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Abstract

We present a generic analysis of the implicati-
ons of energetic scaling relations on the pos-
sibilities for bifunctional gains at homogene-
ous bimetallic alloy catalysts. Such catalysts
exhibit a large number of interface sites, where
second-order reaction steps can involve interme-
diates adsorbed at different active sites. Using
different types of model reaction schemes, we
show that such site-coupling reaction steps can
provide bifunctional gains that allow for a bi-
metallic catalyst composed of two individually
poor catalyst materials to approach the activity
of the optimal mono-material catalyst. Howe-
ver, bifunctional gains can not result in activi-
ties higher than the activity peak of the mono-
material volcano curve as long as both sites
obey similar scaling relations, as is generally the
case for bimetallic catalysts. These scaling rela-
tion imposed limitations could be overcome by
combining different classes of materials such as
metals and oxides.
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1 Introduction

Bifunctional catalysts, which combine the pro-
perties of two different active sites, have re-
ceived considerable attention as a means to
improve catalytic activities beyond the activi-
ties achievable with traditional monofunctional
catalysts. ™ The properties of monofunctional
transition metal (TM) catalysts have been sub-
ject to extensive theoretical studies over the last
decades. Owing to the discovery of trends in
the binding strengths of reaction intermediates
over the TM series (i.e. scaling relations) enor-
mous progress in the theoretical understanding
of catalysis has been possible.!3 The trends
over the TM series can, for example, be quan-
tified as Brgnsted-Evans-Polanyi (BEP) relati-
onships that relate activation barriers to ther-
mochemical reaction energies, or as thermoche-
mical scaling relations that relate the adsorp-
tion strengths of reaction intermediates to each



other. This progress has enabled a quantitative
understanding of the Sabatier principle, which
states that a high catalytic activity is obtained
by catalysts that provide intermediate adsorp-
tion energies of reaction intermediates, where
binding too strongly limits the catalytic acti-
vity by making it difficult to desorb the pro-
duct species and, vice versa, binding too we-
akly makes the adsorption and activation of re-
actants difficult. In this respect it is thus an
intriguing question whether the limitations po-
sed by the resulting volcano curves on traditio-
nal monofunctional catalysts could be overcome
by bifunctional catalysts, which could provide
a greater flexibility in the adsorption energies
by making use of two active sites.

A recent first-principles microkinetic study on
CO methanation indeed reported certain bi-
metallic catalysts to exhibit activities beyond
the activity peak of the monometallic volcano
curve. 4 For the employed explicit reaction net-
works and active site models, it can, however,
be difficult to disentangle the different contri-
butions to the observed changes in catalytic
activity. In particular, it is difficult to dis-
cern whether the gains arise as a result of a
"truly bifunctional effect" (i.e. multiple cou-
pled active sites in the kinetic model) or as a
result of the binding characteristics of a single
bimetallic active site (i.e. a more favorable BEP
relation providing lower activation barriers at
the bimetallic active site). A way to circumvent
this ambiguity is to make use of simplified mo-
del reaction schemes and active site models in
order to single out the most important general
effects. We recently made use of this strategy
to analyze the bifunctional activity gains achie-
vable from the diffusional coupling of two active
sites. ' It was found that the universality of sca-
ling relations between adsorption energies on
TM surfaces largely prevents any improvements
through bifunctionality. In the present work we
extend our considerations to bifunctional cata-
lysts where the two active sites are neighboring
on an atomic scale. Our previous and present
studies can thus be seen as two limiting cases
of the distribution of the active sites, one limit
being a complete spatial separation with negli-
gible amount of interface sites!® and the other

limit being the perfect mixing with a maximal
number of interface sites (present case). The
present case could be found in practice on ho-
mogeneous bimetallic (alloy) catalysts*>1%17 or
at the interface between metal nanoparticle and
non-metal support.?3!® In addition to diffusion
between the sites, such bifunctional catalysts
allow for a coupling arising from second-order
reaction steps that involve two reaction inter-
mediates adsorbed on different types of active
sites.

When the two active sites obey the same
BEP relations, our analysis reveals such site-
coupling reaction steps as an essential ingre-
dient to reach catalytically relevant bifunctio-
nal gains. However, we show that the activities
reached could also be obtained in a single-site
(monofunctional) kinetic model. To clarify the
use of the term "bifunctionality”, we therefore
propose a novel definition differentiating bet-
ween (i) "energetic bifunctionality" (the acti-
vities achieved by the coupling of two active
sites could equally well be obtained in a single-
site kinetic model employing the BEP relations
obeyed by the bifunctional active site and the
optimal single-site adsorption energies) and (ii)
"kinetic bifunctionality" (the activities achieva-
ble are "truly bifunctional effects" which arise
from the kinetic coupling of two active sites and
could not be obtained in a single-site kinetic
model).

2 Theory

2.1 Reaction models

We base our analysis on three generic reaction
schemes, which each are rate-limited by one
adsorption and one or two reaction-desorption
steps. Scheme 1 considers a first-order ad-
sorption step of a single adsorbate A onto an
active site s, which is followed by a second-order
reaction-desorption step.

A(g) +*y 7= 4,
2As : 2*5 + AQ(g)

Scheme 1: Describes e.g. the hydrogen evolu-
tion reaction.



Schemes 2 and 3 consider a second-order ad-
sorption step leading to two reaction interme-
diates A and B at the surface. For scheme 2
the reaction-desorption steps of A and B are
considered to be second order.

AB(g) + 2+, — A, + B,
2As N 2*5 + AQ(g)
QBS N 2*5 + BQ(g)

Scheme 2: Describes e.g. NO decomposition.

For scheme 3 the reaction-desorption steps of
A and B are instead considered to be first order.

AB(g)+2*s:\As+Bs
A, — x,+ Ag)
B — *,+ B(g)

Scheme 3: Describes e.g. CO methanation.

Table 1 illustrates possible mappings between
these simple reaction schemes and real reacti-
ons. If A(g) represents a solvated proton and
electron and Ay(g) represents Ha(g), scheme 1
directly describes the hydrogen evolution re-
action (HER). Similarly, if AB(g) represents
NO(g), As(g) represents Na(g) and Ba(g) re-
presents Oq(g), scheme 2 describes NO decom-
position. However, under suitable assumptions
concerning the rate-limiting steps, more com-
plex reaction networks such as CO methanation
can also be approximated by a simpler reaction
scheme. In the mapping of scheme 3 to CO met-
hanation several reaction steps, for instance the
four hydrogenation steps required to form CHy
from C, have been considered as one hypotheti-
cal reaction-desorption step. Such mappings of
several reaction steps to one hypothetical step
have been considered previously in the litera-
ture,® and are consistent with the “lumped ki-
netic model” approach that is commonly used in
kinetic modeling.?® It has also been shown that
the trends over the TM series for the hypothe-
tical one-step hydrogenation reaction of C, O,
or N to form CH4, H,O, or NHj, respectively,
could indeed be described by a single, generic
BEP relation.'® This finding justifies our ap-
proach based on a single BEP relation for each
reaction step in the reaction scheme (vide infra)
also for the case of more complex reactions.

Scheme 3 can thus be seen as a simplified mo-
del for CO methanation, for which bifunctional
gains have been reported in previous work. !
The three schemes differ from each other in two
important aspects; (i) the order of the reaction
steps and (ii) the number of reaction intermedi-
ates (only A or both A and B). The comparison
of scheme 1 and 3 enables assessment of the ef-
fect of going from one to two reaction intermedi-
ates with the concomitant increase from two to
four degrees of freedom spanned by the adsorp-
tion energies of the reaction intermediates on
the two sites of the bifunctional catalyst (vide
infra). In addition, the comparison of scheme
2 and 3 allows analysis of the effect of going
from reaction steps of both first and second or-
der (scheme 3) to only reaction steps of second
order (scheme 2). The conclusion of this com-
parison is that as long as a second-order step
involving two different reaction intermediates A
and B is included in the reaction scheme, the or-
der of the remaining steps seems unimportant.
The overall conclusions derived from our study
are therefore expected to apply quite generally
to various types of reaction models; thus, these
conclusions are expected to have general impli-
cations for the concept of bifunctionality as a
whole.

2.2 Microkinetic modeling

The approach described below is identical to
the approach followed in our previous publica-
tion.!? Tt is repeated here for ease of reading.

The microkinetic models are solved at steady
state in the mean-field approximation using the
CatMAP software package.?! The rate equati-
ons for elementary processes i — 7 take the
form

kgT Gfﬂtj
Tisj = o exp(

) [T e I ©-

PLED: [SIASICH
(1)

where kg is the Boltzmann constant, 71" is the
temperature, h is Planck’s constant, AGY<; is
the activation free energy of the elementary pro-
cess i — J, px is the gas pressure of species k
in the initial state ¢, and Oy the corresponding

coverage. Without loss of generality, the results



Table 1: Examples of possible mappings between model and real reaction schemes. For the more
complex reaction scheme 3 (CO methanation), several reaction steps have been considered as one
hypothetical step as described in the text and Hs is assumed to react directly from the gas phase.
In Sec. S3 it is shown that the latter assumption does not influence the conclusions regarding the

possibilities for bifunctional gains.

‘ Reaction order ‘

Reaction scheme

‘ Example ‘

(1)

1 Ag) + x, = A,
2 2A, = A,(g) + 2%,

Hydrogen evolution reaction
e (aq) +p'(aq) + x, = H,
2H, = H,(g) + 2%,

(2)

NO decomposition

2 AB(g) + 2%, == A, + B, | NO(g) + 2%, == N, + O,

2 2As = 2*5 + A2(g) 2Ns — 2*s + NQ(g)

2 2Bs S 2*5 + BQ(g) 205 — 2>ks + OQ(g)
(3) CO methanation

2 AB(g) 4+ 2%, — A  + B, CO(g) + 2* — C,+ OS

will specifically be presented for T'= 500 K and
gas pressures of 1 bar. The entropy parts of
the activation free energies are then calculated
using a typical gas-phase entropy of 0.002 eV /K,
and zero-point vibrational energies and vibrati-
onal entropies of intermediates are neglected.
The enthalpy parts of the activation free ener-
gies of individual reaction steps, AEfﬁtJ, are as-
sumed to follow BEP relations of the form

Ezaitj - AEi_>j + B . (2)
The reaction energies, AE; ,;, depend on the
gas-phase enthalpies, where we choose the re-
ferences (i.e. an enthalpy of 0eV) to A(g) and
B(g) (scheme 1 and 3) and As(g) and Bs(g)
(scheme 2). For scheme 1 the enthalpy of A(g)
is, again without loss of generality, fixed to
—2¢eV, which ensures that the overall reaction
is downhill in free energy by 1eV. For scheme
2 the enthalpy of AB(g) is set to the value re-
presentative for NO decomposition (0.905€V)
from Ref.,?? while for scheme 3 the enthalpy of
AB(g) is set to 1eV, ensuring that the overall
reaction is downhill in free energy by 2eV.
Owing to the use of BEP relations, reaction
scheme 1 effectively has only one free parame-
ter (or descriptor) that covers the entire de-
pendence on the actual catalyst used, namely
the adsorption energy of reaction intermediate

A, EA. In case of scheme 2 and 3, this de-
pendence extends to two free parameters, B4
and the adsorption energy of reaction inter-
mediate B, EZ.  We consider a range bet-
ween —4eV (strongly exothermic adsorption)
and +4eV (strongly endothermic adsorption)
for these parameters, such that plots of the tur-
nover frequency (TOF) as a function of these
adsorption energies will lead to the well-known
volcano plots in the monofunctional case.

2.3 Bifunctional model

To describe a bifunctional catalyst we extend
schemes 1-3 to two hypothetical site types s
and ¢. In our previous work we considered a
coupling of the two sites exclusively through
diffusion of reaction intermediates, e.g.

As+*t:*s+At . (3)

In this case, there was no need to explicitly con-
sider scheme 3, as it does not add to the indi-
vidual results found for the first- and second-
order reactions in schemes 1 and 2. In this work
we now additionally consider a coupling of the
two sites through second-order reaction steps
like

AB(g) +*,+x,— A, + B, . (4)



Such a coupling is only possible when the two
sites s and ¢ are immediately neighboring on
the atomic scale and we will refer to such steps
as site-coupling steps from now on.

For diffusional coupling we consider only the
difference in adsorption energy between the two
sites as a thermodynamic barrier for the diffu-
sion step. Any resulting bifunctional gain is
then an upper limit as compared to the situa-
tion with additional kinetic diffusion barriers.
For the bifunctional model representing active
sites that are neighboring on the atomic scale,
we specifically consider a random spatial dis-
tribution of the two site types s and ¢ and ap-
ply the corresponding normalization to the rate
constants of individual reaction pathways (cf.
Sec. S1). This bifunctional model could repre-
sent a homogeneous bimetallic catalyst as sug-
gested in Refs.*?

We will assume that the two sites s and ¢ fol-
low identical BEP relations. This conveys the
assumption that the two site types are of simi-
lar geometry, such that only electronic changes,
e.g. charge transfer between the constituents or
changes in bond length (the ligand effect?32*),
occur in the alloy. It has been shown that the ef-
fect of the electronic changes in alloys on the ad-
sorption energies of reaction intermediates can
be predicted by the position and shape of the
d-band.?® The latter is the physical origin of
the observed trends over the TM series quanti-
fied by the scaling relations. Correspondingly,
alloys and pure metals have indeed been valida-
ted to follow the same BEP relations for several
reactions. 26728

The plausibility of bifunctional activity gains
through both kinds of coupling is assessed in
two ways: 1) a gain relative to the sum of the
activities of the two considered decoupled cata-
lysts (hereafter denoted as relative bifunctional
gain) and ii) a gain relative to the activity of
two sites on the optimal monofunctional cata-
lyst (hereafter denoted as absolute bifunctional
gain).

3 Results

We begin by addressing reaction scheme 1 and
BEP parameters representative for the HER on
metal(111) facets from Ref.? Fig. 1 shows the
resulting TOF maps for (a) coupling by diffu-
sion only,'® which represents spatially separa-
ted active sites, and (b) coupling by additio-
nally allowing for site-coupling reaction steps,
which represents active sites that are homoge-
neously distributed on the atomic scale. The
decoupled TOF maps (center left plots) are, of
course, identical for the two cases. Considering
the variation of the TOF with H adsorption on
one site, while keeping the H adsorption energy
on the other site fixed, leads to the familiar
one-dimensional (1D) volcano plots (each ap-
pearing as a stripe in 2D). These volcano plots
are identical for the s and the ¢ site, which is
a mere consequence of the assumption of iden-
tical BEP parameters on the two sites. The
1D volcano plots illustrate the Sabatier princi-
ple quantified by the BEP relations, where the
optimum catalytic activity is found for an in-
termediate adsorption energy of H.

The relative bifunctional gain is defined as the
ratio of the coupled to the decoupled TOF and
is quantified in the center right plots. For dif-
fusional coupling (cf. Fig. 1(a)) only a tiny re-
lative bifunctional gain at the descriptor point
marked with an X is observed (see also the iden-
tical symmetrically related gain on the opposite
side of the diagonal, which is not hidden by the
X). The inclusion of site-coupling reaction steps
allows instead for much larger relative gains (cf.
Fig. 1(b)). It should be noted, though, that the
observed gains would be of insignificant practi-
cal catalytic relevance, since the best obtained
TOFs in the coupled case are still many orders
of magnitude lower than the TOF of the opti-
mal monofunctional (decoupled) catalyst. The
greater relative bifunctional gains observed in
Fig. 1(b) can be explained from the free energy
diagrams for the descriptor points marked with
an X (right plots), where the relative bifunctio-
nal gains arise from the coupled pathways mar-
ked with dashed black lines. In contrast to
diffusional coupling only, the inclusion of site-
coupling reaction steps allows for the advanta-
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Figure 1: TOF maps for the model representing the HER on a (111) metal facet (scheme 1, BEP
parameters from Ref.??) for the bifunctionally coupled (left) and decoupled (center left) model, the
relative bifunctional gain, G, (center right), defined as the ratio of the coupled to the uncoupled
TOF, as well as the free energy diagram for the point marked with an X in the TOF maps (right).
Contrasted are (a) coupling by diffusion only and (b) additional coupling by site-coupling reaction
steps. The free energy diagram shows the decoupled pathways on the reactive s site (green solid
line), on the noble ¢ site (red solid line) and the coupled pathway (black dashed line) responsible
for the bifunctional gain. The numbers refer to the individual reaction steps: 1 (2) H adsorption on
the s (t) site, 3 (4) Hy desorption from the s (t) site, 5 diffusion of H from s to ¢ site, 6 site-coupling
reaction of H on s site and H on ¢ site to desorb as H.

geous Hs desorption step involving a strongly
bound H atom at the more reactive s site and a
weakly bound H atom at the more noble ¢ site,
instead of either two strongly bound H atoms
(green pathway, s site exclusively) or two we-
akly bound H atoms (red pathway, ¢ site exclu-
sively). As discussed in Sec. S2 and illustrated
in Fig. S1, identical conclusions can be made
when instead considering a more representative
temperature for electrochemical hydrogen evo-
lution of T" = 300 K.

Next, we move to reaction scheme 2 and BEP
parameters representative for NO decomposi-
tion on a (111) metal facet from Ref.?? As be-
fore we contrast in Fig. 2 the TOF maps for (a)
coupling by diffusion only and (b) coupling by
additionally allowing for site-coupling reaction
steps. For scheme 2 the adsorption energies of
the two intermediates A and B on the two sites
of the bifunctional catalyst span four dimensi-
ons, which makes it impossible to visualize all
degrees of freedom in a 2D plot. In Fig. 2 we
have chosen the adsorption energies of N and

O on the s site as descriptors, while the ad-
sorption energies on the ¢ site are fixed to the
values representative for Ag. For the bifunctio-
nal catalyst coupled by diffusion only (cf. Fig.
2(a)), relative gains are again possible, but as
for scheme 1 the TOFs achieved in the coupled
case are always many orders of magnitude lower
than the TOF of the optimal monofunctional
catalyst. These relative gains are therefore not
of practical catalytic relevance, consistent with
the conclusions of Ref.!?

For the bifunctional catalyst additionally cou-
pled by site-coupling reaction steps (cf. Fig.
2(b)), much more relevant gains are possible.
The combination of the descriptor point repre-
senting Ag on the t site with the descriptor
point representing the hypothetical metal mar-
ked with an X on the s site allows for a rela-
tive bifunctional gain that makes the coupled
TOF approach the TOF of the optimal mono-
funtional catalyst. It thus becomes possible to
combine two active sites that each have very
poor catalytic properties to achieve a bifuncti-
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Figure 2: As Fig. 1, but for the model representing NO decomposition on a (111) metal facet

(scheme 2, BEP parameters from Ref.??).

For the adsorption energies on the ¢ site the values

representative for Ag are used. Contrasted are (a) coupling by diffusion only and (b) additional
coupling by site-coupling reaction steps. The numbers in the free energy diagrams refer to: 1 (2)
NO dissociation on the hypothetical metal marked with an X in the TOF maps (on Ag), 3 (4) Ny
desorption from X (from Ag), 5 (6) Oy desorption from X (from Ag), 7 diffusion of O from X to
Ag, 8 site-coupling dissociation of NO with N adsorbing on X and O adsorbing on Ag. The dashed
white line in the TOF maps is a linear fit to the descriptor points representing the elemental metals

(see text).

onal catalyst that is as active as the optimal
monofunctional catalyst. The reason for this
behavior is clearly seen in the free energy dia-
grams (right plots): The bifunctional catalyst
in Fig. 2(b) employs the site-coupling reaction
step for NO adsorption, where N adsorbs on the
s site (hypothetical metal X') and O adsorbs on
the ¢ site (Ag). Since the X descriptor point is
located near the optimal N adsorption energy,
while Ag is located near the optimal O adsorp-
tion energy, the bifunctional catalyst effectively
employs optimal adsorption energies of N and O
similar to the adsorption energies employed by
the optimal monofunctional catalyst. This si-
tuation avoids high barriers for the adsorption
and the desorption steps and leads to a TOF
comparable to the optimal monofunctional ca-
talyst.

The comparison of reaction scheme 1 and 2
up to this point has revealed that much greater
possibilities for catalytically relevant bifunctio-
nal gains are found in scheme 2 as compared to
scheme 1. The question thus naturally arises,
whether these differences are caused by (i) the

larger number of second-order reaction steps in
scheme 2, which could increase the possibilities
of benefiting from site-coupling reactions steps,
or (ii) the larger flexibility in the adsorption
energies in scheme 2, which contains two re-
action intermediates A and B instead of only
A. In order to disentangle these two effects, we
next consider reaction scheme 3 and BEP para-
meters representative for the simplified model
for CO methanation from Ref.'® discussed in
Sec. 2.1. Note that scheme 1 is the reverse of
scheme 3 for the case when the two interme-
diates A and B are identical, and that scheme
1 and 3 therefore contain the same number of
second-order reaction steps, implying that dif-
ferences between the two models arise from the
fact that scheme 3 includes two different inter-
mediates.

The results for scheme 3 are shown in Fig. 3,
where we have chosen the adsorption energies
of C and O on the s site as descriptors, while
the adsorption energies on the t site are fixed
to the values represented by the white dot mar-
ked Y. Similar to the conclusions reached for
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desorption from X (from Y'), 7 diffusion of O from X to Y, 8 site-coupling dissociation of CO with
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scheme 2, it is seen that the inclusion of site-
coupling reaction steps allows for the coupling
of two active sites that individually exhibit poor
activities (white dot Y and black X) to reach
activities that are as high as for the optimal
monofunctional catalyst. The important diffe-
rence between scheme 1 and 2 is thus not rela-
ted to the order of the involved reaction steps,
but to the greater flexibility in adsorption ener-
gies when the reaction scheme includes two re-
action intermediates instead of only one. Since
the mapping of scheme 3 to CO methanation
involves the approximation that hydrogen re-
acts directly from the gas phase, we repeat the
analysis without this approximation in Sec. S3,
reaching the same conclusions.

Finally, we comment upon the choice of the
adsorption energies on the ¢ site in Fig. 2 and
Fig. 3. These descriptor points have been cho-
sen to illustrate the possibilities of relative bi-
functional gains in the best case, where one of
the two adsorption energies on the t site (e.g.
the O adsorption energy in scheme 2) corre-
sponds to the optimal adsorption energy of the
monofunctional catalyst. Correspondingly, the
maximum relative gains arise when the other
adsorption energy on the s site (e.g. the N ad-
sorption energy in scheme 2) also corresponds
to the optimal adsorption energy of the mono-
functional catalyst. However, this only works
for a choice of adsorption energies on the ¢ site
corresponding to the optimal monofunctional
value for one species and a value that is higher
(more endothermic adsorption) than the opti-
mal value for the other species. As discussed in
Sec. S4 and illustrated in Fig. S3, the bifuncti-
onal gains achievable through site-coupling re-
action steps vanish when instead choosing ad-
sorption energies on the ¢ site corresponding to
the optimal monofunctional value for one spe-
cies and a value that is lower (more exothermic
adsorption) than the optimal value for the other
species.

4 A critical perspective

It is important to stress that our approach ba-
sed on simple reaction schemes seeks to define

trends, rules, and limitations rather than ma-
king concrete predictions regarding the activi-
ties of specific bifunctional catalysts. Conside-
ring the results presented for scheme 2 in Fig.
2, one should note that it seems unlikely that
the hypothetical metal X, for which we pre-
dict the largest bifunctional gains, really exists.
When further inspecting the descriptor points
representing the elemental TMs in Fig. 2, it is
indeed observed that they obey a scaling rela-
tion between the adsorption energies of N and
O (white dashed line). To this relation, point
X would be an unrealistic outlier. In compari-
son, the scaling between C and O adsorption
energies on TMs is less pronounced.®® Thus,
reactions involving these species might benefit
from a greater flexibility in the adsorption ener-
gies and from the resulting lesser limitations
to the extent of the 4D descriptor space open
for exploration by the combination of promi-
sing elemental metals. Notwithstanding, when
forming an alloy between two metals, the ca-
talytic properties of the alloy constituents are
generally affected by the electronic changes in
the alloy. This could alter the adsorption ener-
gies as compared to the pure metal values that
have been used in Fig. 2 to illustrate the general
effect. While thus not meant to provide insight
into bifunctional gains achievable by specific sy-
stems, the essential message of our study is that
homogeneous bimetallic alloys should be much
better candidates for efficient bifunctional cata-
lysts than segregated bimetallic catalysts with
only a low number of interface sites and a cou-
pling that would predominantly be a result of
diffusion.

However, it is also important to stress that
the predicted achievable bifunctional gains are
even for the case of site-coupling reactions still
only relative. In other words, the activities of
the bifunctional catalysts at no point in des-
criptor space exceed the activity of the optimal
monofunctional catalyst. Performing a global
search in the entire descriptor and BEP para-
meter space for both reaction scheme 1 and
2, cf. Sec. S5, we find this to hold true for
any set of BEP parameters. This is not sur-
prising, since the optimal monofunctional cata-
lyst already employs optimum adsorption ener-



gies to take advantage of the best possible re-
action pathway permitted by the BEP parame-
ters for the reaction. We thus arrive at a rat-
her limited perspective on bimetallic catalysts
in the context of bifunctionality. This makes
it imperative to distinguish between alloys that
behave as a relatively homogeneous new me-
tal and alloys that keep, or even enhance, the
distinctive catalytic properties of the constitu-
ents.?* The catalytic properties of the first type
of alloys are an interpolation of those of the
constituent metals. Of course, such interpola-
tion aiming to reach the optimal monofuncti-
onal adsorption energies can and has already
been successfully exploited even in commercial
catalysts. 267283133 Yet, only the latter type of
alloy, which provides two distinctive active si-
tes, could be considered a bifunctional catalyst.
From our analysis it is clear that the only me-
chanism by which such alloys can achieve a gain
over catalysts made from pure metals is still
only through the mixing of the properties of two
metals in second-order reaction steps involving
two different adsorbates A and B.

The maximal catalytic activity could thus
just as well be captured in a single-site kine-
tic model employing the same BEP relations
as the bifunctional kinetic model and the opti-
mal single-site adsorption energies for A and B.
This type of bifunctionality thus corresponds to
our definition of "energetic bifunctionality" as
discussed in the introduction. The specific diffe-
rence between the well-known ligand effect and
energetic bifunctionality is that the ligand ef-
fect is a "single-site" effect that occurs through
ligand-induced changes to the electronic struc-
ture of a single active site, whereas bifunctional
catalysts utilize two sites. When considering a
second-order reaction step involving two adsor-
bates A and B, catalyst optimization through
the ligand effect attempts to optimize the ad-
sorption energies of both A and B at the single
active site, whereas bifunctional catalysts at-
tempt to optimize the adsorption energy of A
at one site type and the adsorption energy of B
at the other site type. The "energetic bifuncti-
onality" concept thus allows for more flexibility
in the adsorption energies. Specifically, every
site is only required to have the optimal ad-
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sorption energy for one species (in contrast to
both species simultaneously), which might be
easier to achieve in practice.

Finally, we discuss how our results can be re-
lated to more detailed mechanistic studies on
bimetallic catalysts such as the recent work
on CO methanation over bimetallic catalysts !4
mentioned in the introduction. In Ref.!* the
active site model consists of a stepped surface,
where the upper and lower step is made up of
different metals A and B. This model thus
offers the possibility for site-coupling reaction
steps for e.g. CO dissociation, where one in-
termediate binds to metal A at the lower step
and the other intermediate binds to metal B at
the upper step. The finding that certain bime-
tallic catalysts, e.g. Ru-Re, Cu-Pt, and Cu-Re,
can achieve activities higher than the optimal
monofunctional catalyst (cf. Fig. 4 in Ref.'?)
is thus at variance with our finding that ab-
solute bifunctional gains are not possible. The
most obvious explanation for this discrepancy is
that the bimetallic catalysts explored in Ref. !4
do not fulfill the assumption made in our study
that the alloys follow the same BEP relations as
the pure TMs. Indeed, a closer inspection of the
BEP relation for one of the rate-determining
steps (CO dissociation, cf. Fig. 5(b) in Ref.!*),
reveals that the bimetallic catalysts, for which
activities higher than the optimal monofuncti-
onal catalyst were found, are outliers that seem
to follow a BEP relation with the same slope
but about 0.5eV lower offset than the BEP re-
lation followed by the elemental TMs. In order
words, the barriers for CO dissociation for the
alloys are consistently 0.5€eV lower than for the
elemental TMs. In order to assess the general
effect of such deviations from the BEP relati-
ons, we show in Fig. 3(c) the results for our sim-
plified CO methanation model when employing
a BEP relation with a 0.5eV lower offset for
site-coupling dissociation of CO as compared to
the dissociation of CO exclusively occuring on
s or t sites. As expected, the coupled catalyst
can now achieve activities higher than the op-
timal monofunctional catalyst, i.e. an absolute
bifunctional gain of the coupled catalyst over
the decoupled catalyst can be found. However,
the increased activity is not a result of "kinetic



bifunctionality" (cf. our definition in the intro-
duction), since an equivalent activity is possible
in a monofunctional model employing the BEP
relations valid for the interface sites and the op-
timal single-site adsorption energies (cf. Sec. S6
and Fig. S4). The absolute bifunctional gain in
Fig. 3(c) is about a factor of 30, which is com-
parable to the gains found in Ref.!* The rather
low absolute gain reflects the fact that not only
the CO dissociation step, but all three reaction
steps in the kinetic model, are rate-limiting near
the top of the monofunctional volcano. Larger
gains could be expected if also the other re-
action steps in the kinetic model would follow
more favorable BEP relations at the interface.
A further point to notice is that no attempt
was made in Ref.!* to assess the stability of the
employed bimetallic catalysts. It is thus possi-
ble that the more favorable BEP relation follo-
wed by some of the bimetallic catalysts is cau-
sed by a poor or unstable atomic-scale model of
the interface, since unstable active sites will in
general be more reactive. On the other hand, it
is well-known that BEP relations are not exact,
and the search for favorable outliers has indeed
been suggested as a possible catalyst discovery
strategy.3* Whereas the deviations from BEP
relations found for TMs and their alloys are ty-
pically rather small, this might not necessarily
be the case when combining different classes of
materials such as metals and oxides. One could
therefore imagine that enhanced possibilities for
overcoming the limitations posed by the mono-
functional (TM only) volcano curve could be
found at interface sites between metal particles
and oxide supports. Indeed, the favorable ca-
talytic properties of such interface sites have
already been discussed in the literature. 2318
The combination of different classes of mate-
rials was also suggested in our previous work as
a viable strategy for designing diffusionally cou-
pled bifunctional catalysts.'® Here we identi-
fied large absolute bifunctional gains when two
active sites s and t follow different BEP relati-
ons that vary from each other in a way that ma-
kes one reaction step most favorable on one site
type and another reaction step most favorable
on the other site type. These gains could not be
achieved in a single-site kinetic model and are
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thus an example of "kinetic bifunctionality". In
contrast, for the absolute gain found in the pre-
sent work as a result of site-coupling reactions
at interfaces, we showed that the same activity
could be achieved in a single-site kinetic model,
as long as the model employs the BEP relations
valid for the interface sites. Such an interface
site could thus just as well be considered an
optimized monofunctional site in a single-site
kinetic model and the gains achievable are thus
a result of "energetic bifunctionality”.

5 Conclusions

In conclusion, our analysis of homogeneous bi-
metallic catalysts has shown that much lar-
ger relative bifunctional gains can be achie-
ved for sites that are neighboring on the ato-
mic scale. Such sites provide for site-coupling
second-order reaction steps, as compared to
spatially separated active sites which only al-
low for coupling by diffusion. The way that ho-
mogeneous bimetallic alloys, which contain dis-
tinct, neighboring adsorption sites, reach acti-
vities approaching those of the optimal mono-
functional catalyst is similar to the way alloys
function, which provide a single adsorption site
with adsorption energies interpolating those of
the constituent metals. In essence, the deciding
factor is the additional flexibility in the adsorp-
tion energies provided by both types of alloys,
which in turn allows to approach the adsorption
energies employed by the optimal monofuncti-
onal catalyst.

Our analysis has shown that the greatest pos-
sibilities for approaching optimal monofunctio-
nal activities for these homogeneous bimetal-
lic alloys is obtained when the reaction scheme
includes (at least) two reaction intermediates
and a second-order rate-limiting reaction step
involving an AB species as given in Eq. 4, whe-
reas the order of the remaining reaction steps
in the reaction scheme seems unimportant. In
this case, large relative gains were found for
bifunctional catalysts, where one site employs
the optimal monofunctional adsorption energy
for species A and a higher (more endothermic)
adsorption energy for species B, while the ot-



her site employs the optimal monofunctional
adsorption energy for species B and a higher
(more endothermic) adsorption energy for spe-
cies A. We observed, though, that in real sys-
tems the adsorption energies of the two species
A and B could be related to each other through
an approximate scaling relation. This could set
limitations to the extent of descriptor space ac-
tually accessible by real alloys.

Using global optimization techniques, we have
shown in general that no absolute bifunctional
gains can be achieved as long as the alloys fol-
low the same BEP relations as the pure metals.
However, if interface sites following more favo-
rable BEP relations could be identified, abso-
lute gains resulting in activities higher than the
peak of the monofunctional volcano curve could
be expected. To identify such favorable inter-
face sites, we generally suggest that the combi-
nation of different classes of materials such as
oxides and metals will be a promising strategy
to overcome the limitations posed by the BEP
relations on TMs and their alloys. Such mate-
rial combinations might also help to overcome
the limitations posed by the approximate sca-
ling relations identified between for instance N
and O on TMs.

When the bifunctional gains arise from an in-
terface site, whether or not this site obeys a
more favorable BEP relation than the mono-
functional sites, it can be expected that the
activities achievable could also be captured in a
single-site kinetic model making use of the BEP
relation valid for the interface site and the op-
timal single-site adsorption energies. We have
proposed the term "energetic bifunctionality"
for such bifunctional gains. In contrast, we re-
serve the term "kinetic bifunctionality" to the
cases where the bifunctional activities achieva-
ble can not be captured in a single-site kinetic
model, such as the diffusional coupling of two
sites following different BEP relations.

Supporting Information Avai-
lable

Supporting Information. Normalization of rate
constants, results for reaction scheme 1 at T =
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300K, more detailed reaction model for CO
methanation, dependence of relative bifuncti-
onal gain on choice of descriptor points, global
optimization, single-site kinetic model of an in-
terface site obeying a more favorable BEP re-
lation, CatMAP scripts used to generate the
figures. This material is available free of charge
via the Internet at http://pubs.acs.org.
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