dissociated ethylene

Ag atoms

a

b

Figure 1 Ethylene decomposition on Ni(111) and Ag/Ni(111). a, STM image 
(200 × 200 Å2) of a Ni(111) surface after exposure to ethylene (10–8 torr; 100 s) at 
room temperature. A brim of decomposed ethylene is formed along the step edges. 
b, STM image (400 × 400 Å2) of a Ni(111) surface with the step edges blocked by 
Ag atoms. No decomposition of ethylene is observed on this modifi ed surface.
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reactivity between terraces and steps can be enormous, and it was 
confi rmed experimentally6 that the rate of N2 dissociation is at 
least nine orders of magnitude larger at steps than on close-packed 
terraces on Ru(0001) at 500 K. The DFT calculations also showed the 
effect to be present for a number of other diatomic molecules7–11. 
However, due to the simple structure of the molecules, these studies 
have only probed the reactivity of the surfaces. It is highly desirable 
also to have information about the specifi c role of step edges in 
reactions for which more than one possible reaction pathway 
exists. In the present study we have considered the initial step of 
the decomposition of ethylene (C2H4) on Ni(111) in order to gain a 
detailed knowledge of the infl uence of the step edges on the rate of C–
H and C–C bond breaking. In the end, this bond-breaking selectivity 
determines the selectivity that can be observed in the macroscopic 
kinetics—for instance, as the difference in dehydrogenation and 
hydrogenolysis rates.

Figure 1a shows an STM image of the Ni(111) surface after a 
100-s exposure to 10–8 torr ethylene at room temperature. The image 
clearly shows how ethylene has induced a brim with a signifi cantly 
different corrugation compared with that of the (111) facets along 
the steps of the surface. The ethylene-induced brim structure was 
observed exclusively at the upper steps. We never found nucleation 
of ethylene-induced islands on the terraces of the surface after 
ethylene exposure. The width of the brim did not increase when 
the exposure time was increased by a factor of 20, which shows that 
the process is self-poisoning. As seen from the STM image (Fig. 1a), 
the self-poisoning is caused by selective adsorption at the step edges, 
and free step sites are thus needed for the process of forming the 
brim. If the brim were to be caused by molecularly adsorbed ethylene 
one would expect the width of the brim to increase with increasing 
ethylene exposure, which is not consistent with the experimental 
fi ndings. Furthermore, no brim was observed when the sample was 
exposed to ethylene at 200 K, indicating that an activation barrier is 
associated with the formation of the brim. We thus conclude that the 
formation of the brim is caused by ethylene that has partly or fully 
decomposed at the step sites.

We calculated the activation barriers for the dissociation (C–C 
bond breaking) and dehydrogenation (C–H bond breaking) of 
ethylene both on the fl at Ni(111) and the stepped Ni(211) surface. 
The potential energy diagram is shown in Fig. 2, and from this 
the binding of ethylene at a step site was found to be favoured 
by 0.6 eV over binding to a regular terrace site. For all possible 
intermediates we found adsorption at the upper steps to be the 
most stable confi guration in agreement with the experimental 
fi nding. The results showed that the energies of the transition states 
for ethylene dissociation and dehydrogenation at the steps were 
both lower by more than 0.5 eV compared with the lowest barrier 
(dehydrogenation) on the fl at Ni(111) surface, thus confi rming the 
high reactivity of the step sites consistent with the present STM 
fi ndings. Furthermore, the potential-energy diagram showed that 
the reduction in the height of the activation barrier, when comparing 
step sites with terrace sites, was considerably more pronounced for 
dissociation than for dehydrogenation. An indication of the origin 
of this difference can be obtained by considering the structure of the 
transition states, see Fig. 2. For C–H bond breaking the transition 
state is over a single Ni atom both on the (111) surface and at the 
step. For C–C bond breaking, in contrast, the transition state is 
somewhat different in the two cases. On the (111) surface, the CH2 
groups end up in the three-fold sites, whereas at the step the fi nal 
states are the two-fold sites, refl ecting the fact that the Ni step-edge 
atoms are more reactive than those behind the step. The distance 
between CH2 in the two-fold sites of the fi nal state at the step is 
shorter than the distance between the three-fold sites of the fi nal 
state on the terrace. This means that the CH2 groups are stabilized 
at an earlier point on the dissociation path, and the barrier becomes 
lower. The results in Fig. 2 show that the barriers for C–C and C–H 
bond breaking for adsorbed ethylene become comparable at the 
step. We note that the reaction steps following dehydrogenation of 
C2H4 lead to intermediates with larger C–C bond strength, which 
should result in larger energy barriers for C–C bond breaking. 
This is illustrated for CH–CH bond breaking in the fi gure (dotted 
lines). The main effect of the step is therefore to open C–C bond 
breaking at the level of adsorbed C2H4.

As shown by the DFT calculations, the selectivity of the Ni(111) 
surface towards ethylene dissociation/dehydrogenation is to a great 
extent determined by the ratio of the number of steps to terrace 
atoms, which implies that the selectivity of a Ni(111) surface may be 
controlled by regulating the availability of free step sites.

Comparison of the dehydrogenation barrier to the higher 
dissociation barrier on the fl at Ni(111) terrace indicates at least 
partial ethylene dehydrogenation before C–C bond breaking, which 
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Figure 2 Potential energy diagram for ethylene decomposition on Ni(111) and 
stepped Ni(211). The diagram shows the activation barriers for C–C bond breaking—
dissociation (blue line); and C-H bond breaking—dehydrogenation (red line) on both 
Ni(111) and Ni(211). The activation barrier for CH2 dehydrogenation is for one CH2. 
The adsorption of different reaction intermediates is marked with black (green) lines 
on the Ni(111) (Ni(211)) surface. Below, the transition-state structures for dissociation 
and dehydrogenation are shown on the two different surfaces.

nmat1311-print.indd   161nmat1311-print.indd   161 10/1/05   2:12:57 pm10/1/05   2:12:57 pm

Nature  Publishing Group© 2005



LETTERS

162 nature materials | VOL 4 | FEBRUARY 2005 | www.nature.com/naturematerials

has also been observed experimentally12. By blocking the step sites 
one can thus prevent C–C bond breaking and selectively control the 
formation of CHCH2.

In order to pursue this strategy we investigated the possibility of 
blocking the steps by the use of small amounts of Ag, which is known 
from previous STM studies13 to nucleate preferentially at the step 
edges of Ni(111). Figure 1b shows an STM image of a Ni(111) surface 
after room-temperature deposition of Ag and post-annealing at 800 K. 
As seen in the STM image, this procedure led to a Ni(111) surface with 
all step sites being covered by Ag atoms. To demonstrate that Ag does in 
fact lower the reactivity of the step sites, we subsequently exposed the 
Ag/Ni sample to 10–8 torr ethylene for 100 seconds at room temperature. 
In this case, no ethylene-induced brim structure was observed at the 
step edges (or on the terraces). We thus both provided further evidence 
that the step atoms are the active sites for decomposition of ethylene 
on the Ni(111) surface at room temperature, and demonstrated the 
possibility of blocking these sites.

To take the next step and bridge the gap between the fundamental 
surface science results and applied catalysis, we synthesized a new 
high-surface-area oxide-supported AgNi alloy catalyst and tested 
it for the hydrogenolysis of ethane, which is the simplest reaction 
used to probe the activity for C–C bond breaking (see, for example, 
ref. 14). Figure 3 summarizes the results of the integral fl ow-reactor 
measurements performed on both a pure and a Ag-modifi ed Ni 
high-surface-area catalyst. From the data, it is evident that the 
addition of Ag to the Ni catalyst led to a decrease in the rate constant 
for ethane hydrogenolysis by approximately an order of magnitude. 
It was, however, also seen that the apparent activation energy (the 
slope of the curves) was the same for the two catalysts, which 
strongly indicates that the active sites on the two catalysts are the 
same. From this observation together with the STM and DFT results 
we conclude that the decrease in the rate constant was caused by Ag 
atoms partly covering the Ni step edges. It seems highly plausible 
that not all step sites are blocked, when taking into account the high 
degree of complexity of the supported high-surface-area catalyst 
as compared to the well-defi ned Ni(111) single-crystal surface on 
which a complete blocking of all the step sites could be achieved with 
a relatively low amount of Ag.

In conclusion, we are now closer to a better understanding of the 
role of step atoms in catalytic processes involving the decomposition 
of complex molecules. In general, one cannot just simply view 
the step atoms as more reactive sites but also consider the relative 

increase in reactivity between different reaction pathways. The step 
atoms may thus, to a high degree, control the selectivity in a given 
catalytic process. Such knowledge gained from fundamental surface 
science experiments could become a powerful tool in the nanoscale 
design of new and improved catalysts.

METHODS
The STM experiments were conducted in an ultrahigh vacuum (UHV) chamber with the home-built 

Aarhus STM15,16. The sample was exposed to ethylene by backfi lling the chamber while the sample 

was kept at a constant temperature. Subsequently, the sample was transferred to the STM and all STM 

images were recorded at room temperature.

The spin-polarized DFT calculations were carried out using the dacapo code17, we used the 

RPBE18 generalized gradient correction self-consistently, and the core electrons of all the atoms were 

treated with Vanderbilt ultrasoft pseudopotentials19. All calculations used a six-atom Ni surface unit cell 

(corresponding to coverage of 1/6) and the equivalent of three Ni(111) layers.

Two different methods were applied to determine the transition states. In some cases the 

transition state was localized constraining the C–C distances (or C–H distances) and relaxing all other 

degrees of freedom. In cases, where we did not know the location of the transition state we used the 

nudged elastic band method20 to determine the transition state.

The high-surface-area Ni catalyst for the integral fl ow reactor measurements was prepared by 

incipient wetness impregnation of an MgAl2O4 support with NiNO3(aq), and the Ag/Ni catalyst was 

similarly prepared by incipient wetness impregnation of AgNO3(aq) on the reduced Ni catalyst. 

Following the impregnation steps the catalysts were dried and subsequently calcined at 450 °C. The metal 

content in the samples was verifi ed by inductive coupled plasma analysis. The ethane (C2H6) hydrogenolysis 

experiments were performed in an integral plug fl ow reactor, a U-tube made of quartz, with an inner 

diameter of 4 mm. The reactor, with a pressure of about 1.0–1.2 bar, was loaded with 200 mg of catalyst, 

150–300 µm sieved fraction, which was fi xed between two quartz wool wads. Each run started with a 

reduction of the catalyst in hydrogen (100 ml min–1 NTP) at 500 °C for 1 hour. Five different feed-gas 

compositions were used, 2–3.5% ethane and 15–30% hydrogen in a He fl ow, at temperatures from

200–400 °C. The conversion was determined by measuring the concentration of methane in the exit gas 

employing a calibrated mass spectrometer. Methane was the only product detected.
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Figure 3 Arrhenius plot of the rate constant for ethane hydrogenolysis over 
Ni/MgAl2O4 and Ag/Ni/MgAl2O4. The rate constant (k) of ethane hydrogenolysis is 
approximately one order of magnitude lower on Ag/Ni/MgAl2O4 as compared with 
Ni/MgAl2O4, whereas the activation energy (slope of the Arrhenius plot) is similar.
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