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ABSTRACT: Ethanol (EtOH) decomposition has been widely
studied in recent years. However, the initial dehydrogenation
selectivity on catalytic surfaces, which plays a crucial role in
EtOH partial oxidation and steam reforming, is not well
understood. Here, density functional theory (DFT) was used to
calculate the initial dehydrogenation selectivities of EtOH on
monometallic and X/Au (X = Pd and Rh) close-packed
surfaces. The energy for the initial bond scissions of O−H and
α- and β-C−H were calculated on each surface. The binding
energy of EtOH is found to be a good reactivity descriptor for
the scission of O−H and β-C−H bonds, while the binding
energy of CH3CHOH is a good reaction descriptor for α-C−H bond scission. The scaling relationships between the activation
energy barriers and binding energies on Pd/Au and Rh/Au surface alloys are signiﬁcantly diﬀerent from those of monometallic
surfaces. Additionally, the speciﬁc atomic ensembles on the Pd/Au and Rh/Au surfaces have diﬀerent initial dehydrogenation
selectivities of EtOH. Our calculated scaling relationships were used to construct contour plots that provide predictive trends for
the selectivity of the initial EtOH dehydrogenation. We conclude that the presence of speciﬁc atomic ensembles on the surface of
alloy catalysts can eﬃciently control the reaction products of EtOH dehydrogenation.

(R2)

Previous studies, both theoretical6−8,10,11 and experimental,4,5,9 have shown that the selectivity of the initial
dehydrogenation step of EtOH varies for diﬀerent monometallic close-packed transition metal surfaces. On alloyed
surfaces, experimental studies show that speciﬁc compositions
of bimetallics are able to perform selective H2 conversion from
EtOH,12 which then aﬀects the subsequent sequence of
dehydrogenation reactions. However, the microscopic details
of the selectivity of bond breaking on alloy surfaces is hard to
determine experimentally because alloyed surfaces typically
contain a distribution of atomic ensembles (speciﬁc arrangements of group of atoms),13−18 leading to a distribution of
activities at diﬀerent locations on the surface.
Fortunately, atomic ensemble eﬀects on alloy systems can be
studied using density functional theory (DFT), which is a
powerful tool that can provide an understanding of the activity
of alloyed surface at the microscopic scale. Previous studies
have shown that diﬀerent atomic ensembles on Pd/Au19 and
Pt/Au20 have speciﬁc decomposition selectivities of formic acid,
leading to diﬀerent pathways and products of the overall
reaction. Experiments also show that formic acid decomposition on Pd/Au systems are quite diﬀerent from that of pure
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1. INTRODUCTION
Ethanol (EtOH) is a versatile hydrogen source that can be
produced from biomass carbohydrate fermentation.1 Many
industrially signiﬁcant chemical processes, such as steam
reforming and production of acetaldehyde, acetic acid, and
ethyl esters, involve the decomposition of EtOH on catalytic
surfaces.2−5 For the decomposition of EtOH, bond scission of
O−H (R1) or α/β-C−H (R2 and R3, respectively) is the initial
step before bond scission of C−O and C−C.4−8 The initial
dehydrogenation selectivity of EtOH can directly determine the
primary reaction pathway and the selectivity of products,4 such
as EtOH selective oxidation.9,10 Formation of acetaldehyde is
considered a crucial initial step leading to subsequent oxidation
reactions so that understanding selectivity of the initial step of
EtOH dehydrogenation is particularly important.
O−H bond scission:
CH3CH 2OH* + * → CH3CH 2O* + H*

(R1)

α‐C−H bond scission:
CH3CH 2OH* + * → CH3CHOH* + H*
β‐C−H bond scission:
CH3CH 2OH* + * → CH 2CH 2OH* + H*
© 2017 American Chemical Society
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Pd.21 More recently, we discovered that the dehydrogenation of
EtOH on Pd−Au model catalysts with varying Pd content can
lead to diﬀerent H2 production selectivities and activities, with
the bifunctional eﬀect that Pd(111)-like ensembles are
favorable for EtOH dehydrogenation while the Pd−Au
interface ensembles are more favorable for H2 association.22
Other theoretical studies provide additional mechanistic
insights on alcohol dehydrogenation, including EtOH oxidation
on Pt3M (M = Pt, Ru, Sn, Re, Rh and Pd) catalysts23−25 and
methanol dehydrogenation on the Pd−Zn surface alloy.26
However, to the best of our knowledge, few previous studies
have speciﬁcally focused on the atomic ensemble eﬀects for
EtOH dehydrogenation.
To study the initial dehydrogenation selectivity of EtOH, the
DFT-calculated activation energy barrier (Eact) is an important
indicator for comparing reaction rates. To reduce the
computational cost, Brønsted−Evans−Polanyi (BEP) relationships are widely used to describe correlations between Eact and
reaction energies.27 Fajiń et al. reported that a generalized BEP
relationship can be applied to estimate the Eact of O−H bond
cleavage of organic molecules and water on various transition
metal surfaces.28 However, for EtOH, the initial bond scission
of O−H might not always be the most favorable step on many
metallic systems and descriptors that describe the three initial
dehydrogenation selectivities (R1−R3) are not well understood.
In this work, the initial dehydrogenation step of EtOH is
calculated on the close-packed surfaces of both mono and
bimetallic catalysts. Then, in order to have a more general
model of activity, we use a simpliﬁed descriptor, the binding
energy (Eb) of the reaction species, which is correlated with the
Eact of the initial dehydrogenation steps through a BEP
relationship. The binding energy of EtOH (Eb[EtOH]) was
found to be a good descriptor for the −H bond scission of end
groups (O−H and β-C−H), while the binding energy of
CH3CHOH (Eb[CH3CHOH]) was found to be a good
descriptor for α-C−H bond scission. As well as monometallic
surfaces, two alloy surfaces X/Au (X = Pd and Rh) with varying
X ensemble sizes were studied. The choice of Pd/Au and Rh/
Au was motivated by the observation that they represent two
types of miscibilities: Pd/Au is classically miscible, and the alloy
should have many Pd/Au interface sites;21 while Rh/Au is
classically immiscible it has been recently synthesized by
advanced techniques (e.g., microwave-assisted synthesis18,29)
it should have a greater fraction of pure monometallic regions
separated by Rh/Au interface sites on the surface. Thus, Pd/Au
and Rh/Au are expected have diﬀerent dominant ensembles on
their surfaces with Pd/Au having more alloyed atomic
ensembles and Rh/Au having more monometallic ensembles.
For the alloys discussed here, we have selected a set of typical
ensembles that include both alloyed and monometallic
ensembles.

calculations of binding energies.34 The Brillouin zone was
sampled with a 3 × 3 × 1 Monkhorst−Pack k-point mesh.35 All
Eact were calculated with the climbing image nudged elastic
band (cNEB) method.36 For each surface, multiple reaction
pathways were found and those with the lowest Eact were
determined. Geometries were considered optimized when the
force on each atom was less than 0.05 eV/Å. Spin polarization
was used for calculations on Ni and Co surfaces, and for the
total energies of CH3CH2O, CH3CHOH and CH2CH2OH.
Convergence of our calculations was tested by increasing the
energy cutoﬀ to 400 eV using the standard PAW potentials; all
tested binding energies (EtOH, EtOH reaction species and H)
on Pd(111), Rh(111), and Au(111) were found to vary by no
more than 0.03 eV. No signiﬁcant change was found in the
relaxed conﬁgurations. Similar tests for the cNEB calculations
on Pd(111), Rh(111), and Au(111) show that diﬀerences of
Eact are at most 0.05 eV for the dehydrogenation selectivities
(R1−R3).
All calculations were modeled on 4-layer, (4 × 4) unit cell,
close-packed surfaces. For Au, Ag, Cu, Pd, Rh, Ni, Pt, and Ir
and all X/Au (X = Pd and Rh) surface alloys, reactions were
considered on the (111) surface. For Ru and Co the (0001)
surface was chosen. For the X/Au (X = Pd and Rh) surface
alloys, the ﬁrst layer consisted of the X/Au surface alloys with
varying X ensemble sizes (Scheme 1), while the bottom three
Scheme 1. Surfaces of X/Au (X = Pd and Rh) Considereda

a

Black spheres represent X atoms (X = Pd and Rh); yellow spheres are
Au.

layers were pure Au (Scheme 1). The bottom two layers of the
slabs were kept ﬁxed in bulk positions and the top two layers
were allowed to relax. The most favorable binding conﬁguration
of EtOH on the surfaces was found to be a “laying-down”
conﬁguration,37 with O bonding to the atop site and C−C
bond being parallel to the surfaces. All binding energies Eb
(except for H) were calculated using
Eb = Eslab + molecule − Eslab − Emolecule

2. COMPUTATIONAL MODELS AND METHODS
DFT calculations were conducted with the Vienna ab initio
simulation package (VASP). Core electrons were described via
the projector augmented-wave method.30,31 The generalized
gradient approximation with the Perdew−Burke−Ernzerhof
(PBE) functional was used to describe electronic exchange and
correlation.32 Soft potentials were used to describe oxygen and
carbon. Kohn−Sham wave functions were expanded in a plane
wave basis for the valence electrons33 with an energy cutoﬀ of
300 eV. van der Waals corrections (DFT-D3) were used for the

(1)

where Eslab+molecule is the total energy of the slab with one
adsorbed molecule, Eslab is the total energy of the bare slab, and
Emolecule is the energy of the molecule in vacuum. The H binding
energies EH were calculated using
EH = Eslab + H − Eslab −

1
EH
2 2

(2)

where Eslab+H is the total energy of the slab with one adsorbed
H, and EH2 is the energy of a H2 molecule in vacuum.
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3. RESULTS AND DISCUSSION
3.1. Scaling Relationships and Descriptors. To study
trends of the initial dehydrogenation steps of EtOH on
diﬀerent surfaces, we start by looking for scaling relationships
between Eact and the binding energy, Eb, of the reaction species,
as identiﬁed in R1−R3. Parts a and c of Figure 1 show that for
R1 and R3, Eact correlates well with Eb[EtOH]. For R2, Eact
correlates much better with Eb[CH3CHOH] (Figure 1b), than
those with Eb[EtOH] (Figure S1). Therefore, we conclude that
for EtOH dehydrogenation, Eb[EtOH] is a good descriptor for
R1 and R3, while Eb[CH3CHOH] is a good descriptor for R2.
Interestingly, for R1 and R3, trends of X/Au (X = Pd and Rh)
surface alloys are signiﬁcantly diﬀerent from those developed
from monometallic surfaces. For R2, although most of the
points calculated on alloys are consistent with the trend of
monometallics, the trends of Pd/Au and Rh/Au are also
somewhat diﬀerent from that of monometallics. These
diﬀerences likely originate from the uneven redistribution of
electrons upon alloying, leading to diﬀerent chemical properties
as compared with the monometallic surfaces. It should be noted
that Pd/Au has very diﬀerent trends from Rh/Au, which
indicates that the relationships are sensitive to the speciﬁc
component metals. Therefore, the relationships developed from
monometallic surfaces are not representative of alloy surfaces,
and for each speciﬁc alloy, separate correlations should be
determined. From these relationships we can see that Eact
generally decreases as the binding of EtOH or CH3CHOH
increases, indicating that strengthening the binding energy of
reaction species facilitates dehydrogenation. Interestingly, this
result is somewhat diﬀerent from conclusions drawn from
previous volcano activity plots, which suggest that an optimal
reaction activity will be reached if the adsorbate binding is
neither too strong nor too weak, such as CC hydrogenation
reactions in our previous studies.14,15,17 However, EtOH
dehydrogenation is a special case in that stronger adsorbate
binding leads to a stronger driving force to break the O−H and
C−H bonds, leading to a lower activation barrier.
3.2. Initial Dehydrogenation Selectivity on X/Au (X =
Pd and Rh). It is generally understood that atomic ensemble
eﬀects are the primary feature that determines the local
reactivity on alloy catalysts,13−15,17,18 and that electronic and
strain eﬀects are less important which both component metals
are present on the surface. For EtOH oxidation on Pt-based
bimetallics, a generally accepted explanation is the bifunctional
mechanism, where Pt sites are favorable for EtOH dissociative
adsorption while the other metal is favorable for water
dissociation.38 This mechanism also suggests that speciﬁc
ensemble arrangement on alloyed surface could promote
EtOH-related reactions. To discuss the atomic ensemble eﬀects
more clearly, plotting the dehydrogenation barriers as a
function of ensemble size is an intuitive way to see how
atomic ensembles aﬀect the initial dehydrogenation selectivity
on alloys. Figure 2 shows that for Pd/Au, with the exception of
Pd3‑Line/Au, the Eact of R1−R3 on Pdx/Au surface alloys
decrease monotonically with increasing Pd ensemble size x
from 1 to 9 (Figure 2a). For the Pd3‑Line/Au ensemble, scission
of O−H and β-C−H compete with each other. Compared to
Pd/Au, the trends of Eact on Rh/Au are less predictable: though
the Eact of β-C−H bond scission generally decreases monotonically, the Eact of O−H and α-C−H bond scissions (R1 and R2,
respectively) ﬂuctuate with the Rh ensemble sizes. Even though
the trends on Rh/Au are not monotonic, most of the calculated

Figure 1. Correlation of (a) Eact[O−H] vs Eb[EtOH], (b) Eact[α-C−
H] vs Eb[CH3CHOH] and (c) Eact[β-C−H] vs Eb[EtOH]. Red lines
and dots represent the trends of monometallic surfaces, blue is for Pd/
Au, and green is for Rh/Au. The Eb and Eact data are given in Table S1.
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Figure 2. Initial EtOH dehydrogenation barriers as a function of ensemble size on (a) Pd/Au and (b) Rh/Au surface alloys. Schematic illustration of
ensembles considered for these calculations are shown in Scheme 1; the initial and ﬁnal states of the reactions are shown in Figure S2.

Scheme 2. Schematic Illustration of the Favorable Initial EtOH Dehydrogenation Mechanism on Diﬀerent Pd/Au and Rh/Au
Ensemblesa

a

Yellow spheres represent Au atoms, blue represent Pd, and green represent Rh.

Rh/Au surfaces are more favorable for β-C−H bond scissions
(R3) during the initial dehydrogenation. Exceptions to the
selective β-C−H bond scission are Rh1/Au, Rh2/Au and
Rh3‑Fold/Au: Rh1/Au is more favorable for α-C−H bond
scissions (R1); Rh2/Au is favorable for bond scissions of both
α- and β-C−H (R2 and R3, respectively); Rh3‑Fold/Au is
favorable for bond scissions of both O−H and β-C−H (R1 and
R3). Schematic illustrations of the selectivities on both Pd/Au
and Rh/Au surface alloys are shown in Scheme 2.
Interestingly, both Pd1/Au and Rh1/Au are selective to R2,
which is the step not usually favored on monometallic surfaces.4
A reason for this special selectivity is that Au binds to carbon
species more weakly than Pd and Rh. For X1/Au (X = Pd or
Rh) surfaces, bond scission of β-C−H leads to a ﬁnal state in
which the β-carbon binds to the adjacent Au atop site, rather
than the Pd or Rh atop site (Figure S2). Thus, the single-atom
alloy surfaces are less likely to break the β-C−H bond. We also
expect that other X1/Au single atom alloys (where X is a strong
carbon-binding metal, such as Pt or Ir) will have a similar
selectivity.
As the composition of the X/Au (X = Pd and Rh) alloys are
varied, diﬀerent atomic ensembles will be dominant on the
surface, which can in turn change the favorable initial
dehydrogenation mechanism. The calculations show that pure
Au has very high Eact in each of R1-R3 (Figure 1), so that pure
Au ensembles are catalytically inactive, which is consistent with
our recent experimental results.22 On the other hand, if the X
composition is low, the presence of single-atom surface alloys
can lead to selective scission of the α-C−H bond (R2).
Particularly for Pd/Au, which is a classically miscible alloy,

small Pd ensembles should be ubiquitous if the Pd composition
is not too high, leading to scissions of both α- and β-C−H (R2
and R3). If the structure of Pd/Au is core@shell or partial
core@shell, selective scission of O−H (R1) should be
favorable, since it is analogous to the Pd9/Au surface
considered in our calculations. Rh/Au, on the other hand, is
a classically immiscible alloy,39,40 so that at least thermodynamically, some surface segregation should lead to the formation of
large monometallic Rh and Au ensembles. Therefore, when the
Rh composition is suﬃciently high, pure Rh ensembles will
result in similar dehydrogenation mechanisms as calculated on
Rh4/Au and Rh9/Au where β-C−H bond scission is dominant.
The alloying eﬀect on EtOH dehydrogenation can be
understood from the calculated H binding energies (Figure
S3). For both Pd/Au and Rh/Au, the H binding energy
changes signiﬁcantly when the number of Pd or Rh in the
ensemble increases from one to three but when the alloy
element cluster is larger than three, the H binding energy tends
to plateau. The Pd/Au and Rh/Au alloy surfaces with large X
ensembles (X = Pd and Rh) contain both monometallic
X(111)-like sites and bimetallic X-Au interface sites. The alloy
interface sites have signiﬁcantly diﬀerent EtOH dehydrogenation properties as compared to the monometallic sites.22 Using
ultrahigh vacuum (UHV) experiments and DFT calculations,
our recent study has shown that diﬀerent compositions of
Pd(111)-like sites and Pd−Au interface sites on the catalytic
surface lead to diﬀerent EtOH dehydrogenation mechanisms.22
Similar conclusions were drawn for formic acid dehydrogenation on Pd/Au.19,21
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Figure 3. Contour plots of the initial dehydrogenation selectivities of EtOH on (a) monometallic, (b) Pd/Au, and (c) Rh/Au surfaces.

(R2) are comparable. The selectivity contours for Pd/Au and
Rh/Au as a function of Eb[EtOH] and Eb[CH3CHOH] are
diﬀerent from those of the monometallic surfaces (Figure 3,
parts b and c). The alloy contour plots indicate that atomic
ensembles on X/Au (X = Pd or Rh) signiﬁcantly inﬂuence the
initial dehydrogenation selectivity. It should be noted that such
contour plots are dependent on the speciﬁc alloy, since the
scaling relation between Eact and Eb are element speciﬁc. In fact,
one of our results is that due to the synergetic inﬂuences of the
atomic ensemble and electronic eﬀects, diﬀerent alloys will have
diﬀerent selectivity trends as a function of composition.

The electronic structure of the alloy ensembles can also help
with understanding their reactivity. Here, we calculated the
projected density of states (PDOS) of the d-band of the
triatomic ensemble, which is the smallest surface unit that
provides the 3-fold hollow site for H adsorption (Figure S4). If
the number of Pd or Rh is low (ensembles of X1, X2 and
X3‑Line), the triatomic ensembles have less contracted PDOS
distributions than those surfaces with more alloyed Pd or Rh.
With more alloyed Pd or Rh, the d-band is closer to the Fermi
level, indicating stronger binding to EtOH-related species and a
higher activity to redox reduction such as EtOH decomposition.11
3.3. Selectivity Plots. With calculated scaling relationships
between Eact and Eb (Figure 1), general trends for the selectivity
of R1−R3 can be determined. Following the hypothesis that
the reaction with the lowest Eact (among R1−R3) has the most
favorable reaction selectivity, contour plots can be generated as

4. CONCLUSION
In this paper, we have calculated trends for the initial
dehydrogenation selectivity of EtOH on monometallic and
X/Au (X = Pd and Rh) close-packed surfaces. We ﬁnd that the
scaling relationships of Eact versus binding energies on X/Au (X
= Pd and Rh) surface alloys are diﬀerent from those of
monometallic surfaces. Eb[EtOH] is found to be good reaction
descriptor for R1 and R3, whereas Eb[CH3CHOH] is a good
reaction descriptor for R2. We show that the initial
dehydrogenation selectivities of EtOH on X/Au (X = Pd and
Rh) surface alloys are dependent primarily on the atomic
ensemble size, and to some extent shape. We also found that
Pd1/Au and Rh1/Au (single-atom alloys) are highly selective
for R2, which is the step that is seldom active on monometallic
surfaces. Finally, predictive models for the initial dehydrogenation of EtOH were calculated in the form of selectivity contour
plots as functions of Eb[EtOH] and Eb[CH3CHOH]. With
these, synthesis of speciﬁc atomic ensembles can be targeted to
control the selectivity of EtOH dehydrogenation and
subsequent reactions such as EtOH oxidation and decomposition.

Eact [Min] = Min{Eact [O − H], Eact [α − C − H], Eact
[β − C − H]}

(3)

where Eact[Min] is the lowest Eact among the three dehydrogenation reaction mechanisms, where Eact[O−H], Eact[α-C−H],
and Eact[β-C−H] are expressed through the scaling relations
shown in Figure 1.
With the result from section 3.1 that Eact scales with
Eb[EtOH] for R1 and R3, and with Eb[CH3CHOH] for R2, the
contour plots for the R1−R3 selectivities can be generated as a
functions of these two descriptors. Figure 3 is a selectivity
contour plot that is divided into three zones, favoring O−H, αC−H and β-C−H bond breaking, which correspond to
selectivity for R1−R3, respectively. Figure 3a shows that for
Au, Ag, Cu, and Co, scission of O−H (R1) is dominant. For
other monometallics, more than one reaction compete since
they are close to the boundary between two pathways: for Ni
and Rh, bond scissions of O−H (R1) and β-C−H (R3) are
comparable; for Pd, bond scissions of O−H (R1) and α-C−H
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