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Abstract:

The high oxidation activity for coinage metals (Cu, Ag and Au) has been widely applied on
various important reactions, such as oxidation of carbon monooxide, alkenes or alcohols. The
catalytic behavior of those inert metals has mostly been attributable to their size effect, the
physical effect. In the present study, the chemical effects on their high oxidation activity has been
investigated. We mechanistically examine the direct and oxygenate dehydrogenation (partial
oxidation) reactions of ethanol to acetaldehyde on a series of transition metals (Groups 9, 10 and
11) with identical physical characteristics and varied chemical origins using density functional
theory (DFT) calculations and electronic structure analyses at the GGA-PWO91 level. The
energetic results show that coinage metals have much lower activation energies and higher
exothermicities for the oxidative dehydrogenation steps although they have higher energy for the
direct dehydrogenation reaction. In the electronic structure analyses, coinage metals with
saturated d bands can efficiently donate electrons to O* and OH*, or other electronegative
adspecies, and better promote their p bands to higher energetic levels. The negatively charged O*
and OH* with high-lying p bands are responsible for lowering the energies in oxidative steps.
The mechanistic understanding well explains the better oxidation activity for coinage metals and
provides the valuable information for the utilization of them on other useful applications, for

example, the dehydrogenation process.

KEYWORDS: Coinage metals, Dehydrogenation, Density functional calculations, Ethanol,

Partial oxidation.
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Introduction

Coinage metals have attracted tremendous attention due to their good reactivity for various
important processes in the heterogeneous catalysis. The interest started from the discovery of CO
oxidation on gold catalysts at low temperatures in the 1980s,' while the moderate catalytic
activity of the chemically inert gold is attributable to the remarkable size effect in the nano scale.
Recently, coinage-metal clusters supported on reducible oxides also show the high activities for
the oxidation or oxidative coupling of alcohols and olefins, even for large clusters (> 15 nm), as
summarized in the reviews.” Additionally, the extended surfaces of coinage metals display
similar catalytic behavior in the ultrahigh vacuum (UHV) condition as well.”’ Those results
demonstrate that the intrinsic chemistry of coinage metals also plays an essential role in their
oxidation activity. Thus, finding the chemical origin of coinage metals will have a significant
influence on the understanding of their catalytic behavior and guide the design of their future
applications.

To elucidate the oxidation activity of coinage metals, we mechanistically examine the partial
oxidation of ethanol to acetaldehyde, which is an important transformation for fine chemical
synthesis and has the modest importance in both scientific understanding and engineering
application. This reaction has been extensively investigated on coinage metals®* and in various

conditions, including the oxidative steam reforming (OSR) in the continuous flow system,g'14

15-18 19-22

aerobic oxidation in the batch reactor and electro-oxidation reaction in alkaline medium.
These experiments confirm that the catalysts of coinage-metal nanoparticles or clusters on oxide
supporters have great oxidation capability. In both OSR and aerobic oxidation experiments,
higher oxygen or steam contents can further enhance the conversion efficiency of ethanol and

11,14

increase the selectivity for oxidative products. In electrochemical reactions, hydroxyl ion in

the alkaline medium plays an important role in the oxidation reaction. Additionally, the reaction
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mechanism has been extensively investigated by in situ IR spectroscopy in practical catalytic

8-9, 23 5-6, 24-25

conditions, UHV system at low pressure on single crystal surfaces and density

1.2 262 The mechanistic studies

functional theory (DFT) calculations at the molecular leve
conclude that the partial oxidation of ethanol to acetaldehyde corresponds to the oxidative
dehydrogenation reaction. Surface oxygen (O*) or hydroxyl (OH*), acting as Brensted base or
nucleophilic groups, can promote the reaction by thermodynamically and kinetically assisting the
initial O—H and the followed C,—H bond cleavages of adsorbed ethanol (CH;CH,OH*) and
ethoxy (CH3CH,O%*), respectively. Some results suggest that coinage metals themselves can
promote the C,—H bond cleavage as well.**?"2>?° Oxide supports, on the other hand, play a key
role for the initial O* and OH* formation and are less significant in the following

. 15, 21, 29
dehydrogenation process. ™ “~

These intensified researches indeed prove that the coinage
metals are active catalysts for oxidation reaction and reveal feasible reaction routes at the
molecular level. However, most of studies only dedicate on the coinage metals themselves and no
comparison results with other TMs have been thoroughly examined for the elucidation of their
chemical effect on the oxidation reactivity.

In the present study, we systematically investigate the oxidation reaction on a series of
chemically corresponded transition metals (TMs) in Groups 9 (Co, Rh, Ir), 10 (Ni, Pd, Pt) and 11
(Cu, Ag, Au) using DFT calculations at the GGA-PWO1 level. The (111) facet, which is the most
dominant configuration and can well represent the nature for close-packed TMs,’ is applied to
model these TM catalysts. The surface science study in the clean system (UHV condition for
single-crystal materials) has shown good correspondence to the catalytic experiments under the
practical conditions (metal clusters at the atmospheric pressure or in the liquid phase) for current

2,5,30

oxidation reaction. Thus, the computed reaction energy (AE) and activation barrier (Ea) in

our DFT calculations can be appropriate applied to rationalize the experimental observation.
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Furthermore, the energetics, density of state (DOS) and charge distribution are analyzed to
investigate the electronic structures of coinage metals. These mechanistic results can well serve
as the guidance in understanding the origins of the catalytic behavior and predicting of possible

applications suitable for coinage metals.

Results and discussion

Adsorption energies, E.i(A*) = E(A*) — E(surface) — E(A()) (the total energies of the
surface with adsorbed A*, clean surface and gas-phase A, respectively), of the intermediates
involved in the dehydrogenation reaction for ethanol to acetaldehyde on the TM surfaces,
Co(111), Ni(111), Cu(111), Rh(111), Pd(111), Ag(111), Ir(111), Pt(111) and Au(111), have been
initially examined and listed in Table 1. The comparisons of E,4 on all TMs are shown in Fig. 1a.
Top and side views of the corresponded structures on Au(111), for example, are shown in Figs.
1b and S1 (ESI), respectively. The adsorption structures on other TMs are similar, not shown
here, implying that the energetic results are mainly affected by the chemical characteristics of
those TMs and their physical effect is negligible. Comparing E,; of the adspecies, the stable
molecules of CH;CH,OH*, CH;CHO* and H,O* (black bars in Fig. 1a) are weakly bonded to all
surfaces, E,4 < -0.5 eV, while other intermediates of CH;CH,O0*, CH;CHOH*, OH*, O* and H*
(color bars in Fig. la) have much stronger adsorption energies. Comparing E,; on the TM
surfaces, the adsorption energy decreases as the adsorbed TMs move from left to right across the
Periodic Table. On the other hand, coinage metals, which have filled d orbitals and are relatively
inert, show the lowest adsorption energies for most adspecies.

The mechanism for the partial oxidation of ethanol to acetaldehyde corresponding to the

dehydrogenation reaction of surface ethanol (CH3;CH,OH*) includes two parallel pathways. The
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first pathway follows the O—H bond cleavage of CH;CH,OH* and C,—H bond cleavages of
CH;CH,O* in steps f1 and f2, respectively.

CH3;CH,OH* - CH3CH,O* + H* (f1)

CH;CH,0* - CH3CHO* + H* (f2)
The second pathway, with an opposite order, follows the C,—H bond cleavage of CH;CH,OH*
and O—H bond cleavage of CH;CHOH* in steps s1 and s2, respectively.

CH;CH,OH* - CH3;CHOH* + H* (s1)

CH;CHOH* - CH3;CHO* + H* (s2)
On clean TM surfaces, those four steps (denoted as My, x = f1, f2, s1 and s2) are related to the
direct dehydrogenation reaction. In the steam reforming and electrochemical experiments, the
reducible oxide supporters and alkaline medium can create O* and OH* on the TM surfaces.
When those steps occur on O* and OH* adsorbed TM surfaces, the dissociated H from ethanol or
its fragments can bond with O* and OH* (denoted as Oy and OHy, respectively) in the oxidative
dehydrogenation reactions, also known as partial oxidation. The four steps on the clean, O* and
OH* adsorbed TM surfaces have been systematically investigated on the identical (111) surface
for those TMs to elucidate the catalytic mechanism in the reforming and electro-oxidation
experiments. The DFT computed AE and Ea are listed in Table 2. Top and side views of the
related structures of local minimums and transition states on Au(111), for example, are shown in
Figs. 2 and S2, respectively. The optimized structures on other TM surfaces are similar and not
shown. The alike structures on the TM surfaces also imply that the energetic results mainly
correspond to the chemical effect of those TMs. Also, those energies are initially examined with
Brensted—Evans—Polanyi (BEP) relation, as shown in Fig. S3 (ESI), to validate the computational
consistence. Good BEP correlations (the coefficient R > 0.93) between Ea and AE of all steps on

those TM surfaces are obtained.
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Shown in Fig. 3a is the overall £ comparison for all the 12 steps, My, Oy and OHy (x = f1, 2,
s1 and s2), on the nine TM surfaces, Groups 9 (Co, Rh, Ir) in black open symbols, 10 (Ni, Pd, Pt)
in blue open symbols and 11 (Cu, Ag, Au) in red filled symbols. Comparing steps f1, f2, s1 and
s2, Ea ranges for both C,—H bond cleavages (steps f2 and s1) are higher than those for the two
O-H bond cleavages (steps fl1 and s2). C,—H bond cleavage for CH;CH,OH* (step s1) shows the
highest Ea in the range of 0.81 — 2.52 eV, suggesting that CH;CH,OH* energetically prefers the
first pathway (CH3;CH,OH* = CH3;CH,0* - CH3;CHO*) on the TM surfaces. Also, Ea range
for the first O—H bond cleavage (step f1) is relatively lower than that for the followed C,—H bond
cleavage (step f2), implying that CH;CH,O* is abundant on the surface and has sufficient
lifetime to be observed in the experiments for ethanol catalytic reactions.”® %232

Comparing My, Oy and OHy steps, the Ea ranges for O* and OH* assisted bond cleavages
(O and OHj steps) are relatively lower than those for direct bond cleavage (My step). This result
indicates that O* or OH* can efficiently improve the dehydrogenation reaction and agrees with
the experimental observation that higher steam or oxygen contents show better catalytic
efficiency as described in Introduction. Comparing the energies on those TM surfaces, coinage
metals (red filled symbols) show the highest Ea for the direct dehydrogenation reaction in My
steps. The higher barriers in My steps on coinage metals are attributable to the weaker E, 4 of the
related adspecies, which have less effect on weakening the intramolecular bonding of adspecies
and lowering the Ea.>'* On the other hand, coinage metals show the lowest Ea for the oxidative
dehydrogenation reaction in Oy and OHy steps. The lower Ea on Cu(111), Ag(111) and Au(111)
in Og (0.19, 0.13 and 0.25 eV) and OHg (0.18, 0.08 and 0.05 eV) steps than in Mg (0.77, 1.04

5.7, 9, 24-25, 30
o*>7 % 7% and

and 1.13 eV) steps are consistent with the experimental observation that
OH*'» ' on coinage metals can fasten the production of surface ethoxy. The lower Ea on

Cu(111), Ag(111) and Au(111) in O (1.05, 0.66 and 0.57 eV) and OHp, (0.82, 0.49 and 0.37 eV)
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steps than in Mp, (1.64, 1.46 and 1.20 eV) steps also clarify that C,—H bond cleavage is not
promoted by coinage metals themselves, but their surface O* and OH*.

The influences from O* and OH* on all TM surface have been further detailed by examining
the Ea differences, [Ea(Oy)—Ea(My)] (red bars) and [Ea(OHy)—Ea(My)] (blue bars), between the
oxidative and direct dehydrogenation reactions. Shown in Figs. 3b and 3c are the Ea differences
for steps fl1 and f2 in the energetically preferred first pathway. The Ea differences for steps sl
and s2 in the second pathway are shown in the Fig. S4 (ESI). All the four steps show a similar
energetic trend that most TMs have negative Ea differences and coinage metals have the largest
one. This result implies that O* and OH* can boost the dehydrogenation reactions, especially on
coinage metals. The less negative or some positive Ea differences are observed for the TMs in the
left d block, such as Co, Ni and Rh, indicating that O* and OH* will retard the dehydrogenation
reaction on those TMs. This result also implies that the activity of O* and OH* decreases as the
adsorbed TMs move from right to left across the Periodic Table. Similar trend is also observed

3435 Thus, the main differences

for the O—H bond cleavage of surface water in previous study.
between coinage metals and other TMs corresponds to the largest Ea drop from direct to
oxidative dehydrogenation reactions. This energetic drop is attributable to their highly active O*
and OH* and responsible for their high oxidation activity in the reforming and electro-oxidation
experiments. Additionally, significant energetic drops are also found on (100), (110) and (211)
surfaces of coinage metals, shown in Table S1 and Fig. S5 (ESI), indicating that the energetic
behavior and oxidation activity on coinage metals are insensitive to their surface structures and
mainly correspond to their chemical origins. Furthermore, the chemical effects of how O* and
OH* are highly active on coinage metals or how coinage metals can effectively activate O* and

OH* have been elucidated in the following adsorption/desorption energy, binding energy, density

of state (DOS) and charge distribution analyses.
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Dehydrogenation steps on the clean, O* and OH* adsorbed TM surfaces (My, Oy and OHy,

respectively) can be expressed as follows.

A* > B+ H* (M,)
A* +0* > B* + OH* (0y)
A* + OH* > B* + H,0% (OH,)

A* and B* are exactly the same for those steps on the clean, O* and OH* adsorbed surfaces. For
example, A* and B* are CH3;CH,OH* and CH;CH,0%*, respectively, in step sl and are
CH;CH,0* and CH;CHO#*, respectively, in step s2. Due to the small adsorbate effects (Table S2,
ESI), the reaction energies of AE(My), AE(Oy) and AE(OHy) for those dehydrogenation steps can
be fairly represented as the energies for reactant desorption, product adsorption and intermediate

reaction in the gas phase as rearranging in the following equations:

AE(Mx) = [Eaas(B*)—Eaas(A*)] + [Eaas(H*)] + [E(Bg)—E(Ag)tEHg)]
AE(Oy) = [Eads(B*)~Eaas(A*)] + [Eaas(OH*)—Eaas(0*)] + [E(B(g))—E(Ag)+E(OH(g)~E(O(g)]

AE(OH,) = [Eaas(B*)—Euis(A*) | H[ Eaas(H2O* ) —E aas(OH*) [+ E(B ) —E(A ()t E(H20 ) -E(OHg))]

The energies for gas-phase reactions in the third brackets are irrelevant to the TM surfaces,
indicating that the AE trend only corresponds to product desorption and reactant adsorption
energies in the first two brackets. Furthermore, the first brackets [E,;(B*)-E,s(A*)], related to
A* desorption and B* adsorption energies, are exactly the same in the three AE representations.
Thus, only the second brackets of [E,qs(H*)], [Euas(OH*)—E,45(0*)] and [E,4(H,O*)—E,4(OH*)]

directly correspond to the trends of AE(My), AE(Ox) and AE(OHy), respectively, on the TMs.
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Eventually, they correspond to the trends of Ea(My), Ea(Ox) and Ea(OHy) because of the good
BEP correlations.

Coinage metals have less exothermic E,4(H*) and result the higher AE(My) and Ea(My).
[Eaas(OH*)—E,4(O*)] mainly follows the trend of —F,4(O*) since E,4;(O*) is much larger than
E.4(OH*). Coinage metals have smallest —£,4(O*) and results the lowest AE(Oy) and Ea(Oy).
Similarly, the trend of [E.;(H,O*)-E,4(OH*)] follows that of —E,;(OH*) as E,;(H,O%) is
negligible. Coinage metals have the smallest —F,;(OH*) and result the lowest AE(OHy) and
Ea(OHy) as well. Ea(Oy) and Ea(OHy) have opposite trends to that of Ea(My) since the trends of
—FE,45(0*) and —E,4(OH*) are opposite to that of E,;(H*). Those results explain the Ea behavior
of coinage metals in Fig 3a (red filled symbols). Additionally, the Ea differences of [Ea(Ox)—
Ea(My)] and [Ea(OHy)-Ea(My)] in Figs. 3b and 3c are proportional to the E,; differences,
[Eaas(OH*)—E44(0*) ][ Eaas(H*)] (red bars) and [Eas(H20*)—Euas(OH*) - Eaas(H*)] (blue bars),
respectively, in Fig. 4a. Coinage metals have the smaller £, differences, give the larger Ea drop
and ultimately show the higher oxidation activity.

The adsorption/desorption energy analysis finds that the Ea trend of partial oxidation
reaction of ethanol to acetaldehyde corresponds to —E,;(O*) and —FE,4(OH*); however, the
energetics of other adspecies (CH;CH,OH*, CH;CH,O0*, CH;CHOH* or CH3;CHO¥) are less
significant. On the other hand, coinage metals with filled d orbitals have the lowest —E,;(O*) and
—FE,4(OH*) and the highest activated O* and OH* to assist the oxidation reaction. This result
also implies that coinage metals can promote other catalytic reactions in which O* or OH* is

involved and is also supported by the experimental observation that coinage metals also shows

7,36-40 31, 41-46

better catalytic performance for CO oxidation and water-gas-shift reaction (WGSR).

The highly activated O* and OH* on coinage metals can also be verified from the binding

energies of H to O* and OH* (denoted E.  (H) and E. (H), respectively), which

10
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correspond to the exothermicities or stabilities when the dissociated H bonds to surface O* and

OH*, respectively.

Ey, (H) = E(OH*) — E(0%) - E(Hg)

EJN (H) = E(H,0*) — E(OH*) — E(H(g)

E(OH*), E(O*), E(H,0*) and E(H()) are related to the total energies of the surfaces with
adsorbed OH*, O*, H,O* and gas-phase H atom, respectively. Referring binding energies to
E.u(H*), the energetic differences of [ E.  (H) —E(H*)] (red bars) and [ ESY (H) —Eq(H*)]
(blue bars) on the TMs are shown in Fig 4b. Positive energetic differences indicate the TM
surfaces can better stabilize the dissociated H. For examples, positive ones are found on Co, Ni
and Rh, suggesting that O* and OH* on those TMs will hinder the dehydrogenation reaction. On
the other hand, negative energetic differences imply that O* and OH* are more active and can
more tightly bind with the dissociated H. Coinage metals all have the negative ones, confirming
that O* and OH* on their surfaces can better stabilize the dissociated H and have larger Ea drop
in Figs. 3b and c. In addition, their largest negative values reveal that Oy and OHy steps on
coinage metals have the lowest Ea in the dehydrogenation reactions on all the TMs. Thus, O* or
OH* covered coinage metals can be considered as the best catalysts for the dehydrogenation
process.

It is noting that the trend of O* activity is slightly different from that of OH*. O* on coinage
metals always shows highest activity; however, OH* on Cu somewhat has lower activity than on
Pd, Ir and Pt, attributable to the more exothermic E,4(OH*) on Cu. This result corresponds to the
fact that Pd or Pt-based electrodes also show good performance in electro-oxidation experiments

as well.

11
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Those energetic analyses in Fig. 4 concludes that O* or OH* activities can be interpreted

from their adsorption/desorption and binding energies. The smaller the E,;(O*) and E,;(OH*)
are, the higher activities are O* and OH*. The more exothermic Ey,, (H)and £, (H) result

higher O* and OH* activities as well. Furthermore, how O* and OH* are activated by coinage
metals has been investigated by the electronic analysis of the TMs.

The DOS for O* and OH* on all the TM surfaces are analyzed for the understanding of
electronic structures of bare, O* and OH* adsorbed TMs. Since Co and Ni are ferromagnetic,
both spins o and B are included in the DOS analysis, as shown in Fig. 5. All the TM d bands and
O p bands are marked in blue and red lines, respectively. The d bands for bare, O* and OH*
adsorbed TM are marked in solid, dot and dash blue lines, respectively. The p bands for free O
and OH,), which are the same for all TMs, are marked in thick and thin solid red lines,
respectively, in the Co (upper-left) cell; the p bands for O* and OH* on TM surfaces are marked
in dot and dash lines, respectively.

In the DOS analysis, all TM d bands have limited change while O p bands show dramatic
change upon O* and OH* adsorptions. This result indicates that TM atoms on the clean, O* and
OH* adsorbed surfaces have a similar catalytic activity and implies that the high oxidation
activity of coinage metals mainly corresponds to the activated O* and OH*. Additionally, the
analysis shows that the p bands of O* and OH* on coinage metals are quite different from those
on other TMs.

When O* or OH* adsorbs on the surfaces, TM d band and O p band convert to bonding and
antibonding bands for TM—O bond formation,*’” which locate at the lower (c.a. -6 ¢V) and higher
(the Fermi level) energetic regions, respectively. Due to the filled d orbitals, coinage metals have
lower energetic d bands (than O p band) that contribute mostly to the bonding band at the lower

energy. Consequently, O* and OH* p bands mainly contribute to the antibonding bands at the

12



Page 13 of 28 Physical Chemistry Chemical Physics

higher energy, as shown in small red bumps around the Fermi level. The high-lying p bands of
O* and OH* are more active and can tightly bond with the dissociated H atom to show the largest
Ea drop from My to Oy and OH steps on Cu(111), Ag(111) and Au(111) in Fig. 3. In opposite, d
bands of unfilled TMs, such as Co, Ni and Rh, are energetically higher and contribute mostly to
the antibonding bands; hence, their TM surfaces are more active to the dissociated H atom and
those TMs favor direct dehydrogenation reaction.

The activity comparisons for O* and OH* on those TMs are also examined by the charge
analysis. Shown in Fig. 6 are the side and top views of induced charge distributions upon O*
adsorption on all the TMs. Positively and negatively induced charge distributions are marked in
blue and red isosurfaces, respectively. The charge analyses for OH* on all the TMs, which are
similar to those of O*, are shown in Fig. S6 (ESI).

The induced charges on coinage metals are quite different from those on other TMs. On
Cu(111), Ag(111) and Au(111) surfaces, O* and OH* adsorptions induce less charge (either
positive nor negative ones) on the metal-O* interface, corresponding to the weaker E,;(O*) and
E,4(OH*) on them, while more negative charges are located on O* or OH* (the large red lobes).
On the other hand, those d-band saturated coinage metals can be good electron donors in bonding

with electronegative O* and OH*.***® The negatively charged O* and OH* are highly active that

gives more exothermic E. (H) and E." (H), lower 4E and Ea in Oy and OHy steps and,
eventually, better oxidation activity. This observations also agree with previous studies that
negatively charged O*> 2" * and OH*'” 2! play important roles in the ethanol oxidation
reaction on coinage metals. In contrary, more charges (both positively and negatively ones) are
induced on the TM-O interfaces when O* adsorbs on d-band unfilled TMs. The denser charges

on the interface reflect to the stronger E,4;(O*) on those TMs and induce less charges to O* and

13
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OH*, which are less active. Thus, smaller Ea differences are found in My, Oy and OHy steps on

those TMs (Fig. 3).

Conclusions

In conclusion, bare coinage metals with filled d orbitals are rather inert for the direct ethanol
dehydrogenation reaction. Alternatively, adding O* or OH* on their surfaces can dramatically
enhance their catalytic activity and give the best catalysts for the oxidative dehydrogenation

reaction. The excellent oxidation activity for coinage metals originates from the highly activated
O* or OH* with the highest exothermicities of E;  (H) and E/. (H). The highly activated

O* and OH* are attributable to their high-lying p bands and dense negative charges. The
high-lying p bands of O* or OH* occur when coinage metal d bands distribute energetically
lower than O or OH p bands. The dense negative charges correspond to that coinage metals can
better induce electrons to electronegative adspecies. Based on the revealed mechanism, similar
catalytic behaviors are also expected for the oxidation of other alcohols; for example, methanol,**

2-butanol,” cyclohexanol,”® 2-cyclohexen-1-0l’' and more complicated ones™™*

can be easily
oxidized on coinage metals as well. Additionally, the strong interaction between the dissociated
H atom and surface O* or OH* on coinage metals should also assist the dehydrogenation
reactions for other chemicals; for example, O* pre-covered coinage metals can efficiently
dehydrogenate H,0,”> CH,CHCHO,® CH;0,” H,COO0,” CH,,”” NH;*>>* and CH3(CH,),NH,>’
in previous studies. Finally, our mechanistic result further suggests that pre-treating other
electronegative adspecies, such as sulfur, nitrogen, halogens or carbon monoxide, on coinage

metals can dramatically improve their catalytic activity from oxidation to dehydrogenation

reactions and the enhanced activity will be the highest, higher than any pure TM catalysts.

14
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Computational methods

The calculations were performed at the density functional theory (DFT) level with a 3D
periodic boundary condition using the Vienna Ab initio Simulation Package (VASP).**** The
exchange-correlation function was utilized by generalized gradient approximation®™ with
Perdew-Wang 1991 formulation,* known as GGA-PW91. The basis planewaves with kinetic
energies below 600 eV (cutoff energy) were included in the calculation. The ion-core interactions
were treated by the cost-effective pseudopotentials with projector-augmented wave method
(PAW),* The Monkhorst-Pack scheme®’ for the special k-point sampling at 0.05 x 2 (1/A)
interval was applied to the Brillouin-Zone (BZ) integration in the reciprocal space. The spin
polarized calculation was employed in the case of ferromagnetic Co, Ni and all gas-phase
species.

The most stable (111) surface, which has been widely applied in the study of heterogeneous
catalytic reactions on the close-packed TMs, was applied in the present calculation. The surface
was constructed by a five-layer metal slab, each layer with a 4 x 4 surface unit, and an equivalent
five-layer vacuum space to limit the artificial interaction between the distinct slabs. The bottom
two layers of the modeled surface were fixed at the computed lattice constants to represent the
semi-infinite bulk crystal and the top three layers were free to relax in the structure optimization.
Structures were geometry-optimized to local-minima on their respective potential energy
hypersurfaces by quasi-Newton method with an energetic convergence of 1 x 10* eV and a
gradient convergence of 1 x 107 eV. Transition states of surface reactions were located by
Nudged Elastic Band (NEB) method®® at the same convergence criterions. Density of state (DOS)

and charge distribution were analyzed in the optimized structures.

15
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Footnotes
Electronic supplementary information (ESI) available: Side views of adsorption structures, local
minimums and transition states, details of the BEP correlations, Ea differences in steps s1 and s2,

adsorbate effect, and charge analyses of OH* on the TMs are included in ESL
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Table 1 Computed Eads (GV) of CH3CH20H*, CH3CH20*, CH3CHOH*, CH3CHO*, HQO*,
OH*, O* and H* on the TM Surfaces.

Co Ni Cu Rh Pd Ag Ir Pt Au
CH;CH,OH* -0.30 -0.31 -0.21 -0.20 -0.27 -0.12 -0.25 -0.23 -0.09
CH;CH,O*  -291 -2.75 -2.50 -2.37 -1.88 -1.89 -2.04 -1.67 -1.33
CH;CHOH* -1.48 -1.49 -097 -1.69 -1.65 -0.55 -1.78 -1.95 -1.05
CH;CHO* -0.42 -0.39 -0.10 -0.49 -0.22 -0.07 -0.43 -0.19 -0.04

H,O* -035 -033 -0.26 -0.37 -0.30 -0.19 -039 -0.29 -0.12
OH* -3.63 -340 -3.31 -3.08 -2.60 -2.75 -2.81 -232 -2.20
O* -593 -5.68 -5.12 -540 -4.58 -390 -5.16 -4.52 -3.56

H* -2.778 -2.776 -2.51 -2.86 -2.87 -2.09 -2.76 -2.78 -2.20
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Table 2 Computed AE and Ea (eV) for the Four Steps in the Direct Dehydrogenation Reaction (My) and Oxidative Dehydrogenation
Reactions by O* (Oy) and OH* (OHy) on the TM Surfaces, x Represents as f1 and f2 in the Frist Pathway and s1 and s2 in the Second

Physical Chemistry Chemical Physics

Pathway.
Co Ni__Cu Rh Pd Ag It Pt Au
T CHLCILOM" £ *  CHCILO® + 11" AE 074 058 -0.10 019 025 084 021 055 1.00
R M Ea 044 057 077 058 0.80 1.04 079 0.99 1.13
AE 063 054 082 00l -0.18 067 -0.12 -018 006
sk sk sk sk
Mp CH;CHO0® +%* — CH;CHO® + H Ea 149 156 164 109 1.03 146 107 094 120
Mo CHLCILOM® 4% — CHLCHOI® + 1 AE 016 0.19 095 003 -0.03 170 00l 021 108
st AR 3 Ea 151 153 201 136 135 222 140 123 191
AE 030 035 -024 013 002 015 006 004 017
ES ES £ £
M;; CH;CHOH* +* — CH;CHO* + H Ea 066 064 072 076 087 095 082 082 095
AE 001 00l -055 011 0.6 046 0.5 001 -0.40
%k ES £ £
On  CH;CH,OH* + 0% — CH;CH,0 + OH Ea 062 065 019 069 062 013 066 053 025
AE 082 060 0.0 026 -028 -1.17 030 -028 -1.56
sk sk %k %k
Op  CH;CHO* + 0% — CH;CHO™ + OH Ea 130 120 105 1.08 094 066 1.04 086 0.57
AE 061 066 057 058 0.8 012 054 020 -0.06
sk sk %k %k
051 CH;CH,OH* + 0% — CH,CHOH* + OH Ea 190 196 180 1.77 134 114 172 136 1.07
AE 0.2 0.09 -0.68 015 -0.04 -1.58 044 041 -1.10
sk sk sk sk
0. CH;CHOH* + 0% — CH;CHO™ + OH Ea 045 043 0.4 049 043 002 050 058 0.09
AE 016 0.16 -0.09 014 012 019 007 008 -0.18
sk sk sk sk
OHp  CH;CHOH® + OH* — CH;CH0% + H.O0® g6 059 018 046 047 008 047 041  0.05
AE 090 0.68 020 040 -055 -1.06 -0.74 087 -1.63
ES ES £ £
OHp CH;CH,0* + OH* — CH;CHO* + H,0 Ea 108 096 082 062 058 049 0.65 056 037
AE 092 079 120 011 -0.16 095 -034 -044 0.1l
sk sk sk sk
OH,  CH;CHOH® +OH* — CH,CHOH* + H.0®  p o0 191 199 111 088 154 087 081 1.10
AE -0.10 -0.09 -0.8%8 079 -0.83 -146 -096 092 -1.52
sk sk sk sk
OHg, CH;CHOH® +OH* — CH;CHO® +H.0%  p o0 051 010 016 018 001 011 0.3 0.0l
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Figure captions

Fig. 1 (a) Energetic comparison of E,4s for CH;CH,OH*, CH;CH,0*, CH;CHOH*, CH;CHO%*,
H,0*, OH*, O* and H* on the TM surfaces. (b) Optimized structures of CH;CH,OH*,
CH;CH,0*, CH;CHOH*, CH;CHO*, H,0*, OH*, O* and H* on Au(111). Yellow, grey, red

and white spheres are represented as Au, C, O and H atoms.

Fig. 2. Optimized structures of the local minimums and transition states for the four steps in the
direct dehydrogenation reaction and oxidative dehydrogenation reactions by O* and OH*, the
steps listed in Table 2, on Au(111). Yellow, grey, red and white spheres are represented as Au, C,

O and H atoms, respectively.

Fig. 3. (a) Energetic comparison of all Ea listed in Table 2: the 12 elementary steps on the nine
TM surfaces. (b) (b) Ea differences between the oxidative and direct dehydrogenation reactions
for step f1, [Ea(On)—Ea(Mg)] and [Ea(OHg)—-Ea(My)] in red and blue bars, respectively. (b) Ea
differences between the oxidative and direct dehydrogenation reactions for step f2, [Ea(Ogn)—

Ea(My,)] and [Ea(OHp,)-Ea(My,)] in red and blue bars, respectively.

Fig‘ 4. (a) Eads differences of [Eads(OH*)_Eads(O*)]_[Eads(H*)] and [Eads(H2O*)_Eads(OH*)]_
[E.s(H*)] on the TM surfaces in the adsorption/desorption energy analysis. (b) The energetic
differences of [ E;,.,(H) —Eus(H*)] and [ ESY (H) —Eqas(H*)] on the TM surfaces in the binding

energy analysis.

Fig. 5. DOS analysis for clean, O* and OH* adsorbed TMs. Metal d bands for bare, O* and
OH* adsorbed surfaces are marked in solid, dot and dash blue lines, respectively. O atom p bands
for O(), OH(), O* and OH* are marked in think solid, thin solid, dot and dash red lines,

respectively.

Fig. 6. Induced charge rearrangement of O* on the TM surfaces in side and top views. Red and
blue isosurfaces indicate depletion and addition of 0.03le/A°, respectively, referenced to the

separated systems. TM atoms are marked in transparent yellow sphere.
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Electronegative adspecies on inactive coinage metals can dramatically enhance the catalytic

activity for oxidation as well as the dehydrogenation reactions.
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