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Heterogeneous Catalysis Hot Paper

Going Beyond Silver in Ethylene Epoxidation with First-Principles
Catalyst Screening

Matej Huš,* Miha Grilc, Janvit Teržan, Sašo Gyergyek, Blaž Likozar, and Anders Hellman*

Abstract: Ethylene epoxidation is industrially and commercially one of the most important selective oxidations. Silver
catalysts have been state-of-the-art for decades, their efficiency steadily improving with empirical discoveries of
dopants and co-catalysts. Herein, we perform a computational screening of the metals in the periodic table, identify
prospective superior catalysts and experimentally demonstrate that Ag/CuPb, Ag/CuCd and Ag/CuTl outperform the
pure-Ag catalysts, while they still confer an easily scalable synthesis protocol. Furthermore, we show that to harness
the potential of computationally-led discovery of catalysts fully, it is essential to include the relevant in situ conditions
e.g., surface oxidation, parasitic side reactions and ethylene epoxide decomposition, as neglecting such effects leads to
erroneous predictions. We combine ab initio calculations, scaling relations, and rigorous reactor microkinetic
modelling, which goes beyond conventional simplified steady-state or rate-determining modelling on immutable
catalyst surfaces. The modelling insights have enabled us to both synthesise novel catalysts and theoretically
understand experimental findings, thus, bridging the gap between first-principles simulations and industrial
applications. We show that the computational catalyst design can be easily extended to include larger reaction
networks and other effects, such as surface oxidations. The feasibility was confirmed by experimental agreement.

Introduction

The production of ethylene epoxide (EO) ranks among the
most important catalytic reactions concerning the market
value and amount of chemicals produced. It is used either
in synthesizing ethylene glycols, glycol ethers, ethanol-
amines, and ethoxylates, or directly as a fumigant, fungi-
cide, sterilizing, or disinfecting agent. EO is commercially
obtained via selective ethylene oxidation, where the
efficiency of catalysts is paramount for preventing over-
oxidation. Therefore, any improvements in catalyst selec-
tivity directly translate to enormous capital savings and
emission reductions.

Silver has been identified as one of the best catalyst
formulations for ethylene epoxidation, and the reason has
been extensively investigated. For instance, it has recently
been established that the delicate structure of the silver

surface and reactive oxygen, which can vary significantly
among different facets in terms of activity and
selectivity,[1, 2] play a crucial role.[3] While the degree of
oxidation of the surface in realistic operating conditions
remains perplexing, studies[4–6] rule out the formation of
bulk Ag2O. Instead, an intermediate partially oxidized
structure close to a phase transition is most likely respon-
sible for the activity.[7, 8]

It is foremost the ability of silver not break the C� H
bonds under oxidative conditions that has allowed it to
remain unrivaled as catalyst formulation despite extensive
research. However, doping with antimony, bismuth, caesi-
um, chlorine, copper, or noble metals can increase the
activity and selectivity of pure silver, which is confirmed
experimentally[9–16] and theoretically.[1, 17–21] Substituting sil-
ver generally yields poor results because other metals tend
to activate the C� H bonds. Li et al. have used scaling
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relations to show that Ag is better than other IB metals,
such as Cu and Au,[22] due to the trade-off between
selectivity and partial oxidation activity. Torres showed
that Cu is active for the reaction, albeit with lower
selectivity,[23] while gold is not.[24] Kokalj et al. studied Ag,
Au, Cu, and Rh, and confirmed that only Ag and, to a
lesser extent, Cu are realistically useful for epoxidation.[25]

Xu et al. performed the largest ab initio catalyst screening
study for ethylene epoxidation so far, and while using a
steady-state approximation for kinetic modeling, and fixed
and reconstructed metal-oxide adlayers, the study indicates
that some transition metals can potentially improve the
catalytic selectivity of doped Ag catalysts, which they did
not experimentally validate.[26] Altogether, several silver
formulations have been proposed with higher
selectivities.[27–30] However, these are less suitable for
industrial settings because the intricate synthesis protocols
cannot be easily scaled up.

Research on silver catalysts for ethylene epoxidation
has been ample in the past decades, and several Ag
catalysts have been synthesized and tested.[31] Several
authors report high selectivities at reasonable conversions.
However, these catalysts cannot be easily mass-produced
and are ill-suited for large-scale industrial operations (for
instance, using electrorefined Ag foil,[27] multi-step[29] and
complex synthesis[30] or requiring precise nanostructures,
such as rods[28]). Best performing catalysts require several
promoters (Re, alkali, earth alkaline, and transition
metals),[32] making their synthesis non-trivial and expensive.
Other seemingly non-promoted Ag catalysts with high
selectivities contain metal (such as Cu and Au) and other
impurities (Na, K, As) as leftovers from the purification
process.[33] Pure Ag catalysts, produced in a simple manner,
generally have lower selectivites.[30]

Computational-led catalyst design has been the holy
grail of catalysis and is being made possible with recent
advances in computing power and theoretical concepts,
such as scaling relations[34–36] and Brønsted–Evans–Polanyi
(BEP) relations[37, 38] and single-atom alloys models
(SAA),[39, 40] which have been used for computationally-led
catalyst design.[41] While scaling relations and BEP relations
form a solid theoretical foundation for the reduction of
variables in the description of catalytic properties of differ-
ent materials,[42] they are usually used for modeling
individual rate-determining reactions on immutable cata-
lyst surfaces.[26] Herein, we extend such endeavors to
predicting the entire reaction pathway (including side
reactions and end product decomposition) using density
functional theory (DFT), full kinetic modeling (surpassing
conventional simplified stationary-state or rate-determin-
ing-step approximations), and surface oxidation (oxygen
adlayer formation). To systematically probe if and how we
can improve existing Ag catalysts for ethylene epoxidation,
we scan the entire metallic s, d and p blocks of the periodic
table, including bimetallic and trimetallic combinations.

We identify the most promising catalyst formulations,
which we then synthesize, characterize and test. We show
that accounting for the effects of oxygen coverage on the
reaction rates is paramount for producing correct trends,

allowing us to arrive at a robust predictive model that
explains the experimentally known facts (e.g., unique
properties of alkali doping) and allows for the prediction of
better formulations. Furthermore, we specifically include
further EO decomposition on the catalyst, which explains
why some catalysts fail to produce noticeable amounts of
epoxide despite favourable kinetics and thermodynamics of
its formation. As predicted computationally, Ag/CuCd and
Ag/CuPb were experimentally confirmed as superior to Ag
or Ag� Cu, while still retaining simple synthesis procedures.

Results and Discussion

Mechanistic differences

Despite being a complex reaction, ethylene epoxidation is
generally characterized by two crucial steps: the formation
of oxametallocycle (OMC) and its conversion to EO.[1, 17–21]

To be able to construct a full microkinetic model, we
postulate that the reaction mechanism can be veraciously
described as commencing with non-activated adsorption of
C2H4 (Reaction 1) and O2 (R. 2), which dissociates into two
O* surface atoms (R. 3). Next, these can react with C2H4 to
form oxametallocycle (OMC) (R. 4), which converts either
into epoxide (R. 5) or acetaldehyde (R. 6). While they then
desorb (R. 7 and 8), acetaldehyde rapidly and homoge-
neously (uncatalyzed) burns to CO2 and H2O, which is
modeled as an instantaneous lump reaction (R. 13).

Such a model would yield erroneous predictions since
the selectivity is not influenced merely by the ratio of
OMC conversion reaction rates (r5> r6). When vinylic
hydrogen atoms are too reactive, no OMC is formed in the
first place and ethylene undergoes rapid combustion.
Therefore, we explicitly add the two most important side
reactions to account for this. First, ethylene can remove its
vinylic hydrogen in a non-assisted manner (R. 9) or by a
helping co-adsorbed O* species (R. 10). We considered the
conversion of the ensuing products into CO2 and H2O as a
rapid, non-rate determining reaction (similarly to R. 13).
Furthermore, the formed EO could decompose on the
catalyst prior to desorption or upon readsorption. This
decomposition is lumped into two separate reactions: non-
assisted hydrogen stripping from EO (R. 11) or O*-
mediated hydrogen stripping from EO (R. 12), both
followed by a rapid conversion to CO2 and H2O. The
reaction mechanism (Figure 1) is formally written in
Scheme 1.

The model rests on the assumption that the same
reaction network is accessible on all surfaces since we wish
the model to be transferable and uniform, while different
reactions predominate on different catalysts. As a first part
of a pre-screening study for more complex alloy catalysts,
this does not imply the stability of individual elements
under oxidating reactive conditions nor that all elements
behave similarly, which is tested later on experimentally.

A proxy for the activity of the investigated catalysts are
the absolute values of the activation barriers, particularly
for oxygen dissociation (R. 3). However, the selectivity is a
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function of the difference between the activation barriers
for different elementary reactions.[43] For a measurable
production of epoxide, the following differences must all
be negative (meaning that the desired reaction has a lower

EA and is therefore more favorable than the alternative
reactions):

DEA,HS ¼ EA,4� EA,10

ðnon-assisted vinylic hydrogen strippingÞ,

DEA,OME ¼ EA,4� EA,9

ðO-assisted hydrogen strippingÞ,

DEA,EO ¼ EA,5� EA,6

ðformation of AAÞ,

DEA,decomp ¼ EA,7� EA,11

ðnon-assisted EO hydrogen strippingÞ,

DEA,decompþO ¼ EA,7� EA,12

ðO-assisted EO hydrogen strippingÞ:

DFT calculations of the reaction mechanism for the
selected noble metals (Ag, Au, Co, Cu, Ni, Pd, Pt, Rh, Ru)
were performed to study the reactivity of different metals
from a fundamental point, to ascertain BEP correlations as
a pre-screening study for more complex alloy catalysts (see
below). Four distinct scenarios are discovered, each shown
in Figure 2a (for the complete list, see Supporting Informa-
tion). The results show that only Ag, Au, Cu, and to some
extent Pd do not activate the C� H bond of ethylene
(negative ΔEA,HS). On these catalysts (and Rh), active O*
also preferentially reacts with ethylene to OMC, while
others cleave off the hydrogen atoms (negative ΔEA,OME).
Among these, only Cu and Ag manage to convert OMC to
EO in any appreciable amount (negative or slightly positive
ΔEA,EO), as expected.[25] Both have favourable values of
ΔEA,decomp and ΔEA,decomp+O, meaning that EO is desorbed
rather than decomposed provided a sufficient flux.

Interestingly, none of the nine tested catalysts decom-
poses EO with the help of the adsorbed atomic oxygen
(barriers for R. 12 are larger than EO adsorption energy).
However, non-assisted EO decomposition, which begins
with hydrogen atom stripping, proceeds readily on cata-
lysts, which are known to have a strong affinity towards
hydrogen (Co, Ni, Pd, Pt, Rh and Ru). These have
comparable (Co, Ni, Pd, Pt) or lower barriers (Rh and Ru)
for hydrogen stripping than EO desorption.

The PESes can be easily compared among the metals
and obtained for other formulations without laborious
DFT simulations due to their correlation with descriptors.
As shown in Figure 2b, using the adsorption strength of the
carbon atom, EC

ads, the oxygen atom, EO
ads, or one linear

combination (0.7 EO
ads +0.3 EC

ads) thereof suffices to uniquely
describe the adsorption energies, reaction energies and
barriers for ethylene epoxidation on any catalyst surface.

Lastly, metals exhibit vastly different affinity towards
oxygen (energetics for R. 3), which leads to a very different
surface oxygen coverage,[44] which must be accounted for in
a veracious model description (see below). The metals can
be grouped into three classes: (i) Ag and Au exhibit high
activation barriers for the dissociation of oxygen, which is
endothermic (Au) or only slightly exothermic (Ag); (ii) Pd

Figure 1. Scheme of the reaction mechanism on Ag(111). The reactions
are numbered as in the main text. The mechanism on other
investigated surfaces is analogous.

Scheme 1. The universal reaction mechanism of allowed reaction on all
catalysts. (†) Practically, these reactions are treated as if yielding AA,
which quickly (R. 13) converts into CO2. See Supporting Information
for details.
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and Pt are moderately reactive towards oxygen, (iii) while
Co, Cu, Ni, Rh, and Ru are readily oxidized. Oxygen
coverage, being negligible only for Au, noticeably changes
the energetics of the reactions due to lateral interactions
with oxygen adsorbates (see Supporting Information), as it
has been shown several times.,[45, 46] and can be assessed
from DFT.[47]

Using the oxygen-oxygen lateral interaction data from
Frey et al.,[44] we produced a global fit of oxygen formation
energy on every metal, based solely on a value of the
descriptor EO

ads. As shown in Figure 2c, the complexity of
oxygen interplay can be reasonably summarised into one
parameter, allowing us to treat the lateral interaction
between the oxygen atoms in all reaction steps where O*
occurs in the mechanism. This affects the reaction energy
(due to the changed energy of O*) and the reaction
barriers (according to the BEP relations). The plotted
formation energies represent the minimum energy hull of
multiple configurations. The closely related adsorption
energies, which are monotonous functions of the coverage,
and their relations are shown in the Supporting Informa-
tion.

Contrary to the popular screening approaches with no
kinetic modelling,[48] only steady-state approximation
kinetics[26] or microkinetics without side reactions,[48] we
constructed a full microkinetic model of an idealized
reactor with side reactions and oxygen-coverage effects, as
described in the Supporting Information. For all possible
descriptor values, kinetic parameters were estimated from
the scaling relations correlations and cast in the full
microkinetic model, allowing us to observe the production
of EO as a function of time. As shown in the Supporting
Information, the conversion in a model simulated reactor is
predicted to be rapid. For comparing different catalyst
materials, the steady state is important. The maximum
turnover frequencies for the production of EO (TOFEO)
and the selectivity towards EO are shown as a function of
the descriptors in Figure 3. They do not overlap entirely
because selectivity can be depressed if high TOFEO is
accompanied by fast oxidation or decomposition, as well
(due to Reactions 6, 9, 10, 11 and 12). However, since the
narrow top of the volcano in Figure 3a lies entirely within
the broader top plateau of the selectivity volcano (Fig-
ure 3b), further analysis will focus on the former.

We also note that volcanoes in Figures 3a and b are not
as symmetric or regularly shaped as commonly presented
in the literature[26, 49, 50] because of the aforementioned
details of our model, such as no neglected steps and
including oxygen-oxygen lateral interactions. As shown in
the Supporting Information, the latter qualitatively change
the predictions. We argue that this is a prerequisite for the
catalyst screening aiming for a more veracious description
of the catalytic reaction. Omitting it would predict an
artificially increased oxygen coverage (surface approaching
Ag2O, which had been ruled out)

[6] and shift the volcanoes
to an area devoid of metals (see Supporting Information).

In reality (Figures 3c–d), the metals near the volcano
maximum have a non-negligible oxygen coverage, ranging
from 0.35 for Ag to 0.99 for In and a small but non-zero

Figure 2. A) Reaction energy coordinates for different metals (Ag, Au,
Co, Ru), showing four characteristic scenarios: the desired EO route
(black) and the undesired AA route (red) oxygen-assisted vinylic
stripping (blue), unassisted vinylic stripping (orange). The most
probable pathway is shown in bold. Note that the plots are staggered
for 3 eV for better legibility. B) DFT-calculated scaling relations for
selected adsorption energies (empty symbols: * O2;& C2H4) and
activation barriers (full symbols:* O2 dissociation;& OMC forma-
tion;~ EO formation) as a function of descriptors (EO

ads, EC
ads) for Ag,

Au, Co, Cu, Ni, Pd, Pt, Rh, Ru. Colour code represents the descriptors
used (red: xO=1, xC=0; black: xO=0, xC=1; blue: xO=0.7, xC=0.3).
C) Formation energies for adsorbed O* as a function of coverage for
three metals. Data from Frey et al.[44] Lines represent the global fit as a
function of descriptors, EO

ads, for the metals investigated in this work.
The closely related average adsorption energies are shown in the
Supporting Information.
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coverage (�0.02) of ethylene (see Discussion), which
warrants further discussion. While Ag2O does not form,[51]

surface reconstruction and the formation of a thin oxide
layer are possible. Early STM images and simulations
showed terraces of reconstructed Ag(111)-p(4×4)-O.[52]

Later research has shown a coexistence of two Ag6
triangles on the surface, interspersed by six O atoms.[53]

The authors point out that while the stoichiometric surface
composition equals Ag2O, it is not similar to bulk silver
oxide. Instead, it can be viewed as an arrangement of O
atoms, embedded between patches of fcc- and hcp-like
Ag(111).[53] A partial oxygen coverage upon reconstruction

has also been considered by Xu et al. in their recent
computational study.[26]

This is consistent with the predictions of our model.
While the raw DFT data were harvested on extended
metallic surfaces, the effects of oxygen coverages are
included explicitly in the microkinetic modelling, where
they impact the kinetic parameters and reaction rates. For
Ag, the observed oxygen coverage hovers around 0.35,
which is close to the stoichiometric coverage predicted
experimentally[51, 53] and accounted for computationally.[26]

Furthermore, the barriers computed by Xu et al.[26] are
consistent with ours (inspecting the most important quan-

Figure 3. Volcano plot for the A) calculated turn-over frequency of EO formation and B) selectivity, and surface coverage with C) atomic oxygen
(O*) and D) adsorbed ethylene (C2H4*) at 498 K, 0.5 bar O2 and 0.5 bar C2H4 as a function of the descriptors EO

ads and EC
ads from a full microkinetic

model. The calculated descriptors for all investigated metals are superimposed. Diamonds denote the metals used for the parametrization of the
scaling relations, circles denote the metals that were only screened.
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tity, we observe ΔEA,EO=0 eV on Ag, whereas they
compute � 0.01 eV).

Multi-elemental catalysts

Assuming that the descriptors of different metals in alloys
are linearly additive and accepting the experimentally well-
known superiority of Ag catalysts, the volcano plot (Fig-
ure 3) guides us to focus on Ag formulations with added
Au, Cd, Cu, Hg, In, Pb, Tl, and Zn, which lie near the
volcano maximum and have the potential to outperform
Ag. To go beyond the conventional approach of solely
interpreting scaling relations, we re-investigated their
mechanism with full DFT on one-surface-atom substituted
(3×3) supercells (Ag8X surface composition), shown in
Figure 4e (note that this does not imply probing an 11.1%
doped catalyst; since we position adsorbates near the

dopant atoms, such a supercell is used solely to investigate
single atom substitutions occurring in miscible binary
alloys). In practice, dopant atoms can aggregate, bringing
their catalytic activity closer to bulk material, which was
probed by the monometal catalyst screening (see above).

A similar approach of using (2×2) supercells was first
used by Linić et al.[54] to explain the superior performance
of Ag/Cu catalysts. Mhadeshwar and Barteau used a similar
approach with Ag14X (X=Cu, Pd, Pt, Cd, Au, Rh, ir, Zn,
Ni, Os) without descriptors.[55] Ag/Pd catalysts were sub-
sequently shown to be able to improve selectivity under a
certain set of conditions.

Analyzing the DFT-computed barriers for oxygen
dissociation (R. 3) and the fate of OMC (ΔEA,EO), Ag/Cu,
Ag/Zn and Ag/Cd stand out as promising candidates
(Figure 4e). Using these data and the oxygen lateral
interaction (a weighted average of the descriptors for Ag
and the alloyed metal in the global fit), full microkinetic

Figure 4. A) Low-magnification TEM image of Ag catalyst particles, B) selected-area electron diffraction pattern acquired from the encircled area,
C) higher magnification TEM image of the Ag catalyst particle and D) high-resolution TEM image of an individual Ag nanoparticle found in Ag a
catalyst particle. E) DFT-calculated properties of bimetallic and trimetallic alloys. Activation barriers for dissociative oxygen adsorption, EA,3 (in
black), describe the catalyst activity. The difference between the activation barriers for EO and AA formation, ΔEA,EO in red, on one- and two-
surface-atom substituted (3×3) Ag(111) supercells predict the catalyst selectivity. Lower (and more negative) values are advantageous for EO
production. F) Ethylene conversion (blue, right axis), and the selectivity towards CO2 (red, left axis) and ethylene epoxide (green, left axis) of the
synthesized materials (50 mg of the catalytic material, mixed with 100 mg of SiC) during catalytic testing in a 6 mm quartz tube. Reaction
conditions: 225 °C, 4 mLmin� 1 of ethylene and 4 mLmin� 1 of oxygen in 10 mLmin� 1. He. G) Normalized adsorption of oxygen per gram of material
(from O2-TPD), overlaid with epoxide yield in catalyst testing.
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modeling was performed at 498 K (corresponding to the
experimental tests, see below), 0.5 bar O2 and 0.5 bar C2H4.
A good performance of Ag/Cu might be rationalized from
the inspection of the volcano plot in Figure 3b, where the
two metals lie very close to the top of the volcano.
However, performing DFT studies on the SAA model
shows that the descriptors are suitable and gives further
insight beyond the resolution of the volcano. Experimen-
tally, it is known that AgCu alloys exhibit several forms of
copper oxides on the active catalyst surface,[8] while
theoretical works have shown that single Cu atoms in an
AgCu SAA model exhibit unique free-atom-like proper-
ties.

This opens up the possibility of further improving the
Ag/Cu catalyst. We further studied six metal combinations
of Ag/Cu with Cd, Hg, In, Pb, Tl, and Zn with DFT
calculations of the full reaction mechanism and micro-
kinetic modeling, describing trimetallic alloys with two-
surface-atom substituted (3×3) supercells (Ag7Cu1X1 sur-
face composition). In essence, these are single-atom alloys
(SAA)[39,40] models adapted to study dopants. Since it is
well established that they do not necessarily follow conven-
tional scaling relations,[56] DFT calculations were per-
formed to analyse them.

Comparing the performance of Ag7Cu1X1 with Ag8Cu1
could yield spurious predictions because the trends in
adsorption on clusters in alloys surfaces are not
monotonic.[57] To ascertain that the observed effects are
due to the introduction of a third metal, the Ag7Cu2 surface
composition was used as a benchmark and found to yield
matching results to Ag8Cu. The relevant energy barriers
are shown in Figure 4e. The SAA model was chosen since
we are probing Ag-based catalysts, where the concentra-
tions of dopants are low, as shown in the experimental
part.

ΔEA,EO is more negative (favourable) than on Ag/Cu
(� 0.16 eV) for the following: � 0.23 eV for Ag/CuPb and
Ag/CuTl, and � 0.18 eV for Ag/CuCd. The activation
barrier for oxygen adsorption is comparable to that of Ag/
Cu: 0.23 eV, 0.24 eV, and 0.32 eV for Ag/CuPb, Ag/CuTl,
and Ag/CuCd, respectively, hinting at a similar activity
(note that these values must be compared to the value of
Ag7Cu2 (0.26 eV) and not Ag8Cu (0.49 eV)). Ag/CuPb, Ag/
CuTl, and Ag/CuCd are identified as possibly possessing
superior selectivity to Ag/Cu on account of a more
favorable ΔEA,EO value, while they are predicted to be
comparably active as Ag/Cu. In all instances, the barriers
for non-assisted or O-assisted EO decomposition are larger
than the desorption energies (1.7 eV and 0.8 eV vs. 0.3 eV).

Experimental validation

To ascertain the reliability of the predictive model, we
synthesized the most promising catalyst formulations. As a
benchmark, the pure silver catalyst was also prepared to
avoid the uncertainty attached to comparing with commer-
cial catalysts due to (undisclosed) dopants and promoters
or comparability issues with literature data due to varying

reaction conditions (see Discussion for literature compar-
ison).

Experimental characterization confirmed that the cata-
lyst particles consisted of large alumina flakes decorated
with Ag nanoparticles (Figure 4a). High-resolution imaging
revealed that the nanoparticles were well-crystalline, rang-
ing from roughly 10 nm to 50 nm in size (Figure 4b). In the
XRD analysis, alumina was dominant and prominent as all
the peaks could be attributed to γ-Al2O3. The small peak of
the silver phase indicated that it is in the form of
nanoparticles. Using the Scherrer equation, we estimate
that the average particle diameter at around 60 nm. Adding
the second and third metal did not affect the mean particle
diameter.

An XPS analysis of the fresh and spent catalysts showed
that the bulk of the metals (silver) was in the reduced form;
thus, any oxidation is limited to the surface. Doping the
catalysts slightly increased their oxygen uptake (Figure 4g),
as measured by in situ TPD at relevant conditions (225 °C,
O2 pulses). The trends proposed in the model agree with
the chemisorption data, justifying the assumption of surface
oxidation only.

In Figure 4f, we depict the averages of 5 measurements
after 12 h of time on stream. This was chosen because all
the catalysts underwent a stabilization period of a little
over 10 h (see Supporting Information). According to the
model, Ag/Cu should perform best among the bimetallic
catalysts. Consistently, the experiment shows that adding
minute amounts of Cu to the Ag-based catalyst increased
the selectivity towards EtO (Figure 4f) and yields (Fig-
ure 4g) by more than 50%.

The Pb- and Cu-modified catalysts exhibited the highest
activity, and the highest amount of CO2 produced.
Although slightly less active, Ag/CuCd was the most
selective catalyst for ethylene epoxidation, which is con-
sistent with DFT data, where it is among the three catalysts
(Ag/CuCd, Ag/CuPb, Ag/CuTl) predicted to be the most
selective. The differences among them in the DFT energies
are approximately 0.05 eV, which is within the accuracy of
the method. Ag/CuPb performed worse, probably because
it combusted a substantial amount of the formed EtO. As
predicted by the model, the Ag/CuIn and Ag/CuZn are not
efficient in ethylene epoxidation, underperforming even
Ag/Cu. This is an important result because it proves that
simply adding any third metal is not sufficient. The
performance of Ag/CuTl deviates most from the model,
which we attribute to the synthesis, where Tl could be
deposited as a separate phase[58] as metallic Tl was visible
on the beaker wall during synthesis. Ag/CuHg was skipped
due to practical considerations and health hazard concerns.

Conclusion

The developed model, including side reactions and surface
oxidation, was used to screen the periodic table for possible
alternatives or additions to Ag as an epoxidation catalyst.
The rough predictions from the screening were verified by
DFT and validated by synthesis and catalytic tests, which

Angewandte
ChemieResearch Articles

Angew. Chem. Int. Ed. 2023, e202305804 (7 of 10) © 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

 15213773, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202305804 by C

halm
ers U

niversity O
f T

echnology, W
iley O

nline L
ibrary on [07/07/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



confirmed the positive effects of adding Cu/Cd and Cu/Pb
to Ag.

The model epitomizes the Sabatier principle. Compar-
ing Figures 3c and d with the experimental yields (Fig-
ure 4f), it is clear that Pb and Cd provide the greatest boost
to catalytic performance since they lie in the intermediate
region with significant coverages of both ethylene and
oxygen, which is not the case for other metals. In situ
oxygen chemisorption shows that doping with Cd, In, and
Pb increases oxygen adsorption, while Tl and Zn decrease
it, which is congruent with the model predictions (Fig-
ure 3c). This shows that increasing oxygen coverages trans-
lates to larger yields of EO up to a point, which is exceeded
with Pb. Thus, while important, oxygen coverage is not the
sole factor determining the EO yield.

While we focused on its predictive capabilities, the
devised model has substantial descriptive power and also
captures the experimentally previously observed facts, such
as the beneficial effect of alkali doping, usually Cs. This has
been mechanistically variously attributed to the deactiva-
tion of the acidic sites on the support (which decompose
the produced EO),[59] direct interaction with Ag surface,[60]

blocking unselective sites,[14] a favoured formation of
electrophilic oxygen,[61] stabilization of the EO yielding
transition state[20, 43, 62] and stabilization of the Ag surface
morphology.[63] Our model shows that despite a large
permissible range of EC

ads, most metals lie below the critical
value EC

ads = � 5, which is crucial for the selectivity (see
Figure 3b). Notable exceptions are heavier alkali metals
(K, Cs, Rb), of which Cs is especially known
experimentally[14, 64, 65] and theoretically[20,43] to be a benefi-
cial dopant. These alkali metals have particularly high EC

ads

values (and low EO
ads), meaning they can be used to alloy

the catalyst and lower its EO
ads value without decreasing

EC
ads. On the volcano plots in Figures 3a–d, this is seen as a

left-to-right movement (and even slightly upwards). Thus,
the exact mode of action becomes irrelevant as the role of
Cs is trimmed down to its favourable (less negative) value
for the descriptor EC

ads. On the other hand, strongly
negative values of alkali EO

ads values imply they must only
be added in small amounts, not as co-catalysts or alloys,
which is well-established experimentally.[60] Care must be
taken when extrapolating from the model, where the
elements in the metallic form were used for its construc-
tion. Alkalis, such as Cs, are not metallic under the reactive
conditions. This is reproduced by the model itself, showing
a 1 ML oxygen coverage, which corresponds to the cationic
form. Similarly, Re is known to positively influence the
performance of silver catalysts.[66] Nevertheless, we focused
on the immediately adjacent metals to the volcano top in
further investigation to avoid cherry-picking individual
elements and instead maintain the model ab initio, having
in mind that such a model is not exhaustive.

In our work, three goals were pursued. First, a
comprehensive reaction model was developed, suitable for
catalyst screening at the atomic scale, and several promis-
ing candidates were identified. Second, the identified
catalysts had to have simple synthesis protocols (precip-
itation), allowing for quick and cheap mass production.

Thirdly, although known to improve selectivity consider-
ably, we intentionally avoided co-feeding chlorides, such as
ethylene dichloride or ethyl chloride, for environmental
and economic reasons, as well as, to reproduce modeling
efforts as truthfully as possible.[62]

The synthesis precursors and protocol, experimental
set-up and conditions were chosen as to amplify the
differences and trends between the tested catalysts even at
the expense of raw yields. High-porosity we used is known
to give lower yields.[67] Yield improvements could be
achieved by altering the WHSV (weight hourly space
velocity), C2H4 :O2 ratio, feed flow, the size of the reactor
hot zone, the catalyst synthesis protocol (changing the
support and/or Ag :dopant ratio) or reactor design (such as
membrane reactor). Nevertheless, Ag/CuPb and Ag/CuCd,
produced in an easy-to-scale-up process, showed compara-
ble yields to much more refined catalysts, all while being
identified by first-principles exclusively.

Thus, the model successfully bridges the gap between
the two extremes: ab initio theoretical simulations and
industrial applicability. It has been shown to possess the
complexity required to describe experimental data and
produce testable predictions, yet it remains computation-
ally feasible. Moreover, the calculated descriptors and
surface oxidation properties allow for its generalization to
other industrially important reactions, such as the (reverse)
water-gas shift reaction, ammonia synthesis, and many
others.
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Going Beyond Silver in Ethylene Epoxida-
tion with First-Principles Catalyst Screening

Using computational screening of the
periodic table for ethylene epoxidation
catalysts, Ag/CuPb, Ag/CuCd, and Ag/
CuTl were identified as superior cata-
lysts. The inclusion of surface oxidation,
side reactions and epoxide decomposi-
tion is shown to be paramount to avoid
erroneous predictions. The predicted
catalysts were synthesised, characterised
and tested, confirming the predictions.
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