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The mechanism of ethanol reforming has been systematically studied by both energetic calculation to examine
ethanol decomposition and electronic structure analysis to investigate the redox capability of the nine selected
metals of Co, Ni, Cu, Rh, Pd, Ag, Ir, Pt, and Au with the same crystal structure and surface orientation. The
energetic calculation shows that most of the dissociation barriers are lower on Co(111), Ni(111), Rh(111),
and Ir(111) surfaces and higher on Cu(111), Ag(111), and Au(111) surfaces. The initial C-H bond dissociation,
forming the doubly adsorbed *C(H2)C(H2)O(H)* and *C(H2)C(H2)O*, with a lower barrier than those in the
initial C-C and C-O bond dissociations is considered as the most feasible decomposition route. In addition,
the linear correlation between reaction barriers and d-band centers breaks down in the case of C-H bond
dissociation due to the lower barriers on Rh(111) and Ir(111) surfaces. This result may be related to the
suitable bond distances on Rh(111) and Ir(111) surfaces to form the more stable double adsorbates,
*C(H2)C(H2)O(H)* and *C(H2)C(H2)O*. In the electronic structure analysis, Rh(111) and Ir(111) surfaces
with higher density of state (DOS) distributions around the Fermi level can efficiently accept/donate electrons
from/to the reacting ethanol and its fragments, showing better redox capability. Therefore, the excellent
efficiency of Rh- and Ir-based catalysts, as observed from the reforming experiment, can be attributed to both
the lower decomposition barrier and the higher DOS distribution around the Fermi level based on the first-
principles calculation.

1. Introduction

The rising concern over global warming and the dwindling
supply of oil reserves have led to the general public’s awareness
of the detrimental outcome from the world’s addiction to fossil
fuels and many governments’ attention to research on the clean
hydrogen fuel, which is considered as the primary fuel for future
fuel cell application.1 To make hydrogen fuel practically
applicable, the main challenge lies in the development of viable
technologies for economical hydrogen production, storage, and
transportation. Among various approaches, the reforming of
ethanol (i.e., conversion of ethanol to hydrogen) is expected to
be an attractive one since ethanol is nontoxic with high hydrogen
content, has a moderate production cost, is easy to handle, and
is able to be produced from renewable biomass. Furthermore,
the development of catalytic reformers with high stability and
efficiency of hydrogen production is considered as the key
technology in the reforming of ethanol. Therefore, a fundamental
understanding of the mechanism of the reforming process will
play a vital role in designing novel catalytic materials with high
efficiencies, leading to a breakthrough in hydrogen economy.

In the reforming of ethanol, hydrogen can be obtained from
the two main reactions, steam reforming and partial oxidation
by reactions 1 and 2, respectively.

In addition, cofeeding both steam and oxygen, ethanol can
be reformed in an autothermal process in reaction 3

These reforming reactions have been extensively studied in
various metal-metal oxide catalysts, including the metals of
Co, Ni, Cu, Ru, Rh, Pd, Pt and Ir supported on the metal oxides
of Al2O3, CeO2, SiO2, ZrO2, TiO2, MgO, La2O3, and Y2O3, as
summarized in the recent reviews in refs 2-4. The result shows
that the metals of Co, Ni, Ru, and Rh can help the carbon-carbon
bond rupturing and the metal oxides of CeO2 and La2O3 can
enhance the oxidation process in the reforming of ethanol.
Furthermore, Schmidt et al. have recently report the promising
result of Rh/CeO2 reformer,5 in which ethanol-water mixture
can be converted to hydrogen with the selectivity about 100%
and the conversion efficiency over 95%. Their result demon-
strates that ethanol can be efficiently converted to hydrogen with
an appropriate catalyst and resolves the essential problem of
the costly hydrogen production and transportation.

Furthermore, the mechanistic studies of ethanol adsorption and
decomposition on numerous metal surfaces, Pt(111),6-9 Ni(111),10

Pd(111),11 Rh(111),12,13 and Au(111),14 have been examined by
first-principles calculations as well as by various experimental
techniques, including X-ray photoelectron spectroscopy (XPS), IR
spectroscopy, high resolution electron energy loss spectroscopy
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C2H5OH + 3H2O f 6H2+ 2CO2

∆H ) 41.6 kcal/mol (1)

C2H5OH + 3
2

O2 f 3H2 + 2CO2

∆H ) -132.0 kcal/mol (2)

C2H5OH + 2H2O + 1
2

O2 f 5H2 + 2CO2

∆H ) -12.0 kcal/mol (3)
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(HREELS), and temperature programmed desorption (TPD). These
results show that ethanol can adsorb on the surface forming
multilayer adsorbates at low temperatures and undergo dissociation
and desorption at increasing surface temperature. The results10,12,13

also show that Ni(111) and Rh(111) surfaces have better capabilities
in decomposing the adsorbed ethanol than other metal surfaces.
However, based on the decomposition result, the ethanol reforming
mechanism is still not clear and the reforming activity cannot be
rationally determined.

Herein, the detailed ethanol reforming mechanism has been
thoroughly examined by the means of first-principles calculation.
The decomposition and redox reactions, which have been consid-
ered as the key reactions in the reforming of ethanol,2-4 are
systematically studied on the surfaces of the 3d to 5d metals of
the groups 9 (Co, Rh, and Ir), 10 (Ni, Pd, and Pt), and 11 (Cu, Ag,
and Au) elements with the same crystal structures (face centered
cubic, FCC) to minimize the geometrical effect in the catalytic
reaction. In the decomposition reaction, from molecularly adsorbed
ethanol to atomically adsorbed C, O, and H, the thorough potential
energy surface (PES) has been elucidated by computing all the
possible elementary steps of C-C, C-O, C-H, and O-H bond
breaking processes. On the other hand, the redox capability of
catalysts, which plays an important role in the reforming of ethanol
as well, has been identified by analyzing electronic structures of
catalytic materials. Comparing the activities of a series of metals
for these two main reactions, the fundamental chemistry behind
the catalytic ability can be thoroughly understood.

2. Computational Method

The calculations are performed using the Vienna ab initio
Simulation Package (VASP),15-17 at the density functional theory
(DFT) level with a 3D periodic boundary condition. The exchange-
correlation function is treated by the generalized gradient ap-
proximation (GGA)18 with Perdew-Wang 1991 (PW91) formu-
lation.19 Combining the accuracy of augmented plane waves with
the cost-effective pseudopotentials implemented in VASP, the
projector-augmented wave method (PAW)20,21 is applied in the
basis set. The kinetic cutoff energy of 600 eV is employed and
the Brillouin-zone (BZ) integration is sampled at about a 0.05 ×
2 (1/Å) interval in the reciprocal space by the Monkhorst-Pack
scheme.22 Higher cutoff energies and k-point values with smaller
BZ sampling intervals are applied to examine the convergence of
current calculations. The spin effect is included in the case of
ferromagnetic cobalt and nickel in the present calculation.

In the surface calculation, since the structural effect of surface
defects, steps, kinks, or terraces could affect the dissociation
barriers in catalytic reactions and the electronic structures of
catalysts in a similar manner on the metals with the same crystal
structures,23-26 only the most stable (111) surface of the FCC
catalysts has been employed. The (111) surface is modeled by
a five-layer slab in a (4 × 4) surface unit cell to limit interaction
among the ethanol dissociated species. An equivalent five-layer
vacuum space between two consecutive metal slabs is introduced
to minimize the interaction between the distinct slabs. The
surface models with more slabs or larger vacuum spaces have
been tested for convergence and show negligibly energetic
differences in the molecular ethanol adsorption.

The adsorption structures and energies of interesting inter-
mediates in ethanol decomposition reaction are optimized and
computed with the bottom two layers of the modeled slab fixed
at the computed lattice constants to represent the semi-infinite
bulk crystal (beneath the surface) and the top three layers free
to relax. The nudged elastic band (NEB) method,27 applied by
simultaneously relaxing an interpolated chain of configurations

between the initial and final positions along the minimum energy
pathway, is employed to locate transition states in the ethanol
decomposition reaction. The computed reaction barriers are
correlated with the d-band centers, the projected d-band density
of states relative to the Fermi level, to obtain the correlation
coefficients, R2.

3. Results and Discussion

The decomposition starts from the molecularly adsorbed
ethanol with the most stable adsorption structure on the atop
site8,13,28 and follows by the initial C-C, C-O, C-H, and O-H
bond breaking processes, which lead to four possible routes in
reactions 4-7, respectively.

The dissociation barriers of the transition states [TS(CC#),
TS(CO#), TS(CH#), and TS(OH#) for C-C, C-O, C-H, and
O-H bond breaking processes, respectively] and the related
heats of reaction are listed in Table 1. The corresponded PES
and geometrical structures on Rh(111) surface, for example, are
shown in Figure 1. It is worth noting that CR-H bond
dissociation forming C(H3)C(H)O(H)* + H* has a 1.0 eV higher
barrier than that of TS(CH1) in C�-H dissociation, and is not
considered in the present calculation.12

In reaction 7, the dissociated fragment of C2H5O* can further
dissociate to form H3C*, H2C*, O*, and H* following alike
routes in reactions 8-10. The energetic results are listed in Table
2 and the corresponding PES and geometrical structures of
Rh(111) system, for example, are shown in Figure 2.

C2H5O(H)*98
TS(CC1)

H3C* + *C(H2)O(H)*98
TS(CO1)

H3C* + H2C* + HO* (4)

C2H5O(H)*98
TS(CO2)

H3C(H2)C* + HO*98
TS(CC2)

H3C* + H2C* + HO* (5)

C2H5O(H)*98
TS(CH1)

*C(H2)C(H2)O(H)* + H* f

{98
TS(CC3)

H2C* + *C(H2)O(H)* + H*98
TS(CO3)

2H2C* + HO* + H*

98
TS(CO4)

*C(H2)C(H2)* + HO* + H*98
TS(CC4)

2H2C* + HO* + H*

(6)

C2H5O(H)*98
TS(OH1)

C2H5O* + H* (7)

C2H5O*98
TS(CC5)

H3C* + *C(H2)O*98
TS(CO5)

H3C* + H2C* + O* (8)
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TABLE 1: Dissociation Barriers and Heats of Reaction in Parentheses (eV) of Ethanol Decomposition Processes on the Nine
Metal (111) Surfaces

Figure 1. PES and geometrical structures of ethanol decomposition on Rh(111) surface. The initial (a) C-C and C-O and (b) C-H and O-H
bond breaking processes in reactions 4-7, respectively (Table 1). The decompositions on other surfaces have similar results and are not shown.
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Finally, the fragments of H3C* and HO* from earlier
dissociation processes can completely decompose to form atomic
C*, O*, and H* adsorptions via reactions 11 and 12, respectively.

Comparing all the C-H bond breaking process, TS(CH3),
TS(CH4), and TS(CH5) in the H3C* dissociation have lower
barriers than TS(CH1) and TS(CH2) in the ethanol and
C2H5O* dissociations, respectively. Comparing the C-H
bond breaking processes in the H3C* dissociation, TS(CH5)
has higher barrier than TS(CH3) and TS(CH4). This result
can be related to the stable HC* adsorption with greater
adsorption energies (-6.4 ∼ -3.6 eV) than those of H2C*
(-4.3 ∼ -2.4 eV) and H3C* (-2.0 ∼ -1.4 eV) and is
consistent with the recent works on Pt(111), Rh(111),
Pd(111), and Ni(111) surfaces.29-31 Although the TS(CH5)
has a slightly higher dissociation barrier, HC* can react with
O*, which is expected to be present on catalyst surfaces
during the reforming process, lowering its C-H bond
dissociation barrier.29 The result implies that atomic C and
H adsorptions can occur easily on the surfaces once the
ethanol is decomposed to HxC*.

In the O-H bond breaking process, TS(OH2) exhibits a
lower dissociate barrier than that of TS(OH1), which is close
to the result of a recent calculation.32 It might be a result of
the electron-pushing C2H5 group stabilizing the C2H5O*
fragment when the O-H bond is breaking in reaction 7.

Comparing different elementary steps of ethanol decom-
position on the same metal surface, the initial C-C bond
breaking process of the adsorbed ethanol and C2H5O* through
TS(CC1) and TS(CC5), respectively, have relatively higher
dissociation barriers than those of C-O [TS(CO2) or

TABLE 2: Dissociation Barriers and Heats of Reaction in Parentheses (eV) of the C2H5O-, H3C-, and HO- Decomposition
Processes on the Nine Metal (111) Surfaces

C2H5O*98
TS(CO6)

H3C(H2)C* + O*98
TS(CC6)

H3C* + H2C* + O* (9)

C2H5O*98
TS(CH2)

*C(H2)C(H2)O* + H*f

{98
TS(CC7)

H2C* + *C(H2)O* + H*98
TS(CO7)

2H2C* + O* + H*

98
TS(CO8)

*C(H2)C(H2)* + O* + H*

98
TS(CC8)

2H2C* + O* + H*

(10)

H3C*98
TS(CH3)

H2C* + H*98
TS(CH4)

HC* + 2H*98
TS(CH5)

C* + 3H* (11)

HO*98
TS(OH2)

O* + H* (12)
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TS(CO6)], C-H [TS(CH1) or TS(CH2)], and O-H [TS(OH1)]
bond breaking processes. The result indicates that ethanol
decomposition through reactions 4 and 8 is less likely to

occur; it is in good agreement with previous calculations on
Pt(111) and Rh(111) surfaces.8,12,28 Furthermore, comparing
the initial bond dissociations of C-O (reactions 5 and 9)

Figure 2. PES and geometrical structures of the fragment (C2H5O*, H3C*, and HO*) decomposition on Rh(111) surface. The initial (a) C-C and
C-O, of C2H5O*, (b) C-H of C2H5O*, (c) C-H of H3C*, and (d) O-H of HO* bond breaking processes in reactions 8-12, respectively (Table
2). The decompositions on other surfaces have similar results and are not shown.
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with the initial C-H (reactions 6 and 10) bond dissociations,
the barriers of TS(CH1) and TS(CH2) on some metal surfaces
are lower than these of TS(CO2) and TS(CO6), respectively.
In addition, the following dissociation barriers in reaction 6
[TS(CC3), TS(CC4), TS(CO3), and TS(CO4)] and reaction
10 [TS(CC7), TS(CC8), TS(CO7), and TS(CO8)] are rela-
tively smaller than those of TS(CC2) in reaction 5 and
TS(CC6) in reaction 9, respectively. This result indicates that
the decomposition paths are more likely through reactions 6
and 10 for the initial C-H bond dissociation. Finally, the
low barrier of TS(OH1) implies that the C2H5O* intermediate
is expected to be present during the decomposition and may
follow similar dissociation routes as the C2H5O(H)* adsorbate.

Compare the same elementary step on different metal
surfaces, the dissociation barriers in Tables 1 and 2 have been
examined by the d-band theory,23,26 in which the higher d-band
center of the metal results in a lower dissociation barrier. As
shown in Figures 3 and 4 (corresponding to Tables 1 and 2,
respectively), most of the predicted dissociation barriers show
a good linear correlation with the metal d-band centers, except
those of TS(CH1) and TS(CH2) which have the lowest R2 of
0.62 and 0.54, respectively. The linear relationship in Figures
3c and 4c breaks down due to Rh(111) and Ir(111) surfaces
having the suitable bond distances of Rh-Rh (2.72 Å) and Ir-Ir
(2.75 Å), respectively, to form a more stable five-member ring,
-M-C(H2)-C(H2)-O(H)-M- or -M-C(H2)-C(H2)-O-
M- (where M represents a surface metal atom) and to lower
the barriers of TS(CH1) or TS(CH2), respectively. Therefore,
the dissociation barriers of TS(CH1) and TS(CH2) will not only

be affected by the d-band center (electronic effect) but also by
the bond distance of surface metals (geometrical effect), even
for metals with an identical crystal structure and surface
orientation. This kind of geometrical effects only appear in the
intermediates with double (or multiple) adsorptions on the
surface, but may not be observed in the dissociation of small
molecules, e.g. H2, NO, O2, or CH4, with single adsorption as
described in a previous calculation.23

Comparing current decomposition calculations with previous
reforming experiments, the computed result predicts that reac-
tions 6 and 10 are the most likely pathways for ethanol
decomposition through the lower barriers of TS(CH1) and
TS(CH2) forming the stable *C(H2)C(H2)O(H)* and
*C(H2)C(H2)O* adsorbates, respectively; the result is in good
agreement with the experimental observation that the doubly
adsorbed five-member ring configurations are regarded as the
key intermediates in the reaction.33 In addition, the excellent
performance of Rh- and Ir-based catalysts in the reforming
experiments2-5,34 can be attributed to the geometrical effect
which results in the lowest TS(CH1) and TS(CH2) barriers on
Rh(111) and Ir(111) surfaces. Furthermore, the computed high
dissociation barriers for the (111) surface of group 11 elements
(Cu, Ag, and Au; Tables 1 and 2) suggest poor catalytic
properties for ethanol reforming and can well explain why these
metals have infrequently been reported in the reforming
experiments.2-4

The calculations on the (111) surface of group 9 metals (Co,
Rh, and Ir) show low barriers to promote bond cleavages, which
agrees well with the decomposition experiments.35-37 However,

Figure 3. Plot of the dissociation barriers of ethanol decomposition in reactions 4-7 against the corresponding d-band centers of the nine selected
metal (111) surfaces.

Figure 4. Plot of the dissociation barriers of the fragments (C2H5O-, H3C- and HO-) decomposition in reactions 8-12 against the corresponding
d-band centers of the nine selected metal (111) surfaces.
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it is not sufficient to clarify the results from the reforming
experiments,2-4 in which Rh-, Ir-, Pt-, and Pd-based catalysts
show better conversion efficiencies than others. This inadequacy
can be resolved by taking the redox capability of catalysts into
consideration in the following electronic structure analysis.

The electronic structures of the selected metal surfaces
have been examined from the density of state (DOS) analysis.
Figure 5 shows the total DOS (mostly contributed from the
metal d-band states) of spin R and spin � from group 9-11
metals with the same crystal structure and surface orientation.
Comparing the DOS between 3d to 5d (row comparison in
the periodic table), the upper 3d metals (Co, Ni, and Cu)
have more contracted DOS distribution and the lower 5d
metals (Ir, Pt, and Au) have more delocalized ones. Similarly,
the distributions of the group 11 elements (Cu, Ag, and Au)
are more contracted than the metals in groups 9 and 10 in
the column comparison. The shapes of DOS, which can be
attributed to the nuclear-electron attraction that the upper-
right elements in the periodic table have stronger attraction
and result in more contracted distributions, are closely related
to the redox capability of catalytic metals. The delocalized
DOS around the Fermi level, which can accept/donate
electrons and act as electron reservoir in the redox reaction,38

can be considered as an indicator of redox capability of
catalysts. On the other hand, the empty/filled electronic states
near the Fermi level can accept/donate more electrons to
enhance the reduction/oxidation reactions. Since these metals
are conductive elements, their DOS are all continuous around
the Fermi level. However, the surfaces of Rh(111) and Ir(111)

show a much higher DOS distribution near the Fermi level
and can be regarded as the more active catalysts for redox
reactions in the reforming of ethanol. Cu(111), Ag(111), and
Au(111) surfaces, in contrast, are relatively less active.

Considering both the computed decomposition barriers and
DOS distributions, the (111) surfaces of group 11 elements
(Cu, Ag, and Au) are expected to be less efficient in the
reforming of ethanol due to their high dissociation barriers
and low DOS distributions near the Fermi level. On the other
hand, Rh(111) and Ir(111) surfaces are anticipated to be the
best ethanol reformers among these metals due to their low
TS(CH1) and TS(CH2) barriers and high DOS distributions
around the Fermi level. Furthermore, the better efficiency of
Pt- and Pd-based reformers than Co- and Ni-based ones in
the reforming experiments3,39-42 can be understood from the
slightly elevated barriers and the relative higher DOS
distribution around the Fermi level on Pt(111) and Pd(111)
than Co(111) and Ni(111) surfaces. This result may also
indicate that the redox capability plays a more important role
than decomposition does in ethanol reforming. In addition,
though Co(111) and Ni(111) surfaces have lower barriers,
but with insufficient redox capability the rapid dehydroge-
nation process results in carbon poisoning on catalyst
surfaces.23

It is possible that metal oxides, such as CeO2, ZrO2, MgO,
etc., in the practical metal-metal oxide reformers may change
the electronic structures of the supported metals43 and varies
the catalytic ability of reformers. However, these metal oxides
may cause a similar enhancement or deterioration of the catalytic

Figure 5. Total DOS of Co(111), Ni(111), Cu(111), Rh(111), Pd(111), Ag(111), Ir(111), Pt(111), and Au(111) surfaces.
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ability on supported metals.42,44 Therefore, current mechanistic
study on a series of pure metal surfaces is sufficient to clearly
explain the efficiencies of catalysts in the reforming experiment.
Furthermore, this bottom-up approach can provide a fundamental
understanding of reforming mechanisms and the scientific
underpinning for designing novel catalysts with better efficiencies.

4. Conclusion

In conclusion, the reforming mechanism for hydrogen
conversion from ethanol has been extensively examined by both
energetic calculation and electronic structure analysis. The
ethanol decomposition reaction has been systematically eluci-
dated by calculating the reaction barriers of all elementary C-C,
C-O, C-H, and O-H bond breaking processes on the group
9-11 metals. The computed PES’s show that the dissociation
barriers for the (111) surfaces of Co, Ni, Rh, and Ir are lower
than those on the same structured surfaces of Cu, Ag, and Au.
Furthermore, among all the possible decomposition path-
ways, the initial C-H bond breaking processes forming
*C(H2)C(H2)O(H)* and *C(H2)C(H2)O* adsorbates are con-
sidered to be the most effective routes with lower reaction
barriers. According to the electronic structure analysis, the
Rh(111) and Ir(111) surfaces are expected to have better redox
capability than the other metal surfaces for their high DOS
distribution near the Fermi level. Both the lower decomposition
barriers and the superior redox capabilities are considered as
the main reasons for the excellent conversion efficiencies of
Rh- and Ir-based catalysts.
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