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Abstract

Economically advantageous Cu-based catalysts have been widely used for a great number
of reactions related to ethanol. However, serious obstacles still remain, such as the high reaction
energy barrier and low selectivity for the first step of the dehydrogenation of ethanol. In this
study, O-H and a-C-H bond cleavages in ethanol on a CuzX(111) surface (X= Zr, In, Ag, Au)
were carried out using DFT to explore the effect of alloying on the selective and effective
dehydrogenation of ethanol. CuzZr(111) was found to have superior catalytic performances for
dehydrogenation with significantly low reaction barriers for both O-H bond cleavage (0.13 eV)
and a-C-H bond cleavage (0.73 eV), which are much lower than the results on Cu(111). Thus
this work indicates that alloying Zr can selectively break the O-H bond of ethanol, which can-
not be accomplished using Pt, Pd, or Cu catalysts. Meanwhile, through PDOS analysis, Mul-
liken charge analysis, and d-band center analysis, there are two key factors that contribute to
the great improvements on the dehydrogenation catalytic activities of CusX(111). Firstly, the
specific inherent properties of the second alloyed metal X, including the d-band center, are
crucial to the adsorption and activation of ethanol on surfaces. Secondly, the electronic distri-
bution on the surfaces resulting from the difference of electronegativity between the metals Cu
and X is associated with the dehydrogenation reaction barrier. More electron density around
the Cu atoms on these surfaces is more beneficial for dehydrogenation reactions, especially

when H atoms were adsorbed stably on the Cu sites.



Introduction

In the search for a comparable energy source to replace traditional fossil fuels, ethanol as
bio-renewable fuel has become a promising contender.!* > Ethanol can be used to produce hy-
drogen for hydrogen fuel cells®® and can also be utilized directly in ethanol fuel cells.® 7 In
addition, ethanol is a starting material in the synthesis of products including acetaldehyde, eth-
ylene, acetic acid, ethyl ester, and ethyl acetate.® ° All of the utilization of ethanol involve the
decomposition of ethanol on catalysts surfaces and a number of metal catalysts was found to
decompose ethanol effectively.!®3> Among a tremendously large reaction network of ethanol
decomposition,”- 143638 the dehydrogenation of ethanol is the first step and considered of great
importance due to its significance in affecting the reaction pathways of product formation.

There are three kinds of hydrogen atoms in ethanol: hydroxyl-H (denoted as o-H in this
work), a-H, and B-H.3%%° Previous studies of ethanol dehydrogenation on Pd(111) and Pt(111)
surfaces illustrated that it is easier to break the a-C-H bond.*! %2 Our previous Density Function
Theory (DFT) studies showed that the bonding energy of B-C-H is the largest (4.28 eV), fol-
lowed by O-H (4.23 eV), and a-C-H is the smallest (3.92 eV), which also suggests that ethanol
dehydrogenation is most likely to occur via o-C-H bond cleavage.® As we expect, the product
CH3CHOH of ethanol dehydrogenation via a-C-H cleavage will trigger a different decompo-
sition pathway than the product CH3CH-O that is via the O-H cleavage. Therefore, it is of great
importance to design catalysts for higher catalytic activity and selectivity for ethanol dehydro-
genation to ethoxy. Simultaneously, the mechanism behind these catalytic performances for

different types of ethanol dehydrogenation deserves in-depth exploration.



As a cheap metal catalyst, in comparison to the Pt,***° Pd 3% Ir,37- 58 and Au**-%* nanopar-
ticles, copper-based catalysts have often been studied for ethanol oxidation and decomposition
reactions.®*% Besides, for partial ethanol oxidation to acetaldehyde, copper-based catalysts
also present a wide utilization, which shows more desirable selectivity.®® " Wang et al. demon-
strated that, through the study of ethanol dehydrogenation on Cu(111) and Cu(110), the O—H
bond of ethanol was broken at a lower temperature to form alkoxy intermediates while the a-
C—H bond was broken at higher temperature to form aldehyde.” Our DFT studies also indi-
cated that the O-H bond scission may become as competitive as the a-C-H bond scission on
the Cu(111) surface.® As such, we investigated different Cu-based bimetallic catalysts using
DFT calculations and compared their catalytic performances for the dehydrogenation of etha-
nol via O-H and a-C-H bond scissions to illustrate the function of various secondary metals
that may be similar to the polarization effect’? or ligands in catalysis.”>"

The choices of the secondary alloyed metals were made within the same period as Pd and
among the same group of Cu (see Fig.1). In the same period as Pd, we firstly selected Zr as the
second metal to form CusZr(111). Zirconia has been frequently used in acid-base catalysis or
as catalyst support.’®’® In this work, we further explored the effect of Zr on ethanol dehydro-
genation from the aspect of an alloyed metal. CuZr system is a kind of typical glassy alloy,
which owns special material properties, such as high strength and corrosion resistance,-82 but
its catalytic activity still remains unclear from the theoretical point of view and is worth ex-
ploring. We also selected In as the second alloyed metal to form CuzIn(111), which aims to

achieve a completely different bimetallic catalyst from CusZr(111), specifically in terms of the



surface electronic distribution. Onyestyak et al. found that when doped with In2O3, Cu exhib-
ited an improved catalytic performance for acetic acid hydrogenation to ethanol due to the
existence of the CuzIn phase.®*¥ Liu et al. investigated computationally the reaction network
of ethanol formation from acetic acid on CuzIn(100).8” Their results show that In may have a
positive effect on O-H bond formation. Hence, CusIn(111) was selected for the first step of
ethanol dehydrogenation here and compared with the results on CusZr(111) to clarify the sur-
face composition and charge distribution effect on the catalytic activity of ethanol dehydro-

genation.
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Fig. 1 Selections for the second alloyed metal X in CusX(111) (X= Zr, In, Ag, Au).

Furthermore, Ag and Au were selected to form CusAg(111) and CusAu(111), respectively.
CuAg bimetallic catalysts have been widely utilized in electrochemical CO; reduction,® hy-
droxylation of benzene via C-H bond cleavage,®® NO reduction and so on.*° The specific cata-
Iytic performances of Cu-Ag bimetallic catalysts on ethanol dehydrogenation are still unclear.
On the other hand, Cu-Au bimetallic catalysts were revealed to be able to catalyze selective
oxidation of ethanol to acetaldehyde when prepared by redox method and supported on SiO»,”!
and Do et al. compared catalytic activity of ethanol dehydrogenation on calcined Cu, Ag, Au
metals supported on TiO> and illustrated that the activation energy of ethylene formation from
ethanol lowers from Au to Cu to Ag.”> In this work, a DFT study on the alloy catalysts

CusAg(111) and CusAu(111) for ethanol dehydrogenation was carried out and the results have
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been compared with the other bimetallic catalysts being studied.

Methodology

The Face Centered Cubic (FCC) structures of CusX (X= Zr, In, Ag, Au ) were used as
model structures in this study so that comparisons with our previous work can be made di-
rectly.!® Since Cu, Ag, and Au are all FCC structures, we expect that CusAg and CuzAu with
fce structures may be synthesized readily. On the other hand, the model FCC structures of
Cus3Zr(111) and CuzIn(111) may be more challenging to synthesize as Zr is a body centered
cubic structure and In is a simple tetragonal structure. However, our study will provide a valu-
able insight into further studies of using more realistic models and different concentrations of
X.

All calculations were performed within DFT as implemented in the program package of
DMol*.”** The exchange-correlation interaction was described by the Generalized Gradient
Approximation (GGA) and the Perdew-Burke-Ernzerhof (PBE) functional.”® A double-numer-
ical basis set with polarization functions (DNP) was used. Spin unrestricted DFT calculations
were carried out. 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. Self-Consistent-Field
(SCF) density convergence threshold value of 1 X107 eV was used, and a Fermi smearing of
0.005 Ha was employed. Meanwhile, a DIIS size of 6 was also used to enhance the calculation
speed. Similar technical details have been reported in our previous work.® 64 %

The CuszX crystal structure was built by substituting the Cu atom on vertices of the original

Cu crystal cell with atom X, and then optimized.® Each alloyed metal used different proper



cutoff values in the geometry optimization process. For Zr and In, 4.6 A and 4.4 A respectively,
and 4.0 A for Ag and Au. After optimization, the lattice parameters for CusZr, Cusln, CuzAg,
and CusAu were 3.946 A, 3.867 A, 3.814 A, and 3.812 A respectively. The experimental meas-
urement of lattice parameter for pure copper is 3.623 A.%7 After alloying with other metal atoms,
the lattice parameters of CusX are all increased to some extent. The resulting CuzX(111) surface
was cleaved from the optimized CusX crystal structure. The periodic (4 X4) supercell surface
model with three layers of atoms was constructed. Furthermore, the atoms in the two bottom
layers were fixed and the remaining atoms were fully relaxed during optimization (Fig.2). We
mention that calculations were also made using a four-layer model with the top two layers were
allowed to relax as well as a five-layer model with the top three layers were allowed to relax
to test the three-layer model using CuzAg and CusZr systems. The adsorption energy of ethanol
on CusZr(111) using four-layer model was found to be -0.11 eV more stable than that from the
three-layer model. While the adsorption of ethanol on both systems and dehydrogenation on
CuzAg were found no drastic changes in comparison to the results from the three-layer model,
the formation of ZrH hydride changes the surface structure of model catalysts greatly and the
reconstructed surface makes the transition state search unsuccessful. This presents a serious
challenge and more systematic work on the proper representation of model CuZr catalysts is in
progress. Nevertheless, the constrained model for CuzZr(111) system provides important in-
sights into the performance of this bimetallic catalyst and suggests that small concentration of
Zr seems to be a better choice. The other parameters, such as adsorption configuration and
bond distances, remain unchanged. To save computing time, the three-layer model was em-

ployed. A (2X2X 1) k-point mesh was utilized to sample the surface Brillouin zone, and a 15



A vacuum was introduced between the repeated slabs along the z-direction. We note that the
convergence test of the mesh points was made and the results are shown in Tables S1 and S2
of supporting information. The even mesh was also used by others.”® The adsorption energy of
ethanol on CusZr(111) using a (3X3X 1) k-point mesh was found to be -1.04 eV, which is

about 0.07 eV lower.
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Fig.2 Periodic (4 X 4) supercell surface model of CusX(111) (X= Zr, In, Ag, Au). Color code:
Cu (orange) and X= Zr, In, Ag, or Au (grey).

The isolated molecule was optimized in a vacuum space of 15 A by using the core treatment
of all electron. The cutoff values kept the same with those of different bulks. Other calculation
parameters were consistent with those mentioned above. This is the same method as our previ-
ous calculations for ethanol® ° and other isolated molecules.’® '%° Furthermore, the adsorbate
species were optimized on different kinds of slabs. All of the adsorption species were fully
relaxed and a lack of imaginary frequencies was confirmed. The adsorption energies were cal-
culated as:

AE.q = Egasorbate/siab — (Eaasorbate + Esiap), (1)
where Eagsorbate, Eslan, and Eadsorbatessian are the total energy of the gas phase adsorbate species,
CuzX(111) surface, and adsorbate on CusX(111) surface, respectively. Furthermore, all the

calculated energies were ZPE corrected:
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AESG = DEgq + X2 — T2+ T0 ™2, ()

where vj, Vm, Vn are the frequency of jth vibrational modes of the adsorption configuration on
CuzX(111) surface, mth vibrational modes of Cu3X(111) bulk and nth vibrational modes of
adsorbate, h is Planck’s constant. AEQ; is ZPE corrected adsorption energy.

We also performed single point DFT-D2 calculations to investigate the impact of long-range
dispersion to the adsorption energy. The results are provided in Table S3 of the supporting
information. Our results show that the relative stability barely changes but the adsorption en-
ergy is increased in all cases by about 0.5 eV when dispersion is considered. As such, it seems
that the DFT-D method!?! 92 will not affect the results for strong chemisorption of reactants.

Transition states searches were performed using a generalization of the linear synchronous
transit (LST) method for periodic systems combined with a quadratic synchronous transit (QST)
method.1% Only one imaginary frequency was permitted in each TS after the searching process,
which was characterized by vibrational analysis. The activation barrier and reaction energy of
each reaction step was calculated as:

AE, = Ers — Eis,  (3)

AE = Egg — Ejs, (4)
where the energies of reactant (Eis), transition state (Evs), and product (Ers) are all ZPE cor-
rected:

#

hv hv;
AE3=AEa+ZjTJ—ZjTJ, (5)

AE® = AE + Zk%—zj% (6)

where AEJ and AE°are ZPE corrected energy barriers and reaction energies, v/, v; and

v, are the frequency of vibrational modes of the TS, IS and FS, respectively. Additionally, all



the vibrational frequencies were obtained by the finite difference of the atomic positions. We
note that the finite difference calculations of harmonic vibrational frequencies were shown to
be rather accurate.!®

The pathways of H dissociation were designed by connecting the most stable reactants and
products with their relatively lowest energies. It is also ensured that the vibrational direction of
the only imaginary frequency of the transition state is consistent with the direction of H disso-

ciation. This practice is the same as our previous work in the search of transition states.® - 105

109

The Miilliken charges of atoms were also obtained from our DFT calculations using the
default parameters. We note that the Miilliken charges of atoms were also be used by others®” 11
and ourselves!® to correlate the effect of charge transfer on the catalytic activities of metallic
or metal oxide systems and interesting observations were made. Meaningful correlations were
observed previously®” 19119 and in this work. The Mulliken charges of the surface Cu atom on
CusZr(111), CuzAg(111), and CuszIn(111) are -0.224, -0.008, and 0.296 electrons, respectively.
The charges of the surface X atom are 0.584 (Zr), 0.018 (Ag), and -0.146 (In) electrons. In the
case of CusAg(111), the Muilliken charges of the surface Cu and Au atoms are 0.030 and -0.096
electrons, respectively. The Mlliken charges can clearly indicate the direction of charge trans-
fer between two kinds of metal atoms on surfaces, and the relative extent of charge transfer can
also be qualitatively compared.

Results and Discussion

In this work, two kinds of the ethanol dehydrogenation reactions: O-H and a-C-H bond

cleavages, and ethanol adsorption on four different CuzX(111) surfaces with X= Zr, In, Ag, Au



were studied. The specific geometric and electronic effects were also investigated. In what
follows, we first present the results of the ethanol adsorption, followed by the O-H bond cleav-
age, CH3CH20OH—CH3CH,0O+H, on the four CusX(111) surfaces.

The adsorption energies of ethanol on different sites of different surfaces are included in
Table 1, which can clearly illustrate the main adsorption and reaction centers on these different
alloy surfaces. We note that most of the energies reported here are ZPE corrected. Energies
without ZPE corrections were only obtained for special comparison purposes and for saving

computing times. In these cases, the energy reported will be explicitly stated.

Table 1 Adsorption energies of ethanol on different sites of CuzX(111) (X=Zr, In, Ag, Au).
Bolded values indicate that the adsorption sites are the more stable ones.

CusX(111) Cu site (eV) Xsite (eV)
CusZr(111) -0.27 -0.93
CusIn(111) 0.21 -0.27
CusAg(111) -0.22 -0.19
CusAu(111) -0.24 -0.08

DFT results of O-H bond cleavage in CHsCH20H on CusX(111) (X= Zr, In, Ag, Au)
are depicted in Fig.3, where the adsorption configurations of the reactant and products, and the
transition state of the reaction, including barriers and reaction energies, are all provided. The
results of O-H bond cleavage on CusZr(111) in Fig.3 show that CH:CH.OH—CH3CH>O+H is
strongly exothermic with a reaction energy of -1.17 eV and the reaction barrier (0.13 eV) is
significantly smaller than that on Cu(111). This indicates that the O-H bond cleavage is defi-
nitely easier on CuszZr(111) from both a thermodynamics and a dynamics perspective. For the

initial state, ethanol is adsorbed on the atop site of the Zr atom with a Zr-O distance of 2.288
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A. The adsorption energy is -0.93 eV, which is a remarkable chemical adsorption. For the tran-
sition state, CH3CH>O is still adsorbed on the atop of Zr atom with the Zr-O distance of 1.127
A, and H atom moves away from the O atom of ethanol to the neighboring Cu-Cu bridge site.
The distance between O and H in the transition state is 1.296 A. When it comes to the final
state, CH3CH2O adsorbs in a similar configuration as transition state and the Zr-O bond length
is 1.927 A. The dissociated H atom is adsorbed on the Cu-Cu bridge site with the Cu-H bonds
of 1.718 and 1.713 A. We note that these product adsorption configurations as well as those

reported below are the ones leading to the lowest reaction barrier.
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Fig.3 Structural data and energetics for the O-H cleavage of ethanol, initial states (ISs), transi-
tion states (TSs), and final states (FSs) on CuzZr(111) (IS1, TS1, FS1), CusIn(111) (1S2, TS2,
FS2), CusAg(111) (1S3, TS3, FS3), and CuzAu(111) (1S4, TS4, FS4). The black dotted line is
the reaction barrier of O-H cleavage on Cu(111).1® Key geometrical distances are provided in
A. Colored balls: H (white); C (grey); O (red); Cu (orange); Zr (green); In (brown); Ag (blue);
Au (yellow).

The results of the O-H bond cleavage reaction on CusIn(111) in Fig.3 clearly illustrate that
the O-H bond cleavage of ethanol is further hindered on CusIn(111) after alloying In to Cu
catalysts, since the reaction barrier is 1.08 eV, which is higher than that on Cu(111). Further-
more, the reaction is noticeably endothermic with a reaction energy of 0.69 eV. The reactant
ethanol is adsorbed on the atop of the In atom with an adsorption energy of -0.27 eV, which is
the most stable adsorption configuration on CusIn(111). The O-In distance is 2.664 A. For the
transition state, CH3CH2O species is adsorbed on the atop site of the In atom. The In-O bond
length is 2.259 A, and distances of the nearly dissociated H atom to the two closest Cu atoms
are 1.765 and 1.786 A. For the product, CH3CH-O is adsorbed on the atop of the In atom, and
the In and O distance is 2.091 A. The dissociated H moves to the adjacent hollow site of Cu
atoms with Cu-H bonds of 1.729/1.726/1.757 A.

As shown in Table 1, ethanol molecule adsorbs on the Cu or In site with similar strength.
12



The same is true for the CuAg system. Therefore, it is necessary to perform transition state
search for both sites. As we would expect, these pathways will have low reactivity. Indeed, our
calculated results provided in Table S4 of supporting information confirmed this. For the de-
hydrogenation of o-H of ethanol on CuzAg(111) (Fig.3), the results indicate that alloying Ag
does not alter the O-H cleavage drastically with respect to Cu(111), since the reaction barrier
is 0.81 eV, which is slightly lower than that on Cu(111) (0.98 eV).!* The reaction is exothermic
with the reaction energy of -0.26 eV (comparable to that on Cu(111), -0.21 eV)'3. The most
stable adsorption configuration of ethanol on CuzAg(111) is presented in Fig.3, and the adsorp-
tion energy is -0.22 eV with the distance between O and Cu of 2.390 A. For the transition state,
CH3CH,0 is adsorbed on the Cu atom with the Cu-O bond length of 2.045 A. The to-be-dis-
sociated H atom is adsorbed on the neighboring Cu-Cu bridge site with the Cu and H distances
of 1.750/1.790 A. For the products, the CH3CH:O species is adsorbed on the Cu-Cu bridge site
with the Cu-O distances of 2.061/2.065 A, and the dissociated H is adsorbed on the hollow site
of Cu atoms and forms three Cu-H bonds (1.746/1.766/1.722 A).

When it comes to the dehydrogenation on CuzAu(111) (Fig.3), it can be clearly seen that
the reaction barrier (1.02 eV) increases after alloying Au and the reaction energy is -0.19 eV,
which is slightly exothermic. This indicates that the O-H bond cleavage becomes harder on
CusAu(111). Ethanol is still adsorbed on the atop of Cu atom with the Cu and O distance of
2.303 A and the adsorption energy of -0.24 eV. For the transition state, it is similar to that on
CuszAg(111). The O and H distance is 1.792 A. For the products, the CHsCH,O and H species
are adsorbed on two adjacent hollow site of Cu atoms. The distances of Cu atoms and the O
atom of CH3CHO species are 2.082/2.054/2.054 A, and the distances of Cu atoms and the

13


http://www.baidu.com/link?url=9A_MwJTrlvBe0RvQ50gAML3xb3dPshq0eW_9yYLp5tpUN8dX7G54MOU7MsdgE0Pr82ihxsN4GND1rcPorhrP6UEeDQHSVJvvF_38166fq8y
http://www.baidu.com/link?url=9A_MwJTrlvBe0RvQ50gAML3xb3dPshq0eW_9yYLp5tpUN8dX7G54MOU7MsdgE0Pr82ihxsN4GND1rcPorhrP6UEeDQHSVJvvF_38166fq8y

dissociated H atom are 1.721/1.731/1.733 A.

The comparison of O-H cleavage on the four alloyed surfaces in Fig. 3 clearly shows that
the O-H bond of ethanol is more prone to break on CuzZr(111), but is difficult on CuszIn(111)
and CuzAu(111). Although Ag and Au are located in the same group with Cu, the O-H bond
cleavage is different on CusAg(111) and CuzAu(111) surfaces, and the former is a slightly better.

The results from DFT calculations on the a-C-H bond cleavage in CH3CH20H on
CusX(111) (X= Zr, In, Ag, Au): CH3CH,OH—CH3CHOH+H, are presented in Fig.4, where
the adsorption configurations of reactants and products and of the transition state of these re-

actions, including reaction barriers and reaction energies, are also provided.
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Fig.4 Energetics of the a-C-H cleavage of ethanol, initial states (ISs), transition states (TSs)
and final states (FSs) on CusZr(111) (1S1, TS1, FS1), Cusln(111) (1S2, TS2, FS2), CusAg(111)
(1S3, TS3, FS3), and CuzAu(111) (1S4, TS4, FS4). The black dotted line is the reaction barrier
on Cu(111).:® Key geometrical distances are provided in A. Colored balls: H (white); C (grey);
O (red); Cu (orange); Zr (green); In (brown); Ag (blue); Au (yellow).

The a-C-H bond cleavage reaction on CuszZr(111) as shown in Fig.4 is endothermic with a
reaction energy of 0.34 eV and the reaction barrier of 0.73 eV. This indicates that alloying Cu
with Zr also lowers the reaction barrier for the a-C-H bond cleavage, although the effect is not
as drastic as that of the O-H cleavage. The ethanol adsorption configuration here remains the
same as that of the O-H cleavage. For the transition state, the CH3CHOH and H species are co-
adsorbed to one Zr atom. Both the O and a-C atoms of CHsCHOH bond to the Zr with a Zr-O
and Zr-C bonds of 2.323/2.401 A. The distance between the to-be-dissociated H atom and Zr
is 2.015 A. For the products, the dissociated H atom is adsorbed on the neighboring Cu-Cu
bridge site, and the Cu-H bond lengths are 1.723/1.727 A. The O and a-C atoms of CH3CHOH
are still co-adsorbed on Zr with the Zr-O and Zr-C bonds of 2.343/2.249 A.

As for the dehydrogenation on CusIn(111) (Fig.4),a-C-H bond cleavage becomes harder af-
ter alloying In, since the reaction barrier increases to 1.38 eV with the reaction energy of 1.17

eV. For the reactant, the adsorption configuration of ethanol remains the same as the one in the
15



O-H bond cleavage. For the transition state, the H is adsorbed on the atop of Cu atom with the
Cu-H bond of 1.634 A and the CH3CHOH species is close to the to-be-dissociated H atom with
the distance between the a-C and the H of 1.869 A. The distance between the a-C of CH;CHOH
and the Cu is 2.400 A. For the product, the H atom is located at the hollow site of Cu atoms
with the length of Cu-H bonds of 1.735/1.734/1.804 A. CH3sCHOH is adsorbed on the neigh-
boring top of Cu atom forming the Cu-C bond. The distance between Cu and a-C is 2.063 A.

When it comes to the reaction on CuzAg(111) (Fig.4), the reaction barrier (1.08 eV) in-
creases after alloying. The reaction energy is 0.78 eV. The ethanol adsorption configuration
remains the same as that in the O-H cleavage. For the transition state, the CH;CHOH species
is atop of the Cu atom with a Cu and C distance of 2.477 A. The to-be-dissociated H atom is
also bonded to the atop Cu atom with a Cu-H bond of 1.661 A. The distance between the o-C
and H is 1.960 A. For the products, the CH3CHOH forms a bond with Cu and the length of this
Cu-C bond is 2.073 A. The dissociated H atom is adsorbed on the hollow site of Cu atoms. The
Cu-H bond lengths are 1.799/1.703/1.690 A.

The reaction barrier on CuzAu(111) (Fig.4) was found to be 1.38 eV and the reaction energy
to be 1.14 eV. The configuration of ethanol on the CusAu(111) surface also remains the same
as that in the O-H cleavage. For the transition state, the H is adsorbed on the hollow site of Cu
atoms. The lengths of these Cu-H bonds are 1.770/1.799/1.649 A. The CHsCHOH species does
not form a strong bond and the distance between the Cu and a-C is 2.545 A. For the products,
the dissociated H atom is still located on the hollow site of Cu atoms and the Cu-H bond lengths
are 1.713/1.715/1.790 A. The CH3CHOH species is co-adsorbed on one of the three Cu atoms
and the Cu-C bond is 2.032 A.
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It can be clearly seen in Fig. 4 that alloying Zr to form CusZr enhances the catalytic activ-
ities in breaking the a-C-H bond when alloying with In, Ag, and Au does not. The activity of
CusAg(111) is slightly better than those of CuzIn(111) and CuzAu(111), but it is still worse than
that of Cu(111).

A comparison of O-H and a-C-H bond cleavages in CH3CH20H on all four alloying
catalysts: CusZr, Cusln, CusAg, and CusAu can be made with the results summarized in
Table 2. As we mentioned above, CusZr(111) is a remarkable catalyst for ethanol dehydro-
genation reactions of either o-H or a-H, since the reaction barriers are both rather low, espe-
cially for the O-H bond cleavage (0.13 eV). This indicates that both dehydrogenation channels
will be assessable during reaction dynamics.!'! Conversely, CusIn(111) and CusAu(111) alloys
do not improve dehydrogenation reactions for o-H and o-H atoms, since the reaction barriers
are all around 1.00-1.40 eV, where some are even strongly endothermic, meaning that dehy-
drogenation reactions could barely take place around 100°C on CuzIn(111) and CusAu(111)
surfaces. On the other hand, it can be concluded through comparison that all of the alloy cata-
lysts exhibit better activity in selectively breaking the O-H bond of ethanol than to break the
a-C-H bond, while the opposite holds true for Pt and Pd alloys. Though the reaction barriers
are lower on the surfaces, CusPt and CusPd favor more a-C-H bond breakage'® followed by
the O-H bond cleavage in CH;CHOH species.!!?

Compared with Cu(111), CusZr(111) shows more desirable selectivity of the prior dehy-
drogenation of ethanol, since the difference of reaction barrier energies between the O-H and
a-C-H bond cleavage on CusZr(111) is much larger than that on Cu(111). CuzAg(111), on the
other hand, does not present this excellent catalytic performance. Furthermore, significantly
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easy access to the product CHzCH20 on CuzZr(111) may indicate the main reason for the wide
application of ZrO; in the one-step dehydrogenation of ethanol to ethyl acetate in which Zr-Cu
alloy form may be responsible for the high catalytic activities'*® 14 and since CH3CH-O is

always the key intermediate in that reaction networks related to the Colley mechanism.!'

Table 2 Reaction barriers (AE."), reaction energies (AE?), and the only imaginary frequency (v)
of each transition state of the O-H and a-C-H bond cleavage reactions on CusX(111) (X=Zr,
In, Ag, Au).

CusX(111) O-HBond Cleavage v (em?) a-C-H Bond Cleavage v (cm™)

AEL (8V) AE? (eV) AEX (eV)  AEC (eV)
Cu(111)* 0.98 -0.01 1242i 0.89 0.73 140i
CusZr(11l)  0.13 _1.17 1157i 0.73 0.34 944i
Cusin(11l)  1.08 0.69 956i 1.38 1.17 810i
CusAg(111)  0.81 -0.26 1024i 1.08 0.78 595i

CusAu(111) 1.02 -0.19 261i 1.38 1.14 236i
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Fig. 5 PDOS analysis (after adsorption) on 2p-orbital of O atom, 1s-orbital of o-H atom, and
1s-orbital of a-H atom in ethanol and d-orbital and s-orbital of adsorption center atoms on
CusX(111) surfaces (X=Zr, In, Ag, Au).

Furthermore, we can investigate the adsorption process of ethanol from the PDOS profile
analysis, which has been used to understand bonding aspects of the adsorbed species.!?% 116-119
PDOS analysis shown in Fig.5 includes the main adsorption center atom exposed to ethanol on
the surface, which aims to analyze the electronic structure of adsorption configurations of eth-
anol. It can be clearly seen through all the PDOS profiles that the adsorption of ethanol on alloy
surfaces is basically formed by the 2p-orbital of O atom, the 4d-orbital and the 5s-orbital of Zr

atom on CusZr(111), or 5p-orbital and 5s-orbital of the In atom on CuzIn(111), or the 4s-orbital

and the 3d-orbital of Cu atom on CuzAg(111) and CusAu(111). But for CusX(111) (X= Zr, Ag,
19



Au), the outermost d-orbital of the Zr atom or Cu atom plays the most essential role during the
adsorption process, but for Cuzln(111), the outermost p-orbital of the In atom is crucial for the
adsorption bond of ethanol instead. It is mainly because In is a basic metal rather than a transi-
tion metal, and the 4d-orbital of In is not actively involved during the adsorption and the reac-
tion process. Besides, the 4d-orbital of Zr atom on CusZr(111) crosses the Fermi level, but
when it comes to the 3d-orbitals of Cu atoms on CusX(111) (X= Ag, Au), there is nearly no
electron distribution around Fermi level, which is able to explain the higher reactivity for de-
hydrogenation on CusZr(111) since metal Zr owns more redox capability than Cu does.!'?°

A further in-depth explanation of dehydrogenation reactivity on different surfaces can be
illustrated partially through Mulliken charge analysis. Figure 6 shows the Miilliken charge dif-
ferences for the o-H atom, a-H atom and O atom in ethanol after and before adsorption on
CusX(111) (X=Zr, In, Ag, Au). Fig. 6 also depicts the reaction barriers for correlation purposes.
It can be clearly seen that the trend of Milliken charge differences of different sorts of H atoms
and reaction barrier energies of different types of dehydrogenation have a close relationship.
Firstly, by taking the o-H dehydrogenation as an example, the Mulliken charge of the o-H atom
in ethanol changes mostly (0.037 electron) when adsorbed on CusZr(111), which means that
the O-H bond is activated mostly on CuzZr(111) surface. This charge transfer is the main reason
that the reaction barrier on CusZr(111) is the lowest. Then, Miilliken charge differences can be
arranged from CuzAu(111), CuzIn(111) to CuzAg(111) (0.026 > 0.020 > 0.007). However, the
reactivity among them does not completely follow this trend. The dehydrogenation reaction on
CusAg(111) turns out to be much easier, followed by CuzAu(111) and CuszIn(111) (reaction
barrier: 0.81 eV < 1.02 eV < 1.08 eV). This trend can be further explained from another aspect
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of alloy surface electronic distribution. Because of the difference in electronegativity between
Cu and the second alloyed metal X, the surface electronic distribution can turn to be drastically
different. The Miilliken charge distribution of the Cu atom and the second alloyed metal X on
CusX(111) (X= Zr, In, Ag, Au) can shield some light on the understanding of the catalytic
activities. The Cu atoms on CusZr(111) and CuzAg(111) surfaces have more electron density,
since the Milliken charges of the Cu atom are -0.224 and -0.008 electrons, respectively. The
product H atoms in dehydrogenation reactions are finally adsorbed stably on hollow or bridge
sites of Cu atoms. Hence, more electron density around Cu atoms can be beneficial for the
dehydrogenation reaction to occur. This rule can be reflected on CuzZr(111) and CuzAg(111)
surfaces, which may also explain a better O-H bond cleavage reactivity on CusAg(111) than
that on CuzAu(111) or CuslIn(111), though the Cu atom on CusAg(111) surface does not really
activate the O-H bond. Meanwhile, when it comes to the a-C-H bond cleavage, it can also be
seen that a-C-H bond breaking occurs much more easily on CuzZr(111) and CusAg(111) than
on CusAu(111) and CuszIn(111), which means that the rule of surface electronic distribution

mentioned above still applies.
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Cu3in —
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Cu3Au —
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B oH |
0.007 77 aH
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Fig. 6 a) Absolute values of differences of Muilliken charge of o-H atom and o-H atom in
ethanol after and before adsorption on CusX(111) (X= Zr, In, Ag, Au) (electron). b) Reaction
barrier energies of 0-H and a-H dehydrogenation reactions on CusX(111) (X= Zr, In, Ag, Au)
(eV).

Dehydrogenation reactions of ethanol on CusX(111) (X= Zr, In, Ag, Au) are closely associ-
ated with d-band centers of different reaction center atoms on the surfaces.’? In Fig.7(a, b)
PDOS profiles of d-orbitals and d-band centers of different atoms are presented (Note: For In,
it is p-orbital). It can be clearly seen that the d-band center of the Zr atoms on CusZr(111) is
much closer to the Fermi level than others, which means that the reaction center Zr features
better activity for dehydrogenation reactions than the other metals. In is different from other
metals, since metal In is not a transition metal. The outermost p-orbital of In atom is mostly
involved in dehydrogenation reactions. It can be clearly seen that the p-band center is also close
to the Fermi level, just like the d-band center of Zr atom, but the reactivity on In atom is still
quite low, which means that the p-orbital does not exhibit comparable ability with the d-orbital
in dehydrogenation. When alloyed with Zr and In, the d-band centers of Cu atoms on
CusZr(111) and CuszIn(111) move away from Fermi level compared with Cu(111). As for
CusAg(111) and CuszAu(111), it can be concluded that the d-band centers of the Cu atoms,
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when alloyed with Ag and Au, move closer to the Fermi level when compared with Cu(111).
Meanwhile, the d-band centers of Cu atoms on CuzAg(111) and CuzAu(111) are basically the
same, and the former one is a little bit smaller than the later one (-2.25 eV <-2.22 eV). However,
the peak of density of states of d-orbital of Cu atoms on CusAg(111) is higher than that on
CusAu(111), which is consistent with the results of more electron density occupied around Cu
atoms on CuzAg(111) mentioned above. This could be the main reason that prior dehydrogena-
tion reactions can occur more easily on CusAg(111) than CusAu(111). Besides, through Fig.7c,
it can be clearly seen that the DOS profile of Cuzln(111) is greatly different from other profiles,
since it is more non-localized and has a significant peak of density of states around approxi-
mately -15 eV, which further explains its poor activity. DOS profiles of CuzAg(111) and
CusAu(111) are pretty similar, and other than the highest peak around -2.5 eV, there are other
small peaks of density of states around -5 eV in these profiles, which may be attributed to Ag
and Au atoms in the bulk system. Besides, for CuzZr(111), another significant small peak of
density of states is located across the Fermi level due to Zr atoms in the bulk, which meets the

agreement with the results mentioned above.

Table 3 The d/p-band centers of different atoms on CusX(111) (X= Zr, In, Ag, Au) (For In, it

is p-orbital) and pure Cu(111) surface (eV).
CusX(111) CusZr(111) Cusln(111l) CusAg(111) CusAu(11l) Cu(111)
d-band Cu -2.78 -2.55 -2.25 -2.22 -2.40
d/p-band X -1.10 -1.16 -4.19 -3.83 —
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Fig.7 a) PDOS profiles of d-orbitals Cu atoms on Cu(111) and CusX(111) bare surface (X= Zr,
In, Ag, Au). b) PDOS profiles of d/p-orbitals X atoms on CusX(111) bare surface (X= Zr, In,
Ag, Au) (For In, it is p-orbital). ¢) DOS profiles of bulk CuzX and Cu (X= Zr, In, Ag, Au).

Overall, it can be clearly seen that there are two major factors that can significantly influence
the reactivity of prior dehydrogenation reactions, or even the type of dehydrogenation reactions.
Compared with the results on Cu(111), or CusPd(111) and CusPt(111), where a-C-H bond
cleavage is competitive with O-H bond cleavage, all the alloy surfaces mentioned above make
the O-H bond cleavage of ethanol more accessible and energetically favorable. Some alloys
were successful at reducing reaction barriers of the first dehydrogenation of ethanol signifi-

cantly, which may be attributed to the specific properties of the second metal X, which can
24



directly activate the O-H bond of ethanol or indirectly change the d-band center of Cu atoms
and surface lattice parameters. Other than that, surface electronic distribution effect cannot be
ignored, since the significant differences in electronegativity can create an obvious acid-base
position on the surfaces, and more electronic density around the Cu atoms where H atoms can
be stably adsorbed can greatly promote the reactivity of dehydrogenation reactions on alloy
catalyst surfaces. These two factors mutually and coherently influence the prior dehydrogena-
tion reactions.

Bronsted-Evans—Polanyi (BEP) has been applied in a great volume of research,!!* 121 122
Here, the BEP relationships of the O-H bond and a-C-H bond cleavages, including CuzX(111)
(X=Zr, In, Ag, Au, Pt, Pd) and Cu(111),*® are presented in Fig.8. For the O-H bond cleavage,
the BEP relationship is y (eV)=0.555x (eV)+0.917, and R?=0.780, and for the a-C-H bond
cleavages, the BEP relationship is y (eV)=0.987x (eV)+0.225, and R2=0.880. The BEP rela-
tionship may better describe the a-C-H bond cleavage reaction in ethanol. A proper linear BEP
relationship always means that reaction barrier energies are mostly associated with electronic
properties of chemical bonds in reactants. Hence, there may be more specific factors other than
the electronic effect that can influence the barrier energies of the O-H bond cleavage on differ-
ent surfaces. We can predict the reaction barriers of a-C-H bond cleavage to some extent by
analyzing the configurations of FS and IS on different surfaces. For the O-H bond breaking,

this correlation may provide some insights into the trend of this elementary step on a series of

metals, though the configurations of FS and IS cannot directly determine the reaction barriers.
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Fig. 8 a) BEP relationship between reaction barrier energies and reaction energies of the O-H
bond cleavage. b) BEP relationship between reaction barrier energies and reaction energies of
the a-C-H bond cleavage.

Conclusions

In this study, O-H and a-C-H bond cleavage reactions of ethanol on CusX(111) (X= Zr, In,
Ag, Au) have been studied using DFT. The key reaction centers for dehydrogenation reactions
on CusZr(111) and CusIn(111) are metal Zr and In, respectively, and others are metal Cu on
CusAg(111) and CusAu(111). CusZr(111) exhibits obviously superior catalytic performance
among the others with a significantly low reaction barrier for the O-H cleavage reaction (0.13
eV). Although we cannot directly take CusZr as an ideal catalyst based on our current study,
our research can still provide a valuable insight and will stimulate future studies on the CuZr
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catalysts for dehydrogenation of ethanol. On all of the alloy surfaces, ethanol is more likely to
have the O-H bond breaking instead of the a-C-H bond cleavage, in contrast to the results on
Cu(111). The effects on catalytic performances for dehydrogenation reactions on CuzX(111)
are related to two main factors. Firstly, the specific inherent effects of the second alloy metal
X are significant, including its indirect effects on the d-band center of the metal Cu, since its
adsorption and activation of ethanol or H atoms may reduce the reaction barrier energies effec-
tively. Secondly, electronic distribution on the surfaces, due to the differences in electronega-
tivity between Cu and the second alloyed metal X, is also important since greater electron
density occupied around Cu atoms on surfaces is beneficial for the adsorption of H atoms,
especially when H atoms can be adsorbed more stably on the sites of Cu atoms, and can also
reduce the reaction barrier energies to some extent.

Since the second alloyed metal have shown great effects on the selective dehydrogenation
reactions of ethanol, these encouraging results will serve as a great starting point for future
studies. The future work includes the investigations of optimal composition of Zr in CuZr al-
loyed catalysts and the second dehydrogenation, i.e. CH3CH20 - CH3CH=0, to form alde-
hyde and desorption of aldehyde on the optimal CuZr catalyst. Further exploration of the syn-

ergistic effects of alloying will also be interesting.
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