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Thus far, essentially all heterogeneous catalysts of industrial
importance have been developed by trial-and-error experimenta-Figure 1. Calculated turnover frequencies for ammonia synthesis as a
tion. The classic example of this approach is the discovery of the function of the adsorption energy of nitrogen. The synthesis conditions
iron-based ammonia synthesis catalyst by Mittasch and co-workersare 400°C, 50 bar, gas compositionzH; = 3:1 containing 5% Nk
who tested more than 2500 different catalysts in 6500 experi- The nur_nbers are c_Jbtained by combiping amicrpkineti_c r_nodel describing
mentst2 Parallel testing methods, which can speed up catalyst ammonia synthesis rates \{Vlth_ the linear relatlon.e>'(|st|ng between the
screening significantly, have recently been introdifdedt, a better ~ Potential energy and the aCt_'Ve?t'Og‘ energy ferdiésociatiorf. The known
scientific basis could make catalyst development substantially EMtroPY barrier for Mdissociatiof and the effect of adding electropos-
more efficient. itive promoters such as K and €$ave been taken into account in the

We show that a rational catalyst development strategy can bemOdeI'
developed on the basis of simple, physically motivated concepts. 55—,
We use the ammonia synthesis reaction to illustrate the approach, L
but the general principles should be broadly applicable. 17.5

The starting point is the volcano-shaped relation between the -
ammonia synthesis activity of different catalysts and their nitrogen 15.0F
adsorption energy shown in Figure 1. The curve shows (in
complete agreement with experimental evidépdeat Ru and 1257
Os are the best catalysts among the pure metals. The dependenc'= 10 0_—
of the catalytic activity on the nitrogen adsorption energy is a & |
consequence of a linear (Brgnstegivans-Polanyi) relationship e 75k
between the activation energy for the rate-limiting step, which is “f
N, dissociatiorf,” and the stability of adsorbed N on the surface. 5.0 .
The reason for this relationship is that the transition state for N + E
dissociation is very final-state-like. Therefore, the transition-state 251 Fe
energy essentially follows the nitrogen adsorption energy from T
one metal to the next. 0 1 2 3 4 3 6 7 8

The volcano shape of the plot in Figure 1 implies that there is NH, concentration (%)
an optimum for the nitrogen adsorption energy. This optimum ; .
reflects a compromise between two mutually opposing ways of Figure 2. Measured tumnover frequencies for promoted RusMIBN,
achieving a high activity: a small activation barrier for, N and Fe catalysts._ The number of active sites is calculated from the surface
dissociation and a surface with low coverage of adsorbed atomic ¢3S of the active components, assuming that 1% of the total surface
nitrogen during ammonia synthesis. This requires a strong and ai'fteé (}\;’OTI S)h%r\;eviﬁcn\tﬁefoéxl\iﬂs?eﬁi?I(?F?rr:i'xggsee?;/losggzgg Slfiruﬁure
weak N-surface interaction, respectively. At conditions relevant gray-osN- g{ark gray: gCO' black: Mo -9
in industrial processes we get closest to the optimum by using Y A o
Ru or Os as catalysts. However, these metals are very expensive,ompining two metals: one with too high adsorption energy and
antd Ithuts II:ess commercially attractive compared to the third-best 5,q with too low adsorption energy. As indicated in Figure 1, a
catalyst, Fe. combination of Mo (which binds N too strongly) with Co (which

/Arational approach could be to construct a surface (active sites) pings N too weakly§ should be close to optir%ﬁ)m. This is(exactly
with the desired intermediate nitrogen interaction energy by \what was found experimentally’® A Co—Mo catalyst was
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200— — . the different sites will correspond to different points along the
volcano curve of Figure 1. The points closest to the maximum
i 1 will contribute most to the measured rate.

We suggest this is a quite general phenomenon: to a first
approximation the interaction energy between an adsorbate and
the surface at a mixed site is simply an interpolation between the
interaction energies of the individual components. Consequently,
other combinations of metals are also expected to have N
adsorption energies close to the optimum and thus higher activity
than their constituents. For F&u and Fe-Co alloys'**5> and
for ternary nitride$ Ni;MosN and C@MosN, this has been
observed experimentally. If the interpolation concept is applied
for other reactions, the alloy with bimetallic active sites only has
higher activity than the constituents when the catalytic activity

1 T e is a nonlinear function of the interaction energy, as for reactions
0 02 04 06 08 I with a volcano-type relationship.

/(Co+M . . .

) N Col(CotMo) . o For the active site of the mixed-metal catalyst to have the
Figure 3. Calculated transition-state energies for éissociation and jnterpolated properties, it is important that both metals are present
nirogen adsorption energies on Co,o@d0o5 and Mo close-packed in close proximity at the surface. This is not always the case.
surfaces with a step. The energies are relative to the situation where theUsuaIIy one of the components will segregate to the surface either
N2 molecule is far from the surface. The geometry of the surface site oo onsequence of the properties of the binary alloy or because
gr;: mg '\’-;nl%i?gfa;_t Tl_eég’:ﬂs;r'gg_ Sgg? ;;ecks_hon‘én i the insert (for one of the components binds strongly to the adsorbates on the

SYEe s v e s surface. If there is a tendency toward ordering in the alloy, such

. effects may be suppress&dThe alloy catalyst that was tested,
describe the core electrons. The program employed (DACAPO) compare Izigure ZFTpis a ternary ni);ride v?/lith the composition

is publicly available at http://www.fysik.dtu.dk/campos. As il- c
AR . osMo3N. The (111) surface of GMog3 (ref 19), shown as an
"ftraztEd |r} Flgure_tS, \ﬂ’? useé;l fltiﬁr-layt(_ar hcp(]E)OOl)fs(I:ab W'(tjh "fi inset in Figure 2, displays the existence of mixed-Géo surface
Eh XC )I\iur zillce ulmtr?et 0 lmo et eac |vefsutr ace of Lo an Od sites in the nitride structure. Microkinetic modeling and isothermal
e L.olvlo alloy. In the top layer, two rows ot aloms areé removed adsorption experiments shéithat the activation energy and
to give step sites, since they have been shown theoretically andN_binding energy of Cs/GosN are intermediate between those

experimentally to be the active sites for a number of metals . of Co and Mo. Furthermore, the adsorption experiments confirm
The lattice constant has been determined by a separate calculauor}hat the bulk nitrogen of the ternary nitride does not participate

T e T b et 212 i te reacion. Cansequerty, the prinary o f the ivoger
petely : atoms in the ternary nitride catalyst is to induce the required

Ig;?ém\?ﬁ“%y t(;]aelc:rlél%t;r;rg]]irt]hed%ner;geysfg][ ;/rzr;%l:jnle;get?;g;;%e N ordering. The small content of nitrogen in the bulk is not believed
! g deg : to significantly affect other propertié$.

In Figure 3 we show the calculated barrier for dNssociation . ) i o
and nitrogen adsorption energy on Co, Mo, ando Moo s Prepargtlor) of ammonia synthgss cqtalysts by comblnlr]g
surfaces. The energies are shown as a function of the relativemMetals with high and low nitrogen interaction energies to obtain
number of Co neighbors in the active site. The most stable site the desired intermediate interaction strength is an example of a
for atomic N is a three-fold site with one Co and two Mo rational approach to catalyst design. Since the nitrogen binding

3

AE [kJ/mol N2]
=

=100

neighborsy Corresponding to a value of CO/(‘@(MO) =0.33.In energies on different metals vary monotonically with the position
the transition state, on the other hand, five metal atoms are Of the metal in the Periodic Table, the present approach is an
involved, two Co and three Mo, giving a value of Co/(€dvio) example of catalyst design by interpolation in the Periodic Table.

= 0.40. Clearly the barrier and the N adsorption energy of the ja010963D
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