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Abstract

The reaction mechanisms of hydrogen and ethyl acetate formation from ethanol
dehydrogenation in the presence of a single Cu atom, Cuz, and Cuis were studied using density
functional theory (DFT) calculations. The rate-limiting step was found to be dependent on the Cu
cluster size. The acetaldehyde prefers desorbing from Cu clusters due to its low adsorption energy
on Cu, rather than dehydrogenating to acetyl. The vibrational frequencies of the system and
temperature also affect the reaction mechanism. The HOMO-LUMO gap of the Cuas cluster rarely
altered by adsorption species while that of a single Cu and Cu. changed substantially when reactive
species adsorbed on a single Cu atom or Cu: cluster. This work also illustrates that the reaction

mechanisms are sensitive to the size of Cu clusters.
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1. Introduction

Ethyl acetate (EA) has been widely used as a solvent in the paints, coatings, adhesives and inks
industries. Because of its low toxicity, it has also been employed as a solvent in many chemical
processes to replace solvent containing aromatic compounds that generate serious damage to the
environment and human beings. Three traditional processes for ethyl acetate synthesis are used in
industry, including esterification of ethanol with acetic acid,* addition of ethylene to acetic acid,?
and the Tishchenko reaction of acetaldehyde.® However, there are many problems associated with
these processes, such as toxicity of acetaldehyde, facilities corrosion from acetic acid, or non-
renewable feedstocks. Therefore, a novel process, ethanol acetate synthesis from ethanol
dimerization, has become a promising process. It possesses several advantages, such as
noncorrosive to the equipment, less toxic to the environment, only one ethanol feedstock, and
renewable feedstock from bioethanol. Ethanol can be a product from the renewable sources, such

as corn, cane and cassava.

Varieties of catalysts for this synthesis route have been reported previously. Cui et al. reported
that the ethanol conversion and the product selectivity were 88% and 48%, respectively, with
MoS>/C catalyst under optimum conditions. However, Cu-based catalysts are the most popular
catalysts for this reaction. Iwasa et al.® reported the dehydrogenative dimerization of ethanol over
several copper-based catalysts (Cu, Cu/SiO2, Cu/ZrO2, Cu/Al;03, Cu/MgO, and Cu/ZnO).The
selectivity of ethyl acetate markedly depended upon the supports part. The highest selectivity to
ethyl acetate could reach 27.6% at 50% conversion of ethanol when using Cu/ZrOzas catalyst, in
which case a higher selectivity to the byproduct acetaldehyde was 57.3%. It also can be concluded
that the dehydrogenation step occurs on the surface of metallic Cu from their work. Condensation

reaction between ethanol and acetaldehyde occurs on the support of Cu/ZrO2, whereas for the



Cu/SiOg, it occurs on Cu surface.® However, Wang el at.® reported that for the Cu/ZrOcatalyst,
the highest conversion yield (70.9%) and selectivity (78.8%) to ethyl acetate were observed. Their
results also indicated that metallic Cu phase acted as an active center for the dehydrogenation of
ethanol. Inui el at.” reported that the maximum selectivity to ethyl acetate was 93% on the Cu-Zr-
Al-O catalyst. This catalyst has already been industrially exploited. Colley et al.® reported another
catalyst Cu/Cr203,with the highest selectivity of 95% for ethyl acetate reported now, has also been
commercialized. In their TPR (temperature programmed reduction) studies, unsupported and
Cr,0ssupportedCucatalysts exhibit the same product spectrum. Therefore, Colley et al.® confirmed
that Cu was the active component for this process. A reaction pathway was proposed based on
their TD ethanol dosing experiments and TPR studies, as shown in the following schematic
diagram.

2CH,CH,OH(g)

CHSCHZOH* \ ,ﬁ CHSCHZOH*
( H* H* \
CH4CH, 0" Y CH3CH20*
2H,* 4< H*‘/
2
& ' \

CH,COOCH,CHj CH.CcHO*

/ \\ - /
CH,COOCH,CH,(g) CH,CO" /

3

Scheme 1. A schematic diagram for ethyl acetate formation from ethanol dehydrogenation on the
Cu catalyst, where the subscripts “*” and “g” refer to the adsorbed and gas phase species,
respectively.

The reaction pathway involves the main possible species, reactant ethanol, intermediates such
as ethoxy, acetaldehyde, and acetyl as well as product ethyl acetate. Firstly, the ethanol in gas
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phase adsorbs on the Cu. Secondly, ethanol dehydrogenates to the ethoxy. Thirdly, the ethoxy
dehydrogenates to the acetaldehyde. Fourthly, the acetaldehyde dehydrogenates to the acetyl.
Then, the ehoxy and acetal species adsorbed on the Cu react to form adsorbed ethyl acetate
molecule that migrates over the Cu to the Bronsted acid site on the Cr203, where it strongly
adsorbed. The rate-determining step for the reaction is the desorption of the product ethyl acetate

molecule from the Bronsted acid site.?

The decomposition of ethanol on Pt(111),*° Rh(111),'* Pd(111),'> Pd(100),*
Rh/Ce02(111),** Ru/ZrO»(111),**®and 2Rh/y-Al,03(110)have been theoretically investigated
using the density functional theory (DFT) calculation. The theoretical works relevant to
dimerization of ethanol to ethyl acetate on pure Cu surfaces and alloys were also reported
recently.®2% Due to the potential applications of ethanol fuel cells, many catalytic studies of

ethanol oxidation were also been conducted recently on 1r?42° as well as other catalysts®-58

The study of nanosized metal clusters, such as Pt,>°%7 Au,%-" pd,’27® Cu,20-84 |r 887 and the
alloys,289 has been one of the most active research fields of chemistry, biology, and physics over
the years due to their potential applications. Copper nanoparticles have potential applications in
many areas including catalysis, data storage, medical diagnosis, optoelectronics, magneto-
electronics, biochemistry and biosensing.82°"-1% In order to understand the different properties of
Cu nanoparticles and their catalytic activity, neutral and charged clusters have been studied using
different theoretical and experimental approaches.®”1% The synthesis of copper nanoparticles with
controllable sizes, shapes, and surface properties is vital to exploring copper-based catalysis.®*-
84,106-109

The aim of this research is to investigate the synthesis of ethyl acetate from ethanol

dimerization on small Cun (n=1, 2, 13) clusters. Based on the pathway proposed by Colley et al.,



a series of DFT calculations were carried out on the adsorption of ethanol, ethoxy, acetaldehyde,
acetyl, and ethyl acetate on small Cu clusters. The transition state (TS) was also obtained for each
elementary step. The rate-limiting steps on different small Cu clusters were then determined and

the size effect was investigated.

2. Computational Details

The DFT calculations were performed with the program package of DMol® in the Materials
Studio of Accelrys, Inc.!1!2 The exchange and correlation energies were calculated using the
Perdew-Burke-Ernzerhof (PBE) functional.***'* A double-numerical basis set with polarization
functions (DNP) was used. Spin unrestricted DFT calculations were carried out in this work. The
convergence criteria included threshold values of 2 X 10°° Ha, 0.004 Ha/A and 0.005 A for energy,
Max. force, and Max. displacement, respectively, while the self-consistent-field (SCF) density

convergence of 1.0 X10° Ha was employed. The same set of criteria was used in our previous

studies of ethanol dehydrogenation and C-C bond cleavage on Cu surfaces.'823

The decomposition of ethanol and the synthesis of ethyl acetate were first studied on small Cu,
clusters (n=1, 2). Then the Cu cluster was increased to around 0.5 nm size, Cuys. All the adsorption
states were relaxed. The vibrational analysis was done for all the Cun clusters and the adsorption
complexes involved in the reaction pathways. Each minimum structure was characterized by the

absence of imaginary frequencies.

The adsorption energies were calculated using the equation

AEad = Eadsorbate + ECun - Eadsorbate/Cun ’ (1)

where E,gsorbate 1S the total energy of the gas phase adsorbate molecule, Ec,,  is the total energy

of the Cun cluster, and E,gsorbate/cu, IS the total energy of the adsorbate on Cun. It is worth



mentioning that all the energies were after the zero point energy (ZPE) correction. By this

definition, a positive AE,4 implies a stable adsorption.

For a dehydrogenation reaction, such as AH—A+ H, on Cu clusters, the reaction energy was

calculated on the basis of the following formula:
AE = Ea+ny/cu, — Eanycu, 2

Where Ea+n)/cu, IS the total energy for the coadsorbed A and H on Cus clusters, and Eay /¢y,

is the total energy of AH adsorbed on Cun.

Transition state (TS) searches were performed at the same theoretical level as those for the
intermediates with the complete linear synchronous transit (LST)/ quadratic synchronous transit
(QST) method.*%12115 |n this method, the LST maximization was performed, followed by an
energy minimization in directions conjugating to the reaction pathway to obtain an approximated
TS. The approximated TS was then used to perform QST) maximization and then another
conjugated gradient minimization was performed. The cycle was repeated until a stationary point
was located. Then, the transition state optimization was executed in view of the structure from TS
searching step. Each TS structure was characterized by a vibrational analysis with the presence of
one imaginary frequency only. The activation barrier for an elementary step is defined to be the
difference between the energies of the TS and the initial state (IS), which is the adsorbed reactant

unless noted otherwise:
AE, = Eps — Eis . (3

The harmonic transition state theory, expressed as followed,!16-118

Ea

k=1e kT 4)



was used to calculate the rate constant k for each elementary step involved in the reaction pathway.
In eq.(4), v; and v{ are the frequencies of reactant and transition state, respectively. Ea is the
reaction barrier. ks and T denote the Boltzmann constant and temperature, respectively. We note

that no quantum effect'*® or high temperature effect'?° are considered in the kinetics calculations.
3. Results and Discussion

In this part, all the species included in the reaction were optimized. The most stable optimum
isomers for each adsorbate were listed in Table 1 and 2. The configurations of initial state (IS),
transition state (TS) and final state (FS) for each elementary step, the relationships between the
rate constant k and the temperature for each elementary step were shown in Table 1-2 and Figure
1-7. The correlation between the activation energy and the HOMO-LUMO gap of Cu clusters was

investigated. In addition, the rate limiting steps on Cun (n=1, 2, 13) clusters were also discussed.
3.1 Elementary Steps on a Single Cu Atom

On asingle cupper atom, five elementary steps were studied using the DFT method. The most
stable structures for ethanol, ethoxy, acetaldehyde, ethoxy and acetyl co-adsorption, and two H
atoms co-adsorption were selected to be the initial states (IS1 to IS5), which were shown in Table
1 and Figure 1. Owing to the closed-shell electronic configuration of ethanol and acetaldehyde,
there exist weak interactions between these two species and a single Cu atom with the adsorption
energies of 0.26 eV and 0.25 eV, respectively. By contrast, ethoxy adsorbed strongly on a Cu atom
with a world-apart adsorption energy of 2.45 eV, since the O atom of ethoxy is highly unsaturated.
Figure 1 illustrates that the highest activation barrier (1.04 eV) was obtained on the
dehydrogenation of ethoxy, followed by a slightly lower activation barrier of 1.02 eV on the
dehydrogenation of ethanol, indicating that these two elementary steps might be the rate limiting

steps of athyl acetate production from ethanol dimerization on single Cu atom. However, it was

7



not the exact rate-determined step in high temperature condition since the reaction rate constant

varies with temperature, which will be discussed in the later section.

Regarding to the dehydrogenation of acetaldehyde, the activation energy for this step was
much higher than the adsorption energy of the reactant on a single Cu atom (0.64 eV > 0.25 eV),
indicating that acetaldehyde was more likely to desorb from a single Cu atom than to
dehydrogenate to acetyl, which agreed with the experimental results.> We note that defects may
play important roles as well.*?2122 Thus the result can infer that a single Cu atom is not active
enough to catalyze ethanol dimerization since it cannot activate ethanol easily. In addition, all of
the three dehydrogenation steps from ethanol and the formation of hydrogen molecular were
exothermic reactions with the reaction energies of -0.13 eV, -0.41 eV, -0.15 eV and -0.23 eV,
respectively. However, the formation of ethyl acetate was an endothermic one (0.28 eV). It was
very intriguing that almost all of the C2 species were bonded with single Cu atom via O atom
except for acetyl, which might be attributed to the high saturation of tetravalent C atom with H
atoms on them. The products chemi-adsorbed weakly on single Cu atom with the adsorption
energies of 0.16 eV and 0.07 eV for ethyl acetate and hydrogen molecular, respectively,
corresponding to the nearest Cu-O bond and Cu-H bond distances of 2.797 A and 2.383 A,
respectively, which were really weak interactions. Finally, we note that in the case of single atom

catalysis,*?*>1%* the metal atom is often accompanied with ligands*?>-1? or substrates.'?%130
3.2 Elementary Steps on the Cuz Cluster

Similarly, identical elementary steps were calculated on Cux cluster. The most stable
configurations of reactants and products were selected as the initial states (IS1 to 1S5) and the
final states (FS1 to FS5), including some co-adsorptions shown in Figure 2. Figure 2 demonstrated

that it was difficult to dehydrogenate acetaldehyde and to form hydrogen molecular on Cu; cluster



with the reaction barriers of 1.16 eV and 1.19 eV, respectively. But it was easy to dehydrogenate
ethoxy (0.52 eV) and generate athyl acetate (0.48 eV). The dehydrogenation of ethanol on Cu;
cluster was not smooth with the high activation barriers of the first (1.02 eV) and the third (1.16
eV) dehydrogenation steps, leading to a poor catalytic performance of Cu; cluster, just like single

Cu atom.

Analogous to single Cu atom, the following similar phenomena occurred again on Cu; cluster.
Ethanol and acetaldehyde adsorbed weakly on Cuz cluster with the adsorption energies of 0.62 eV
and 0.64 eV, by contrast, ethoxy adsorbed strongly on Cus cluster (AE.s =1.76 eV). The C2 species
bonded with Cus cluster via O atoms except for acetyl. Besides, athyl acetate (AE.s =0.47 eV) and
hydrogen molecular (AE. =0.26 eV) chemi-adsorbed weakly on Cuz cluster. Acetaldehyde
desorption was easier than dehydrogenation to acetyl (1.16 eV > 0.64 eV) on Cu> cluster. These
similar natures resulted from the properties of the reactants and intermediates, which scarcely

affected by the catalysts.

In Figure 2(e), two hydrogen atoms on Cu cluster formed structure IS5. One H adsorbed on
a top site, while another adsorbed on a bridge site. The TS5 structure on Cu. illustrated that one of
the Cu-H bonds should break firstly to form hydrogen molecular, while FS5 configuration showed
that the hydrogen molecular was likely to adsorb on a atop site on Cu.. Dehydrogenation of ethanol,
i.e. O-containing species, may also be very different from that of alkanes**!** where the C-C bond

strength is different.3?
3.3 Elementary Steps on the Cuis Cluster

In these cases, as illustrated in Table 1 and Figure 3, five corresponding steps were carried
out on Cuzs cluster, whose diameter rose to about 0.5 nm. Higher catalytic performance was

observed on Cuss cluster with lower reaction barriers. In comparison, lower reaction barriers 0.75
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eV, 0.54 eV and 0.63 eV, respectively, were obtained for three dehydrogenation steps from ethanol

to acetyl on Cuzs cluster, implying that it became easier for ethanol activation.

Table 1 and Figure 1(b) showed that the activation energy for reverse reaction from
acetaldehyde to ethoxy on Cuz was 1.45 eV, which was much higher than the desorption energy
(0.25 eV) for acetaldehyde on Cuz. Similarly, Cuz and Cuzs clusters met with the same situation.
As a result of this, once the acetaldehyde produced, it preferred to desorb to the gas state than to
decompose. In this sense, this whole reaction prefers to produce acetaldehyde than further

dehydrogenates to produce ethyl acetate, which led to a lower selectivity of ethyl acetate.

With the lowest reaction barrier of 0.39 eV, it was prone to form ethyl acetate when ethanol
was activated to acetyl. The formation of hydrogen molecular was the most difficult step with the
highest activation barrier of 0.88 eV, which might be the rate limiting step on Cus cluster.
However, it was still the lowest reaction barrier on Cu, (n=1, 2, 13)clusters. By the same reason,

similar properties of the reactants and intermediates occurred again on Cuss cluster.

Figure 3(a) showed that the O-H bond orientation was parallel to the Cu-O direction in 1S1,
meanwhile, the steady ethoxy and atomic H co-adsorption state on the Cuss clusters was shown in
FS1. The atomic H was also likely to adsorb on the bridge site of Cuis. The activation energy
barrier for this case was the lowest 0.75 eV. It maybe because the Cuis cluster acts more like a
surface Cu. Figure 1(b), 2(b) and 3(b) showed that the FS2 was a structure of acetaldehyde and
atomic H co-adsorbed on Cun (n=1, 2, 13) clusters. The Cu atom both bonded with the carbon and
oxygen in acetaldehyde on single Cu and Cuz clusters, however, only the oxygen in acetaldehyde
adsorbed on atop site via Cu-O bond on Cuzs clusters. The possible reason maybe the steric
hindrance effect between acetaldehyde and Cuis clusters. In Figure 2(d) and 3(d), the a-C in the

acetyl adsorbed on the bridge site on Cu> cluster while both of the ethoxy and acetyl adsorbed at
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atop site on Cuzs, indicating that larger size brought more adsorption sites and more activation
sites which brought down the reaction barrier, in the case of such a big size molecular. Figure 3(e)
illustrated that the two hydrogen atoms both adsorbed on the bridge site in structure 1S5. When the
hydrogen molecular formed, it was also likely adsorbing on a top site of Cuyz as shown in structure

FS5.
3.4 Correlation between the Activation Energy and the HOMO-LUMO Gap of Cu Clusters

In order to find out the dominated factor which controls the catalytic activity of ethyl acetate
synthesis from ethanol dehydrogenation on small Cun(n=1,2,13) clusters, we calculated the
HOMO-LUMO gap. The HOMO-LUMO gaps of the systems with and without adsorbed species

were shown in Table 2.

On Cuz and Cuz clusters, the HOMO-LUMO gap of the system changed only slightly after the
ethanol and acetaldehyde adsorbed because of the weak adsorption. Nevertheless, ethoxy adsorbed
strongly on Cun(n = 1, 2) clusters, thus it influenced the electron orbital distribution of the system
which makes the HOMO-LUMO gap change a lot after it adsorbed on Cun(n = 1, 2) clusters. As
for Cuys cluster, the adsorption species have almost no effect on the HOMO-LUMO gap. These
results suggested that the HOMO-LUMO gap of larger size Cu cluster are not influenced by

adsorption species.

A small HOMO-LUMO gap corresponds to a high chemical reactivity and low reaction
activation energy. The relationship between the reaction activation energy and the HOMO-LUMO
gap of the system for dehydrogenation steps was fitted as shown in Figure 4.For ethanol and
acetaldehyde dehydrogenation as shown in Figure 4 (a),(c),(d)and(f), there was a good linear
relationship between the activation energy and the HOMO-LUMO gap. This is because the

HOMO-LUMO gap of ethanol and acetaldehyde before and after adsorbed on Cu clusters changed
11



a little as mentioned above. For ethoxy dehydrogenation, it showed a terrible linear relationship
between the activation energy and the HOMO-LUMO gap of Cu clusters without ethoxy adsorbed.
However, as shown in Figure 4(e), after ethoxy adsorbed on Cu clusters, the linear relationship of
the reaction activation energy and the system's HOMO-LUMO gap became better. This is due to
the strong adsorption of ethoxy on Cu clusters altered the HOMO-LUMO gap of the bare cluster.
A good linear relationship implied that the catalytic reactivity of Cu clusters was dominated by

HOMO-LUMO gap of the system with adsorbed species.

To verify this conclusion, the reverse reactions of the dehydrogenation of ethanol, ethoxy and
acetaldehyde were also investigated. The linear relationship between the reaction activation energy
of hydrogenation and the HOMO-LUMO gap of the system was shown in Figure 5.The nice linear
correlation verified that the activation energy on Cu clusters was decided by the system's HOMO-

LUMO gap after each reaction species.

The adsorption of ethoxy could rearrange the electron orbital distributions and change the
HOMO-LUMO gap of Cuz and Cu clusters, which resulted in the fluctuation of the catalytic
activation energy for elementary steps. However, the electron orbital distributions of larger size
Cuas cluster was slightly impacted by adsorbates. Therefore, in order to avoid unstable catalytic
activation with different adsorbed molecules, larger clusters should be chosen. Here, we showed
that one can investigate the influence of adsorption species on the HOMO-LUMO gap of different
sizes of metal clusters, then choose moderate size clusters whose electron orbitals would not be

easily changed by adsorption species for robust catalysis.
3.5 Rate Limiting Step: Cluster Size Dependence

Figure 6 illustrated the variation of the forward reaction constant k with the changing

temperature of each elementary step. Figure 6(a) showed that ethanol dehydrogenation to ethoxy

12



on Cugs predicted the largest forward reaction constant while on a single Cu atom and Cu. revealed
the similar lowest one. In Figure 6(b), the forward reaction constant of ethoxy dehydrogenation to
acetaldehyde on Cuz was a little higher than that on Cuss, and all of them were much higher than
that on Cui. Figure 6(c) illustrated an adjacent line of Cu; and Cuis, meanwhile, they were
extremely higher than Cu,. Figure 6(d) indicated that the catalytic activity of Cu clusters for the
synthesis of ethyl acetate from ethoxy and acetyl was in this order: Cuiz, Cuz and Cuy,
corresponding to increasing activation barrier for Cuiz (0.39 eV), Cuz (0.48 eV) and Cu1 (0.86 eV)
as shown in Figure 1-3. In this sense, lower activation barrier signified higher catalytic activation.
Figure 6 (e) showed that the formation of hydrogen on Cuqs predicted the largest forward reaction

constant while on Cu, revealed the lowest one.

Comparing with Figure 6(b) and (d), single Cu atom revealed the lowest catalytic activity. It
might be due to the reactant of ethoxy dehydrogenation to acetaldehyde and the formation of ethyl
acetate from ethoxy and acetyl were unsaturated coordinate. Ethoxy adsorbed on Cu clusters by
Cu-0 bond, so single Cu atom had no more Cu atoms for chemical adsorption while Cuz and Cuis
clusters predicted higher activity with spare Cu atoms. As for Figure 6 (a), (c) and (e), Cuz cluster
showed an obvious lower catalytic activity than Cuz and Cuzs. A hypothesis was that Cu had odd-
even effect like Au and Ag. The electrons in two Cu atoms of even number Cu; cluster were
internally saturated while odd number Cuz: and Cuss cluster had single electron which led to a
higher catalytic activity. To summarize, Cuis cluster manifested higher catalytic activity

comparing with Cuy and Cuz clusters.

Figure 7 implied the correlation between the rate constant and the temperature of each
elementary step for ethyl acetate synthesis from ethanol dehydrogenation on small Cun (n=1,2,13)

clusters. As shown in Figure 7(a), ethanol dehydrogenation to ethoxy and ethoxy dehydrogenation
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to acetaldehyde were the rate-limiting steps on Cur when T <524 K, but the rate-limiting step on
Cuz became the formation of ethyl acetate from ethoxy and acetyl when T > 524 K. As a matter of
fact, the temperature of the formation of ethyl acetate from ethanol dehydrogenation in industry
was about 493 K, so under this temperature, the rate-limiting steps on Cu; were ethanol
dehydrogenation to ethoxy and ethoxy dehydrogenation to acetaldehyde. Figure 7(b) and Figure
7(c) showed that the rate-limiting steps on Cu. and Cuiz were both the formation of hydrogen
molecules. These comparisons illustrated that the reaction mechanism of ethyl acetate synthesis

from ethanol dehydrogenation really depended on the different sizes of small Cu clusters.

4. Conclusions

The reaction mechanisms of ethyl acetate synthesis from ethanol dehydrogenation on small
Cun (n=l, 2, 13 ) clusters have been investigated using the DFT method. Ethanol

dehydrogenation to ethoxy and ethoxy dehydrogenation to acetaldehyde were the rate-limiting
steps on Cur when T <524 K, but the rate-limiting step on Cu: became the formation of ethyl
acetate from ethoxy and acetyl when T > 524 K. The rate-limiting steps on Cuz and on Cuzs were
both the formation of hydrogen molecules. Based on the DFT results, it can also be concluded that
the exothermic and endothermic reactions were not always equal to tending to get the product,
which was with lower system energy. The vibrational frequencies of the system and temperature
also affected the reaction mechanism. Owing to its low adsorption energy on Cu, acetaldehyde
preferred desorbing from small Cu clusters rather than dehydrogenation to the acetyl. After the
strong adsorption species adsorbed on single Cu atom and Cuz cluster, the electron orbital
distribution changed easily, corresponding to the change of the HOMO-LUMO gap of the system.
However, the HOMO-LUMO gap of larger size Cuss cluster was rarely influenced by adsorption

species. As for each elementary steps of the formation of ethyl acetate from ethanol
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dehydrogenation, the dominant influence factor of the activation energy of ethanol
dehydrogenation on Cu clusters was the HOMO-LUMO gap of the system after reactive species
adsorbed on Cu clusters. In addition, this work illustrated that the reaction mechanism can depend
on the size of Cu clusters. To understand the performance of Cu catalyst and the size effect, further

work on Cuss will be interesting.
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Table 1.The information of reactants ethanol, ethoxy, acetaldehyde adsorption, acetyl and ethoxy,
two hydrogen atoms coadsorption, ethyl acetate, hydrogen adsorption on Cun (n=1, 2, 13) clusters:
adsorption energy (AEags), bond distances between Cu and the nearest O (dcy-0), bond distances
between Cu and the nearest C (dcu-c), and bond distances between Cu and the nearest H (dcu-+).

Species Eads(eV) dcu-o(R) deu-c(A) deu-n(A)
CH3CH20H-Cus (IS1) 0.26 2.228 3.164 2.604
CH3CH:0-Cu (IS2) 2.45 1.802 2.786 3.028
CH3CHO-Cus (IS3) 0.25 2.213 2.067 2.480
CH3CO -Cuz -OCH2CHz3 (1S4) 4.48 1.818 1.908 -
H-Cus-H (IS5) 424 e e 1,526
CHsCOOCH,CHs-Cus (FS4) 0.16 2,797 3588 e
Ha-Cuy (FS5) 007 e e 2383
CH3CH,0OH-Cu (1S1) 0.62 2.086 3.056 2.557
CH3CH20-Cuz; (1S2) 1.76 1.818 2.742 2.641
CH3CHO-Cua (IS3) 0.64 1.984 2.127 2.603
CHsCO -Cuz -OCH:CHs (1S4) 4.23 1.807 1980 e
H-Cuz-H (IS5) P — 1,528
CHsCOOCH,CHs-Cuz (FS4) 0.47 2.148 3097 e
Ho-Cuz (FS5) 026 e e 1.757
CHsCH20H-Cuss (IS1) 0.52 2.135 3.145 2,588
CH3CH20-Cuss (1S2) 2.17 1.880 2.789 2.065
CH3CHO-Cuss (IS3) 0.23 3.348 2.614 1.917
CH3CO -Cuis -OCH,CHs (1S4) 3.39 1.963 2092 -
H-Cugs-H (1S5) 481 e e 1.662
CHsCOOCH;CHs-Cuys (FS4) 0.36 2191 e e
H2-Cuis (FS5) 021 - e 1.778
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Table 2.HOMO-LUMO gap value of the systems before and after the species adsorbed on the Cu
clusters.

HOMO-
Species HOMO (eV) LUMO (eV) LUMO (eEs/d)
gap (eV)

Cuy -4.61 -3.63 0.98

Cuz -4.54 -2.73 1.81

Cuis -3.64 -3.40 0.24 -—--
IS(CH3CH20H-Cuy) -3.21 -2.34 0.87 0.26
IS(CH3CH20H-Cuy) -3.67 -1.37 2.3 0.62
IS(CH3CH20H-Cuzs) -3.35 -3.11 0.24 0.52
IS(CH3CH20-Cuz) -4.82 -3.34 1.48 2.45
IS(CH3CH20-Cuy) -5.14 -4.59 0.54 1.76
IS(CH3CH20-Cuis) -4.17 -3.65 0.52 2.17
IS(CH3CHO-Cus) -4.16 -3.29 0.87 0.25
IS(CH3CHO-Cuy) -4.49 -2.96 1.53 0.64
IS(CH3CHO-Cuzs) -3.85 -3.62 0.23 0.23
IS(CH3CO-Cu1-OCH2CHs) -5.16 -4.5 0.65 4.48
IS(CH3CO-Cu2-OCH2CHj3) -5.11 -3.56 1.55 4.23
IS(CH3CO-Cu13-OCH2CHa) -4.00 -3.85 0.15 3.39
IS(H-Cus-H) -5.77 -4.7 1.07 4.24
IS(H-Cuz-H) -4.96 -3.63 1.33 4.66
IS(H-Cuiz-H ) -3.9 -3.67 0.23 4.81
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Figure 1.Reaction pathways of ethanol dehydrogenation to ethoxy (a), ethoxy dehydrogenation to
acetaldehyde (b), acetaldehyde dehydrogenation to acetyl (c), formation of ethyl acetate from
ethoxy and acetyl (d) and hydrogen formation on single Cu atom. Grey spheres = C, white spheres
= H, red spheres = O, yellow spheres = Cu.
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Figure 2.Reaction pathways of ethanol dehydrogenation to ethoxy (a), ethoxy dehydrogenation to
acetaldehyde (b), acetaldehyde dehydrogenation to acetyl (c), formation of ethyl acetate from
ethoxy and acetyl (d), and hydrogen formation on Cus cluster. Grey spheres = C, white spheres =
H, red spheres = O, yellow spheres = Cu.
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Figure 3.Reaction pathways of ethanol dehydrogenation to ethoxy (a), ethoxy dehydrogenation to
acetaldehyde (b), acetaldehyde dehydrogenation to acetyl (c), formation of ethyl acetate from
ethoxy and acetyl (d), and hydrogen formation on Cuzs cluster. Grey spheres = C, white spheres =
H, red spheres = O, yellow spheres = Cu.
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(a) CH,CH,OH*—=>CH,CH,O* + H* (b) CH,CH,0*=CH,CHO* + H* (c) CH,CHO*=CH,CO* +H"*
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Figure 4.Variation of the catalytic dehydrogenation reaction barriers as a function of HOMO-
LUMO gap; the black line (a), (b) and (c) corresponding to the relationship between the HOMO-
LUMO gap of Cu clusters and the reaction barriers, the red line (e), (d) and (f) corresponding to
the relationship between the reaction barriers and the HOMO-LUMO gap of the system after
species adsorbed on Cu clusters.
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LUMO gap; the black and red line have the same meaning as in Figure 3.

26




" (a)

20 s

10 - 1

Ink

10 4

(b)

20

10

Ink

/

10 4

(©)

20

10 |

J

-10

(d)

20 -

10 -

/

10 } 4

" (e)

20

10 -

//
S

-
o

1.5

N
o

2.5 3.0 3.5
1000/T (K")

Figure 6. A comparison of the forward reaction constant k for each elementary reaction on
different size Cun (n=1, 2, 13) clusters. The black circles represent the Cus, the red triangles
represent the Cusz, and the blue diamond represent the Cuas.
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Figure 7. Temperature-dependent curves for the rate constant of each elementary step; the black
line represents the elementary step for ethanol to ethoxy, the red line represents the elementary
step for ethoxy to acetaldehyde, the blue line represents the elementary step for acetaldehyde to
acetyl, the green line represents the elementary step for the formation of ethyl acetate from
ethoxy and acetyl, the pink line represents the elementary step for the formation of hydrogen.
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