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Abstract

The sequence of key elementary steps for ethylene epoxidation on silver was developed from surface science experiments and computa
tional chemistry. This molecular-level mechaitsnformation was used as an input in compigtaal screening of poteial bimetallic alloy
catalysts. The aim of the computational screening was to identify a catalyst that would offer higher selectivity to ethylene oxide (EO) than
the traditional monometallic silver catalyst. @putational screening led torfmulation of a new Cu/Ag alloy that is more selective than Ag
to EO. These predictions were verified by steadytesexperiments with mofith-supportedcatalysts.
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction mediate can react to form either EO or acetaldehyde, with
both processes having similar activation barriers [4]. It has
In the commercial ethylene epoxidation process, ethyl- been shown previously that aaktehyde is rapily oxidized
ene and oxygen are converted into ethylene oxide (EO). Theon Ag, ultimately forming combustion products [8,9]; i.e.,
traditional catalyst uses silver as the active element [1]. The acetaldehyde is a gateway for the production of undesired
principal nonselective productis GOThe formation of CQ products. The relevant transition states for the respective re-
is highly exothermic; the process is run at low conversions actions of the surface oxametallacycle to form EO (TS1) and
to maintain high selectivity and to control excess heat re- acetaldehyde (TS2) were obtad from DFT-based quan-
leased by combustion. Discovesfmore selective catalysts tum chemical calculations (see Methods for details), and are
can therefore improve economics, reduce heat load, and im-shown in Fig. 1a. The magnitude of the kinetic isotope effect
prove operability. was predicted from analysis of the changes in vibrational
We have previously reported investigations of the mech- and entropy contributions to the Gibbs free energies of TS1,
anism of ethylene epoxidation [2-4]. We have used sur- TS2, and the surface oxametallacycle for deuterate®4L
face science and DFT first principles studies of well-defined versus nonlabeled ¢El4) reactants [4]. The agreement of
model systems to isolate and identify a surface oxametal-the predicted isotope effect as the reactant is changed from
lacycle as the common intermiiate participating in both  CoH4 to CoD4 with previous experimental measurements [5]
selective and unselective rd¢imn pathways [4]. The iden-  provided additional support for the conclusion that compet-
tification of a common intermediate is consistent with ear- ing reactions of the oxametallacycle control selectivity.
lier conclusions of Cant and Hall [5] and Campbell and  We have also developed a microkinetic model for ethyl-
co-workers [6,7] from reactioniketics studies. This inter-  ene epoxidation on unpromoted Ag [3]. The kinetic parame-
ters for important elementary steps were either derived from
msponding author DFT or measured in surface science studies. It was showq
E-mail addresses: ”nic@fhi_ber“n'mpg_de (S. Linic), that the proposed model reprodL!cec_i measu.red macroscopic
jankowia@che.udel.edu (J. Jankowiak), barteau@che.udel.edu parameters, e.g., the overall activation barrier and reaction
(M.A. Barteau). orders, obtained in microreaxt studies [10]. The partial
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o TSI . L . .
9= In this contribution we utilize mechanistic molecular-

level information representative of the low coverage/low
i kl/v &—» EO conversion limit, illustrated schematically in Fig. 1a, to ra-
tionally design a catalyst that is more selective than the tra-
boTs2 ditional monometallic Ag catalyst. We emphasize here the
é & focus onselectivity-driven rational design of heterogeneous
kz\" s —> Acetaldehyde catalysts that emerged from systematic studies of the surface
@ chemistry of the process. Previous successful examples of
l rational design of new metallic catalysts have focused pri-
marily on the development of either more stable or more
active catalysts [11,12].

CO.

2. Methods

Periodic DFT calculations were performed by using
DACAPO (pseudopotential plane-wave code available at
http://www.camp.dtu.dk DFT is employed to calculate the
geometries and binding energies of the relevant transition
states and the surface oxametallacycle. The transition state
geometries were calculated using a Nudged Elastic Band
(NEB) algorithm [14,15]. NEB calculations were performed
on a slab consisting of a 2 unit cell with 2 layers of
Ag and 15 A of vacuum in between, with one adsorbate
per unit cell corresponding to coverage of 0.25 monolayers.
11 Pure Ag lonic cores are described by Vanderbilt ultrasoft pseudopo-
| ] tentials, and the Kohn—Sham one-electron valence states

/ are expanded in a basis of plane waves with kinetic en-

vy m#Ag M_' ergy below 25 Ry. The surface Brillouin zone is sampled
05 - at 18 speciak points. The exchange-correlation energy and
4 Material potential are described by the generalized gradient approx-
imation (GGA-PW91). The self-consistent PW91 density is
determined by iterative diagonalization of the Kohn—-Sham
Ftigil L ("I") SCh‘i_maﬁC t‘;‘:’vt:es rs;‘l‘éﬂ‘l’;e‘éozrs‘?:]”at;z E"EE‘;O(EEZ“';% oxer Hamiltonian, Fermi population of the Kohn-Sham states
gaang)cifgirir;arf Ecl)?l,fg].Thgformation of EO isgcharacterized b)?C—O ring (k|37." = 0.1.eV), and Pulay rmxmg of the resulting elec-
closure, while acetaldehyde is formed via a 1,2-H shift from the central trONic density. All total energies have been extrapolated to
to the terminal C atom. Activation barriers for both processes are calcu- kg7 = 0 eV. The transition states were considered to be
lated to be approximately 17 kgahol. The surface is the close packed optimized when the convergence threshold of 0_05(,@V
ﬁ'g(hl:hl) S“r:]ac‘? (®) S“t”‘i_t“re |°f bime?""'”c;‘;]Ode'_cata'ysi i”"sst‘igithed i force in the direction perpendicular to the reaction coor-
oo L oS e TherS 5 o0 Asoe e S Ginate wa reached for each structure along the reaction
B, C, and D in the unit cell are Ag atoms while A represents an impurity CoOrdinate. All transition states presented here are sub-
element. (c) The results of the computational screening;Ea is calcu- ject to these constraints. Since transition state searches are
lated as a function of catalyst comjitem. The higher energy difference computationally expensive, we use the geometries of tran-
means that the bimetallic is predicted to be a more selective catalyst thansition states obtained from calculations for ax2 unit
monometallic silver. cell with 2 layers of Ag in calculations for unit cells with
pressures used in the microkinetic modeling and the micro- more layers of Ag and different (mainly lower) cover-
reactor studies (up to 1 atm of,Gnd GHg) were lower ages. Nearly identical transition states have been identi-
than those typical of industrial processes. Under higher re- fied previously in calculations involving 15-atom Ag clus-
actant pressures, i.e., on crowded Ag surfaces, it is quite pos+ters [4], which gives us confidence in the computed transi-
sible that additional adsorbatedsorbate interactions may tion states.
become important and will need to be included in the model.  Silver catalysts were prepared using standard wet impreg-
It is important to emphasize that the consistency of the mi- nation techniques, with AgNused as the silver salt and
crokinetic model and the macroscopic experimental obser-water as the solvent. The volume of the aqueous solution was
vations, as well as kinetic isotope data analysis, suggest ain slight excess of the volume required for incipient wetness
window of operating conditions in which the mechanism of of the support. The support was dried at°8 The dried
Fig. 1a controls the selectivity to EO. precursor was then thermally reduced at 400in a cal-

Oxametallacycle
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cination furnace for approximately 12 h. The silver weight that accentuates the differencetlveen the activation barrier
loadings for these catalysts ranged from 11 to 13%. For the for the production of acetaldehyded the activation barrier
copper-promoted catalysts, copper was added in the formfor the production of ethylene oxideA(E), and therefore
of aqueous Cu(Ng), to the reduced silver catalyst via wet increases the production of EO and decreases the production
impregnation. Following addition of the Cu(N®, the cat- of combustion products compared to a monometallic Ag cat-
alysts were exposed to a flowingpMie stream for 12 h at  alyst.
300°C, allowing for reduction of the copper.
The supports employed for these experiments consistedA Ea = Ea(acetaldehyde— Ea(EO), (1)
of low surface area, fused-Al>,O3 monoliths.The mono- . . .
liths were 18 mm in diameter and 10 mm in length. Surface N€r€ Ea(acetaldehyde) is the activan barrier for the for-
areas of the monoliths were on the order of 0.2/gy with mat|on. of acetaldehxde; i.e., the activation parner for the
pore volumes on the order of 0.1/t All catalysts were ~ formation of combustion products arith (EO) is the acti-
evaluated under steady-statonditions in a 5 psig reactor vation barrier for the fo.rmatlon qf EO on the same catalyst.
using gas flows of b, CoHa, and G, each of which was de- AEp repre§ents the d|fference in the energies of TS2 and
livered through a mass-flow controller. For all experiments, | oL (S€e Fig. 1) for a given catalyst. _ _
the feed consisted of 10%,84, 10% G, and 80% N. After ruling out those Ag-containing bimetallic materi-
The reactor consisted of a 20 mm i.d. quartz tube encased?S that either do not form bulk alloys or do not mix at the
in a horizontal tube furnace. Analysis of the product gas Surface, i.e, do not form surface alloys, we performed DFT
stream was performed by in-line gas chromatography. The c@lculations on a number of model bimetallic catalysts. Se-
gas chromatograph utilized both thermal conductivity and ected results from these calctitans are contained in Fig. 1c
flame ionization detectors to give quantitative analysis of all Which depicts the differenc&y AEa, betweenA Ea calcu-
gaseous products. lated on bimetallic catalysts amiiEx calculated on a pure
Ag(111) surface. A higher value of this difference implies
that a particular catalyst might offer improved selectivity to
3. DFT studies EO. Fig. 1b also shows a top view of thex22 unit cell of
model catalysts for which periodic DFT calculations were
We first identify a productive method that takes advantage performed. The unit cell is modeled with this surface layer
of molecular-level mechanistic information in order to pro- and 3 layers of Ag below it, in addition to 6 layers15 A)
vide directions for the synthesis of more selective catalysts. of vacuum. Fig. 1c suggests that Cu/Ag alloy catalysts with
The approach taken in these studies is partially inspired by @ small concentration of Cu should offer a higher selectivity
the recent impact of combir@ial methods on the search o EO than a pure Ag catalyst.
for new catalysts. In combinatorial approaches a large num-  Before experimentally testing Cu/Ag alloy catalysts we
ber of different materialsra created and screened by high- established that the Cu/Ag surface alloy is thermodynami-
throughput methods to identify promising catalysts. In this cally stable under the chosen conditions, i.e., that the pre-
study we also rely on the idea of combinatorial screening, dicted catalyst is feasible e phase diagram of the Cu/Ag
but rather than physically making and testing a large number System suggests that, for low concentrations of Cu and tem-
of potential catalysts, we employ thermodynamic and com- peratures at which ethylene epoxidation takes pldte=(
putational tools to screen a number of possible catalysts and®00—-600 K), there exists a stable, Ag-rich primary Cu/Ag
search for those that are predicted to exhibit higher selec-alloy phase [16]. DFT calculations were also utilized to com-
tivity to ethylene oxide. This approach identifies potential pute the propensity of Cu to be located in the bulk versus its
catalysts which are then synthesized and tested experimentendency to segregate to the surface layer. The quantitative
tally. measure of the tendency of an impurity atom to segregate to
We focus on bimetallic alloys with Ag as the main com- the surface layer is the surface segregation energy. This is de-
ponent. Bimetallic alloys have denstrated superior perfor- ~ fined as the difference of the total energy of the system with
mance for a number of catalytic processes [12,13]. We arethe impurity element in the surface layer minus the energy
interested in those materials in which an Ag catalyst is only of the system with the impurity element in the bulk. Surface
slightly perturbed by the introduction of another metal, i.e., segregation energies for many binary alloys have previously
alloys in which the added component is highly diluted. In been computed and are readily available [17,18].
focusing on dilute alloys wessume that the surface chem- Since ethylene epoxidation involves oxygen adsorption
istry of the process, i.e., the nature of the relevant path- and dissociation, the surface segregation energy, as defined
ways and the configurations of surface intermediates andabove, must be corrected for the energy difference due to
transition states, will not change dramatically compared to the presence of adsorbed oxygen. For example, in the Cu/Ag
pure Ag. system without oxygen, Cu prefers slightly to reside in the
In order to find an optimum catalyst that will enhance se- bulk; however, in the presence of oxygen, Cu tends to be
lectivity to EO and suppress the production of combustion pulled up toward the top layer. The reason for this is that the
products, we search computationally for a bimetallic alloy O—Cu bond is stronger than the O—Ag bond. The corrected
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surface segregation energy is calculated as ®
Egeq = E(IMp_9 — E(imp_b) + E(O_imp_$ 14 | ® @ A
— E(O_imp_b, (2) 111

where E(imp_9 is the energy of a structure in which the
impurity atom (copper in this case) is placed in the surface
layer while E(imp_b) is the energy of the same structure
but with the impurity atom in the bulke(O_imp_$ and
E(O_imp_b are the same energies but with an O atom ad-
sorbed on the top layer. A negative value K, implies
that surface layer alloying is thermodynamically favorable K
compared to bulk alloying. We computﬂgeg for Cuin Ag

to be —0.15 eV, indicating that in the presence of oxygen,
Cu prefers thermodynamically to be alloyed into the surface 02 r . .

layer, which was confirmed in the XPS experiments. 0 0. 04 98 98 1
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Fig. 2. Normalized catalyst selectivities to EO, i.e., the measured selectivity
divided by the selectivity of pure Ag under the same conditions as a function
of bulk Cu content. For catalystsbealed I, Il, and Ill we have performed

To test the predictions above for Cu/Ag alloys, we syn- XPS studies to measure the amount of Cu in the top layers of a catalyst. For

thesized and tested a number of Cu/Ag catalysts. These catcatalyst | there is no Cu present, catalyst Il he&sCu atoms per 100 surface
alysts contained metal supported on porat&l ;03 mono- metal atoms, Whi!e catalyst Ill has43_Cu per 100 Cu+ Ag atoms in the _
liths. All catalysts containg11-13 wt% Ag with Cu concen- surface layers. Itis observed that Cu is enriched at the surface, as predicted.
trations ranging from 0 to 535 ppm Cu by weight of active
catalyst. All catalysts wergrepared following identical  catalysts. The normalized setivity of various catalysts in
preparation procedures. The Agtalysts were first prepared batches A and B is obtained by dividing the selectivity of an
on thea-Al,03 support and then thermally reduced. Subse- alloy catalyst by the selectivityf the pure Ag catalyst corre-
quently, Cu salt was added and the whole system (supportsponding to the respective batch. The normalized selectivity
with Ag and Cu) was reduced by exposure to hydrogen at to EO changes as a function of Cu loading. It is observed
573 K. The results of catalytic studies are shown in Table 1. that the selectivity to EO increases rapidly up to a Cu con-
We have divided catalysts into batches A and B since tent of 0.2 mol% per mole of Ag. The optimal selectivity
these batches were prepared with different lots of Ag and obtained with a Cu/Ag alloy is about 1.5 times the selectiv-
Cu precursors as well as with different lots @fAl>O3 ity of pure Ag catalyst under igrical conditions (528 K and
monoliths. While the performance of base-case Ag cata- 2% conversion with equal partial pressures of ethylene and
lysts for the two batches was unfortunately not the same, oxygen). These observations clearly support the prediction
it is clear that Cu/Ag alloy catalysts achieve higher selec- that Cu/Ag alloys will achieve higher selectivities to EO.
tivities to EO than the respective pure Ag catalysts for all  \We have also performed XP$uslies of a few catalysts,
catalysts and conditions exareith Fig. 2 summarizesthere-  catalysts labeled I, Il, and Ill in Fig. 2, used in our reactor
sults displayed in Table 1 as normalized selectivities of alloy studies. XPS is a surface-sensitive technique that determines
the concentration of variousaghents in the top few layers of
Table 1 _ the catalyst. These results suggest that the concentration of
Results of reactor studies Cu in the top few layers is much greater than the overall con-
Culoading  Cuatomic loading  CzHg conversion  EO selectivity centration of Cu. For example, the catalyst with 0.1 mol% of

4. Steady-statereactor and XPS studies

(ppm) per 1000 Ag atoms _ (%) () Cu overall (catalyst Il) is measured to haved Cu surface
Batch A .
0 0 08 492 atoms per 100 (Ag+ Cu) surface atoms, while the cata-
0 0 20 465 lyst with 1 mol% Cu overall concentration (catalyst Ill) is
8 1 a8 602 measured to have 43 Cu surface atoms per 100 (Gu
100 12 20 574 . .
Ag) surface atoms. These values will be a strong function of
Batcg B o 20 043 operating conditions, mainly partial pressure of oxygen and
40 05 20 282 temperature. The enrichment of the catalysts’ surfaces with
83 1 20 316 Cu is not surprising considering that ethylene epoxidation
égé i 38 g‘ég was carried out with an equimolap@nd ethylene feed, and
535 8 20 361 that oxygen binds to Cu more strongly than to Ag. These

Selectivity to EO is reported as a function of Cu atomic loading in Cu/Ag result§ \_/a“date our strategy, bOth with respect to pre.dllcted
bimetallic catalysts. The partial pressures of @hd GHy were set at selectivity enhancements and with respect to the ability to
0.1 atm each. prepare and operate catalysts that correspond to the model.
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