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Abstract: Bifunctional coupling of two different catalytic site
types has often been invoked to explain experimentally
observed enhanced catalytic activities. We scrutinize such
claims with generic scaling-relation-based microkinetic
models that allow exploration of the theoretical limits for
such a bifunctional gain for several model reactions. For sites at
transition-metal surfaces, the universality of the scaling rela-
tions between adsorption energies largely prevents any
improvements through bifunctionality. Only the consideration
of systems that involve the combination of different materials,
such as metal particles on oxide supports, offers hope for
significant bifunctional gains.

The discovery of scaling relations between the adsorption
energies of atomic and molecular species on transition-metal
surfaces has greatly advanced our theoretical understanding
of catalysis in recent years.[1–3] This descriptor-based
approach, relying only on the adsorption energies of a few
key reaction intermediates, has proven highly instrumental in
rationalizing why often only few catalyst materials meet the
narrow range of binding energies that allow the dissociation
of reactants without hindering the formation of products.[4]

There is a long-standing and widespread hope that these
severe limitations in material space could be overcome by
bifunctional catalysts, which couple two different active-site
types, each catalyzing a particular reaction step.[5–7]

Herein, we focus on the diffusional coupling between
active sites located in spatially distinct regions. Such spillover
mechanisms have been proposed between metal particles and
metal supports[8, 9] or, more commonly, between metal par-
ticles and non-metal supports.[10–12] In the spirit of developing
an understanding of trends and limitations, the present work
employs descriptor-based approaches to generally assess the
performance gains that are possible through diffusive cou-
pling. To this end, we consider two generic reaction schemes
that are rate-limited by one adsorption and one reaction/

desorption step. Eq. (1) describes the adsorption of a species
A onto a single active-site type s :

AðgÞ þ *
s Ð As ð1Þ

whereas Eq. (2) considers an adsorption process leading to
two reaction intermediates on the surface:

ABðgÞ þ 2*s Ð As þ Bs ð2Þ

In both cases, the initial step is followed by an associative
reaction/desorption step, either only

2 As Ð 2*
s þA2ðgÞ ð3Þ

in the case of Eq. (1), or additionally

2Bs Ð 2*s þ B2ðgÞ ð4Þ

in the case of Eq. (2). If A(g) represents a solvated proton and
electron and A2(g) represents H2(g), Eq. (1) and (3) directly
describe the hydrogen evolution reaction (HER). Similarly, if
AB(g) represents NO(g), A2(g) represents N2(g), and B2(g)
represents O2(g), Eq. (2)–(4) describe NO decomposition.
Under suitable assumptions concerning the rate-limiting
steps, more complex reaction schemes can also be mapped
onto these conceptual ones. The overall conclusions derived
from our study of these two reaction schemes do not depend
on the scheme or the specific reaction conditions (temper-
ature and gas-phase pressure) investigated and are therefore
expected to have fairly general implications for the concept of
bifunctionality as a whole.

A summary of the microkinetic models and the choice of
reaction parameters are given in Section S1 in the Supporting
Information. Most importantly, the activation energy of an
individual reaction step, Eact, is assumed to scale linearly with
the reaction energy, DE, according to the Brønsted–Evans–
Polyani (BEP) relation:

Eact ¼ a*DEþ b ð5Þ

The use of BEP relations allows the entire dependence on the
actual catalyst used to be contained in typically only one to
two free parameters (or descriptors). For the first reaction
scheme (Eq. (1) and (3)), this is the adsorption energy of the
reaction intermediate A, EA

s , whereas for the second reaction
scheme (Eq. (2)–(4)), the adsorption energy of reaction
intermediate B, EB

s , is additionally included. We consider
a range between ¢4 eV (strongly exothermic adsorption) and
up to + 4 eV (strongly endothermic adsorption) for these
parameters, such that plots of the turnover frequency (TOF)
as a function of these adsorption energies will lead to the well-
known volcano plots in the monofunctional case.
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The dependence on the explicit reaction described
through these Equations as well as the geometrical facet of
the catalyst is contained in the BEP parameters a and b.
These parameters have been computed for a wide range of
reactions.[13] On transition metals, they are surprisingly
universal, showing only small variations for different classes
of reactions and over different metal facets.[14,15] For example,
dehydrogenation steps typically have final-state-like transi-
tion states with a values close to 1, whereas A¢A and A¢B
bond-breaking reactions show a values in the range of 0.5–0.9.
The b parameters for metals are mostly found in the range of
1–2 eV and can be rather sensitive to the geometric structure
of the metal facet. Typically, open surfaces have lower
b values for A¢A and A¢B bond-breaking reaction steps
than close-packed surfaces, whereas hydrogenation reactions
in most cases show the opposite trend, though much less
pronounced. Support materials are often made out of
transition-metal oxides, which have been shown to obey
scaling relations that are different from those on metals.[16–18]

The range of a and b values is nevertheless similar to the one
described for metals.

To describe a bifunctional catalyst, we extend the reaction
schemes to two hypothetical site types s and t. The coupling
between the two monofunctional catalysts then takes place as
a result of the diffusion of intermediates, for example for A :

As þ *
t Ð *

s þAt ð6Þ

The plausibility of bifunctional activity gains through such
coupling steps is thereby assessed in two ways: 1) a gain
relative to the sum of the activities of the two considered
decoupled catalysts (hereafter denoted as relative bifunc-
tional gain) and 2) a gain relative to the activity of two sites on
the optimal monofunctional catalyst (hereafter denoted as
absolute bifunctional gain).

We first address bifunctionality for the case where both
site types exhibit identical BEP parameters. This situation
would, for example, apply to the literature case of a metal
particle on a metal support,[8,9] assuming that no important
geometrical difference in site type exists between particle and
support. We consider only the difference in adsorption energy
between the two sites as a thermodynamic barrier for the
diffusion step. Any resulting bifunctional gain is then an
upper limit as compared to the situation with additional
kinetic diffusion barriers.

Figure 1a shows the resulting TOF maps for the coupled
and decoupled case, as well as the corresponding relative
bifunctional gain for the first reaction scheme (Eq. (1) and
(3)), when specifically using BEP parameters representative
for the HER on a (111) metal facet from Ref. [19]. In the
decoupled case, the variation of the adsorption energy of A

Figure 1. TOF maps for the bifunctionally coupled (left) and decoupled (center left) reaction scheme shown in Eq. (1) and (3), the relative
bifunctional gain, Grel (center right), defined as the ratio of the coupled to the decoupled TOF, as well as the free energy diagram for the point
marked with an X in the TOF maps (right). In the diagrams, the decoupled pathways on the reactive s site (green solid line), the noble t site (red
solid line), and the endergonic (black dashed line) and exergonic (blue dashed line) diffusion pathways are shown. The numbers refer to the
individual reaction steps: [1] and [2]: Adsorption of A on s and t sites, respectively. [3] and [4]: Desorption of A2 on s and t sites, respectively. [5]
and [¢5]: Diffusion of A from an s to a t site and from a t to an s site, respectively. The three cases correspond to a) identical BEP parameters on
the two sites representative for the HER on a (111) metal facet, b) identical BEP parameters on the two sites corresponding to the largest relative
bifunctional gain found when varying the BEP parameters, and c) different BEP parameters on the two sites, where the b value for A2 desorption
(A adsorption) on the s (t) site has been raised by 0.5 eV with respect to the parameters representative for the HER. The values of the BEP
parameters used in each case are indicated to the left.
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gives rise to identical one-dimensional volcano plots for the
s and t sites, where too weak binding (very noble site) or too
strong binding (very reactive site) of A leads to low TOFs.
Intriguingly, this is hardly changed through the introduction
of the diffusional coupling step, that is, the coupled case leads
to a TOF map that is completely identical to the decoupled
one, except for a tiny rela-
tive bifunctional gain at the
point marked with an X (see
also the identical symmetry-
related gain on the opposite
side of the diagonal, which is
not hidden by the X). The
far right panel in Figure 1a
shows the free energy dia-
gram for the two decoupled
and two diffusion-coupled
pathways at this point in
descriptor space. The tiny
gain arises from the ender-
gonic diffusion pathway
shown in black. There are
two requirements for
obtaining a bifunctional gain from this pathway: First, the
rate-limiting step on the reactive s site must be A2 desorption,
whereas on the noble t site, it must be A adsorption. Only in
this case can the coupled pathway, which avoids both of these
steps, give rise to a larger rate than achieved by any of the two
decoupled catalysts individually. Second, the diffusion step
must not limit the rate of the coupled pathway with respect to
the decoupled pathways, that is, EA

t ¢ EA
s cannot be too high.

The failure to simultaneously fulfill these two requirements is
what limits the gain to the tiny area of descriptor space in
Figure 1a.

To generalize this concept to other reactions, we stick to
identical BEP parameters for the two sites, but let the values
vary within the ranges observed for real reactions as outlined
in Section S2. Figure 1b summarizes the results for those BEP
parameters for which the highest relative bifunctional gain
was identified in this search. It is seen that a relative gain of up
to a factor of 105 is now possible in certain areas of descriptor
space. Again, the gain arises from the endergonic diffusion
pathway, which for these special values of BEP parameters
has a maximal efficiency with low energy barriers for A
adsorption on the reactive s site and A2 desorption from the
noble t site, as compared to A adsorption on the noble t site
and A2 desorption from the reactive s site. This is generally
the case for large a values. Low BEP a parameters can also
give rise to concomitant bifunctional gains (not shown), which
then arise from the exergonic diffusion pathway. However, in
both cases, these special values of the BEP parameters are at
the boundaries of the values observed for real reactions. On
top of this, as seen in Figure 1b, the largest relative gains are
limited to areas of descriptor space where the TOF for the
decoupled catalyst is already extremely low, in this case only
about 10¢10 s¢1. Thus the practical catalytic relevance of such
relative gains is expected to be low as the absolute catalytic
activity of the coupled catalyst system is still far inferior to the
optimum monofunctional catalyst.

For the second reaction scheme (Eq. (2)–(4)), we qual-
itatively obtained the same findings as for the first reaction
scheme (Eq. (1) and (3)). Figure 2 shows the TOF maps and
the relative bifunctional gains when specifically using the
BEP parameters representative for NO decomposition on
a metal(111) facet.[20] Even though huge relative bifunctional

gains can again be found towards the extreme regions of
descriptor values, they nevertheless still correspond to an
insignificant absolute catalytic activity (compare the left and
middle panels). We note that our findings are expected to
hold also for high coverages where lateral interactions
become significant, as such interactions typically do not
change the BEP relations, but merely lead to a shift in the
adsorption energies.

From the analysis to this point, the real virtue of
bifunctionality could at best arise from catalysts exhibiting
two site types that do not follow the same BEP relations. This
could be the case for sites located on different geometric
facets of a metal particle, or one site could be located on
a metal particle and the other site on a non-metal support
material. However, not just any difference in the BEP
parameters will result in a gain. Analogously to the special
values of BEP parameters behind Figure 1b, the difference in
BEP parameters between the two sites should favor one
reaction step on the s site and another reaction step on the
t site. The most effective way of obtaining this is by introduc-
ing a difference in the BEP b parameters in an opposite
fashion on the two sites: Db ¼ bs

A ¢ bt
A ¼ bt

A2
¢ bs

A2
. Figure 1c

illustrates this for Db = 0.5 eV, that is, the b value for A2

desorption (A adsorption) on the s (t) site has been raised
by 0.5 eV. The maximum relative bifunctional gain obtained
for this case is roughly similar to the gain obtained with
identical (special) BEP parameters on the two sites (compare
Figure 1b,c). However, in Figure 1c, the gain is now located
near the area of maximum catalytic activity of the decoupled
catalyst, meaning that in this case an absolute bifunctional
gain relative to the decoupled catalyst is achieved. Such gains
are therefore much more interesting than those observed for
identical BEP parameters on the two sites. In the illustrated
case for Db = 0.5 eV, the absolute bifunctional gain is around
a factor of 600. The gain is observed to grow roughly
exponentially with the value of Db (not shown), as the b value

Figure 2. Coupled (left) and decoupled (center) TOF maps and the relative bifunctional gain, Grel, (right) for
the reaction scheme shown in Eq. (2)–(4) using BEP parameters and a reaction enthalpy representative for
NO decomposition on a metal(111) facet from Ref. [20]. For the adsorption energies on the t site, values
representative for Ag were used.
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adds directly to the activation barrier for the reaction step. An
absolute bifunctional gain can also be achieved by modifying
the BEP a parameters (see Figure S1). However, we find the
effect of varying the a parameters within the ranges observed
for real reactions to be much smaller than the effect of varying
the b parameters.

Having generically established that an opposite variation
in the BEP b parameters is the most effective way of
achieving an absolute bifunctional gain, we proceeded to
consider an explicit example where this required variation is
found on different facets of transition-metal surfaces, namely
ammonia synthesis combining (211) steps with (111) terraces.
Here, the b value for N¢N bond breaking is 0.56 eV lower on
the step, whereas the b values for the hydrogenation steps are
between 0.29 eV and 0.42 eV lower on the terrace.[15,20]

Figure 3 shows the TOF maps and the bifunctional gain

resulting from a detailed microkinetic model employing these
parameters and considering diffusional coupling between the
two facets (see also Section S3). The absolute bifunctional
gain found for this system is only about a factor of 1.1 and
therefore much lower than the gain found for the model
reaction. On both sites, the rates of the decoupled pathways
are predominantly controlled by N2 splitting (high descriptor
values), and only for EN

s < ¢1:2 eV and EN
t < ¢2 eV, they are

controlled by a hydrogenation step (NH2 hydrogenation).
Furthermore, for EN

s < ¢1:2 eV, the endergonic diffusion
pathway, which gives rise to the absolute bifunctional gain by
diffusion of N from the s to the t site, becomes rate-limited by
the diffusion step. This means that the areas of descriptor
space where the two sites have a different rate-limiting step
and where the bifunctional efficiency is not limited by the
diffusion step (which, as discussed above, is a requirement for
achieving even a relative bifunctional gain) are also very
limited (Figure 3). In the model reaction in Figure 1c, in
contrast, the areas of descriptor space with different rate-
limiting steps are much larger, which allows for much larger
relative (and absolute) bifunctional gains. This illustrates that
large gains can be achieved only if the BEP parameters are
different enough to significantly change the rate-determining
step between the two site types. Specifically, this must occur in
areas of descriptor space where the bifunctional gain is not
diminished by the diffusion step.

Even though ammonia synthesis is an example showing
some of the largest variations in BEP parameters with site
types on metal surfaces, the differences between step and
terrace sites are apparently not pronounced enough to lead to
significant gains. It thus seems that a combination of different
materials such as metals and oxides is required to really make
the case of bifunctionality. This is consistent with multiple
claims in the literature on systems that exploit both diffusion
(spillover) pathways and sites at the interface between metal
particles and oxide supports. For oxides, only very limited
information on BEP parameters is available. Ref. [17] gives
the BEP relations for the reaction steps involved in NO
decomposition on rutile and perovskite surfaces. However,
the coupling of metals with either of these transition-metal
oxides does not result in the required opposite variation
in the BEP parameters: The BEP b values are smaller for all

reaction steps on the oxides.
As expected, no bifunc-
tional gain can then be ach-
ieved (not shown). This
demonstrates that a combi-
nation of different materials
is a necessary, but not suffi-
cient condition to invoke
bifunctionality as an explan-
ation for enhanced catalytic
activity.

In conclusion, we have
employed generic scaling-
relation-based microkinetic
models to investigate diffu-
sionally coupled bifunc-
tional catalysts. As long as

the bifunctionality involves active-site types obeying identical
BEP parameters, we generally find that gains occur only for
particular BEP parameters and, even then, only in uninter-
esting areas of low catalytic activity. The true value of
bifunctionality only emerges when two sites with largely
different BEP parameters are coupled. For such cases,
potentially involving sites at a metal nanoparticle and an
oxide support, our analysis predicts that huge absolute gains
in catalytic activity are possible in principle. However, our
results also demonstrate that any coupling of materials
obeying different BEP parameters is not sufficient for such
a gain. The parameters must vary in a way that makes one
reaction step most favorable on one site type and another
reaction step most favorable on the other site type. This is
achieved most effectively by an opposite variation of the BEP
b parameters on the two site types. The BEP parameters must
thereby be different enough to generate significantly different
rate-limiting steps on the two sites, specifically also in areas of
descriptor space where the diffusion step is favorable enough
to allow for a bifunctional gain.
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