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Reaction mechanisms of ethanol decomposition on Rh(1 1 1) were elucidated by means of periodic
density functional theory (DFT) calculations and kinetic Monte Carlo (KMC) simulations. We pro-
pose that the most probable reaction pathway is via CH3CH2O* on the basis of our mechanistic
study: CH3CH2OH* → CH3CH2O* → CH2CH2O* → CH2CHO* → CH2CO* → CHCO* → CH* + CO* → C* + CO*.
In contrast, the contribution from the pathway via CH3CHOH* is relatively small,
CH3CH2OH* → CH3CHOH* → CH3CHO* → CH3CO* → CH2CO* → CHCO* → CH* + CO* → C* + CO*. Accord-
thanol decomposition
hodium
lloy
ensity functional theory
inetic Monte Carlo

ing to our calculations, one of the slow steps is the formation of the oxametallacycle CH2CH2O* species,
which leads to the production of CHCO*, the precursor for C–C bond breaking. Finally, the decomposition
of ethanol leads to the production of C and CO. Our calculations, for ethanol combustion on Rh, the major
obstacle is not C–C bond cleavage, but the C contamination on Rh(1 1 1). The strong C–Rh interaction
may deactivate the Rh catalyst. The formation of Rh alloys with Pt and Pd weakens the C–Rh interaction,
easing the removal of C, and, as expected, in accordance with the experimental findings, facilitating

ethanol combustion.

. Introduction

Ethanol has been considerably attracted in energy applications
s a sustainable alternative fuel to gasoline owing to the ease of
ts transportation and storage, its high lower heating value (LHV)
ompared to that of gasoline, and its production from biomass
1–4]. In particular, a direct ethanol fuel cell (DEFC) [5] offers
istinct potential advantages over internal combustion engines
nd hydrogen fuel cells for transportation and residential appli-
ations. However, the kinetics of the ethanol oxidation reaction is
omplex and slow, even on the best available catalysts, because
everal reaction intermediates are generated and the oxidation
f ethanol to CO2 is incomplete, i.e., the C–C bond is not bro-
en except at extreme positive potentials. Alternatively, partial
xidation (C2H5OH + 3/2O2 → 2CO2 + 3H2) and steam reforming
C2H5OH + 3H2O → 2CO2 + 6H2) in an on-board reformer can yield
he molecular hydrogen necessary for operating a conventional
ydrogen fuel cell. Broadly, improved reforming catalysts for

thanol and other bio-alcohols is important as a source of hydro-
en in a hydrogen economy based on renewable fuels. For either
f these two processes, a good catalyst must be efficient in C–C
ond dissociation, CO or C oxidation, and H–H association. At a
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molecular or fundamental level, it is not known exactly how the
catalysts for the processing of ethanol work. Rh-based catalysts
have been applied for both ethanol electrooxidation and steam
reforming. Our recent study showed that RhPt/SnO2 is an extremely
good catalyst for the electro-oxidation of ethanol, wherein ethanol
is converted to CO2 at low potential and Rh plays an essential
role in breaking the C–C bond [2]. In addition, Rh appears to
be the most suitable compound in ethanol steam reforming for
C–C bond cleavage at reasonable operating temperatures [3]. To
date, extended metal surfaces have been considered as model
systems to understand the role of metals in the dehydrogena-
tion and oxidation of ethanol, both experimentally [6–14] and
computationally [9,14–21]. However, for Rh(1 1 1), the kinetics,
mechanisms, and structural information of various intermediate
species are not well understood, and such knowledge is crucial to
rationally designing better Rh-based catalysts for ethanol combus-
tion.

In this study, we presented the detailed mechanisms for the
decomposition reaction of ethanol on Rh(1 1 1) using plane-wave
density functional theory (DFT) calculations. On the basis of our DFT
results, we used kinetic Monte Carlo (KMC) simulations to gener-

ate more practical pictures for designing Rh-based catalysts to gain
better understanding of the following: What is the exact role of Rh
in the process? How is the C–C bond in ethanol broken? What are
the key steps, the intermediates, and the products? How can we
improve the catalytic activity of Rh?

dx.doi.org/10.1016/j.cattod.2010.12.017
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:pingliu3@bnl.gov
dx.doi.org/10.1016/j.cattod.2010.12.017
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Fig. 1. First dehydrogenation reactions and the cleavage of the C–C and C–O bonds
of adsorbed ethanol on Rh(1 1 1). CH3CH2O* is the atop configuration. Energy is in
Y. Choi, P. Liu / Cataly

. Computational methods

All of DFT calculations were carried out using Cambridge
erial Total Energy Package (CASTEP) in Materials Studio 5.0,
imilar to our previous studies [22]. We used the generalized
radient approximation of Perdew–Wang (GGA-PW91) [23]. The
onic core is represented by ultrasoft pseudopotentials [24], and

300 eV cut-off energy was used. All the results discussed in
his study come from non-spin polarization calculations with
he density mixing scheme [25]. We applied Monkhorst–Pack
26] mesh k-points of (4 × 4 × 1) for surface calculations. To
xamine the effect of the number of Rh layers on surface cal-
ulations, we systematically evaluated the adsorption energy of
thanol using three, four, and five atomic-layer p(2 × 2) surfaces
eparated by a vacuum space of 15 Å in the direction perpen-
icular to the surface, resulting in a negligible effect (−0.37 eV
sing three layers, −0.37 eV using four layers and −0.41 eV using
ve layers). Only the top-most layer was relaxed. Thus sim-

lar to a previous study [27], to reduce computational time,
e used three-layer p(2 × 2) Rh(1 1 1) surfaces. Similarly, we

hecked the effect of the number of fixed layers on surface cal-
ulations using the three layer p(2 × 2): Relaxing one, two, and
hree top-most layers engenders only a slight change (−0.37
y allowing one topmost layer to relax, −0.38 eV by allowing
wo top layers to relax, and −0.41 eV by allowing three top
ayers to relax). Thus, in this study, only the top-most layer
nd adsorbates were fully relaxed, while two bottom layers
ere fixed. For transition state search calculations, the linear

nd quadratic synchronous transit (LST/QST) method was used
28]. In this study, adsorption energies were calculated accord-
ng to �Eads = E[adsorbate-Rh(1 1 1)] − E[Rh(1 1 1)] − E[adsorbate],

here E[adsorbate-Rh(1 1 1)], E[Rh(1 1 1)], and E[adsorbate] are
he calculated electronic energies of an adsorbed species on
h(1 1 1), pure Rh(1 1 1), and an adsorbate. Reaction energies (�E),

or example, AB → A + B, were estimated by E[A-Rh(1 1 1)] + E[B-
h(1 1 1)] − E[Rh(1 1 1)] − E[AB-Rh(1 1 1)]. KMC calculations were
erformed with Kinetix, a newly implemented software in Materi-
ls Studio 5.0 [29].

. Results and discussion

.1. Mechanisms of ethanol decomposition on Rh(1 1 1) based on
FT calculations

To elucidate the reaction mechanisms of ethanol decomposi-
ion on Rh(1 1 1), we first examined molecular ethanol adsorption.
n this study, “*” indicates adsorbed surface species, and the most
table configurations of C*, H*, CH*, CH2*, CH3*, CO*, and OH*
respectively, hcp, fcc, hcp, hcp, atop, atop, and fcc sites) were
pplied to estimated reaction energies for elementary steps. We
ound that ethanol adsorption occurs through the donation of lone
air electrons to surface forming a �1(O)-configuration and the C–C
ond is almost perpendicular to the surface (see Fig. 1). It is consis-
ent with a systematic study by Yang and coworkers, showed that
thanol is adsorbed with the same configuration of the coverage
f 1/9 to 1/3 ML [15]. Our calculated adsorption energy of ethanol
t 1/4 ML is in good agreement with a published value (−0.33 eV
ersus −0.36 eV) [15]. In addition to the most stable structure,
e also examined the �1(O)-configuration with the C–C bond of

thanol tilted towards the surface, finding that it is 0.05 eV unsta-

le. We note that the choice of an isomer parallel to the surface
hanges a reaction barrier (Ea), for example, Ea for the dehydro-
enation of the �-position H (CH3) to CH2CH2OH* is lowered from
.81 eV to 0.78 eV, opening a comparative pathway to the dehydro-
enation of ethanol to CH3CHOH* and CH3CH2O*. Therefore, for
units of eV. “atop” is the CH3CH2O* intermediate bound to the atop site of rhodium.
Hydrogen, carbon, oxygen, and rhodium are in white, gray, red, and cyan, respec-
tively. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of the article.)

consistency with the previous studies [15,30], we only applied the
most stable structure for the present mechanistic study.

Fig. 1 clearly shows that the C–C and C–O bond breakings of
ethanol have higher barriers (Ea: 2.97 and 2.21 eV, respectively)
than the dehydrogenation of ethanol. No detailed studies on the
first three dehydrogenation on Rh(1 1 1) are available. Previous
DFT studies showed that CH3CHOH* is preferentially produced
on Pd(1 1 1) [14,20] and Pt(1 1 1) [18,31]. Experimentally, the first
dehydrogenation forming CH3CH2O* occurs on Rh(1 1 1) at ∼220 K
[7], Pt(1 1 1) at 180 K [13], and Co(0 0 1) at 160 K [9]. We care-
fully examined the reaction barriers of the three possible steps
for the first dehydrogenation of ethanol on Rh(1 1 1). As discussed,
C�-H breaking forming CH2CH2OH* must overcome a high bar-
rier of 1.81 eV (Fig. 1). In contrast, the formations of CH3CH2O* via
O–H cleavage and CH3CHOH* via C�–H cleavage are more likely to
occur, while the O–H breaking are slightly favored (0.85 eV versus
0.91 eV). It was reported that ethoxy species (CH3CH2O) in vac-
uum are easily formed along with replacing the O–H bond to a
Rh–O bond according to careful measurements using high res-
olution electron energy loss spectroscopy (HREELS) [6]. Thus, in
our calculations, we considered both CH3CH2O* and CH3CHOH*
species for the sequential reaction. Another crucial point is that the
detailed information about the orientation of the ethoxy species
on Rh(1 1 1) has not been reported in the literature. Thus as a start-
ing point, we used the results reported Xu et al. on Ni(1 1 1) [12]
to examine the most stable structure and active site of CH3CH2O*.
They analyzed ethoxy species generated on Ni(1 1 1) at 90 K using
infrared reflection absorption spectroscopy (IRAS) [12], attributing
the peak at 2875 cm−1 to the symmetric stretching of CH2, while
2964 cm−1 was assigned to the asymmetric mode for CH3. These

assignments suggest that the C–O bond of ethoxy species is bound
perpendicularly to the surface; otherwise, the symmetric stretch-
ing mode of CH2 would not exist. Our vibration-mode analyses for
the ethoxy species on Rh(1 1 1) (see Fig. 2) clearly show that only
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ig. 2. Schematic of CH3CH2OH* dehydrogenation forming CH3CH2O* and CH3CH2

ound to the atop, bridge, and threefold fcc sites, respectively. Hydrogen, carbon, o
he references to color in this figure legend, the reader is referred to the web versio

he fcc configuration with C–O bond perpendicular to the surface
as a symmetric stretching for CH2 at 2978 cm−1. However, because
nly that of C2D5O on Rh(1 1 1) is available (2110 cm−1) in the lit-
rature [6], we predicted the CH2 stretching of deuterated C2D5O
t 2158 cm−1, which is in good agreement with the experimental
alue. Our DFT calculations show that the stability of ethoxy species
ollows the decreasing sequence fcc > hcp > brg (bridge) > atop; the
elative adsorption energy with respect to the most stable at fcc are
.00, 0.02, 0.16, and 0.22 eV, respectively. As shown in Fig. 2, reac-
ion barriers for the diffusion of CH3CH2O* from atop to fcc and
rom atop to brg are much lower than that of CH3CH2O* formation
rom ethanol dehydrogenation. In addition, the diffusion from brg
o fcc is almost barrierless. Therefore, it is reasonable to interpret
hat the ethoxy species generated from decomposition of ethanol
t the atop site of Rh(1 1 1) is bound to the atop site first, and then
iffused to the three-fold hollow sites via the brg site with a barrier
s low as 0.05 eV.

As discussed above, we took into account of the pathways
ia both CH3CH2O* and CH3CHOH*. As shown in Fig. 3, along
he pathway via CH3CH2O*, CH2CH2O* is much more favorably
ormed from CH3CH2O* dehydrogenation, rather than CH3CHO*
nd CH3* + CH2O* (Ea: 0.95 eV versus 1.76 eV and 2.98 eV, respec-
ively). Our results follow the mechanism proposed by Houtman
nd Barteau [6]. Based on their experiments using temperature
rogrammed desorption (TPD) and HREELS techniques, they found
hat the dehydrogenation of CH3CH2O* to CH2CH2O* is the major
oute, rather than via CH3CHO*. In addition, CH2CH2O* preferen-
ially is dehydrogenated to CH2CHO* after overcoming a 0.13 eV
arrier, indicating that it is a much faster kinetics compared to the
HCH2O* formation with a barrier of 1.42 eV. It means that the
eaction runs via CH2CH2O* that has a short life time due to the
ast sequential dehydrogenation. This finding is able to well explain
he experimental observation, wherein the CH2CH2O* species was

roposed only as the intermediates for ethanol on Rh and has never
een observed experimentally [3,6,32]. CH2CHO* with a flat struc-
ure to the surface favors the formation of CH2CO* (Ea = 0.43 eV) via
�–H cleavage rather than CHCHO* via C�–H (Ea = 0.65 eV), which

s followed by the production of CHCO* (Ea = 0.83 eV). The C–C bond
fusion processes on Rh(1 1 1). “atop”, “brg”, and “fcc” are CH3CH2O* intermediates
, and rhodium are in white, gray, red, and cyan, respectively. (For interpretation of
e article.)

cleavage of CHCO* (Ea = 0.69 eV) is energetically preferred over the
dehydrogenation to CCO* (Ea = 0.97 eV). Our calculations show that
with a barrier of 0.69 eV, C–C bond breaking is not the major obsta-
cle for ethanol decomposition on Rh, as suggested experimentally
[4]. In contrast, more difficult steps, such as ethanol dehydrogena-
tion to CH3CH2O* (Ea = 0.85 eV, Fig. 1) and CH2CH2O* formation
from CH3CH2O* dehydrogenation (Ea = 0.95 eV, Fig. 3), are identi-
fied in our calculations. The efficient C–C bond cleavage on Rh(1 1 1)
is due to the strong interaction between Rh and CHCO (adsorption
energy, −3.20 eV), which leads to a stretched C–C bond of CHCO
by 0.13 Å compared to that in gas phase and the electron density
transfer of 1.17e from Rh to CHCO.

Along the pathway via the CH3CHOH* intermediate (Fig. 4),
CH3CHOH* can be dehydrogenated to CH2CHOH* and CH3COH*
with Ea = 1.68 eV and Ea = 1.24 eV, respectively, but preferentially
to CH3CHO* after overcoming a much lower barrier (Ea = 0.72 eV).
Then CH3CHO* is quickly transformed to CH3CO* rather than to
CH2CHO* (Ea = 0.23 eV versus 0.55 eV, respectively). Further dehy-
drogenation of CH3CO* produces CH2CO* with an apparently high
barrier of 1.47 eV, and then the rest of reactions follows that of
CH2CO* in the pathway via CH3CHOH*.

Overall, our DFT calculations suggest two possible reaction
pathways for ethanol decomposition, that is, via CH3CH2O* or
CH3CHOH*, which may run in parallel during its ethanol decompo-
sition on Rh(1 1 1). Both pathways lead to the formation of CHCO*,
which seems to be the important precursor for the C-C bond break-
ing on Rh(1 1 1) and eventually produces C* and CO* from ethanol.
This will be discussed in more detail with the KMC modeling below.

3.2. KMC simulations of ethanol decomposition on Rh(1 1 1)

In order to propose the most probable pathway for ethanol
decomposition on Rh(1 1 1), we carried out KMC simulations, keep-

ing our model as simple as possible. It is known that reaction
barriers and adsorption energies are coverage-dependent [12,15].
In this study, accurate examination of desorption barriers is beyond
the scope of our study. Thus, we excluded the desorption process
and considered those processes summarized in Table 1, where the



Y. Choi, P. Liu / Catalysis Today 165 (2011) 64–70 67

F m the
r eferen
a

p
t
t
o
w
u
i
w
w
4

F
a

ig. 3. Reaction sequences for the dehydrogenation and scission of C–C bonds fro
hodium are in white, gray, red, and cyan, respectively. (For interpretation of the r
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athways via both CH3CHOH* and CH3CH2O* are included. In addi-
ion, because Papageorgopoulou et al. [7] experimentally confirmed
hat there was no contribution from the recombination reaction
f CH3CH2O* and dissociated hydrogen species forming ethanol,
e only considered forward reactions in the KMC simulations. We
sed the identical prefactors of 1.0 × 1013 s−1 as in previous stud-
es [33]. We carried out KMC calculations at � = 0.1 monolayer (ML),
hich is close to an experimental value (0.13 ML) [6]. Adsorption
as performed at 100 K and then, up to 800 K with a heating rate of

.0 K s−1. In addition, we assumed the CH3CH2O* formation is one-

ig. 4. Reaction sequences for dehydrogenation and scission of C–C bonds from the CH3CH
re in white, gray, red, and cyan, respectively. (For interpretation of the references to colo
CH3CH2O* intermediate. Energy is in units of eV. Hydrogen, carbon, oxygen, and
ces to color in this figure legend, the reader is referred to the web version of the

step process (CH3CH2OH* → CH3CH2O* [fcc] + H*, Ea = 0.85 eV), as
discussed above.

According to our KMC simulations, as temperatures increase,
the coverage of ethanol on Rh(1 1 1) decreases to zero, while
carbon and carbon monoxide are eventually produced along with
associative H2 desorption (Fig. 5a). In terms of intermediates, a

significant amount of CH3CH2O*, CH3CO*, and CH* were observed
(Fig. 5b); in contrast, the coverage of the other intermediates
included in Table 1 are much less and cannot compete. According
to our DFT calculations (Figs. 3 and 4), CH3CO* is produced from

OH* intermediate. Energy is in units of eV. Hydrogen, carbon, oxygen, and rhodium
r in this figure legend, the reader is referred to the web version of the article.)
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Table 1
Summary of reaction barriersa and reaction energies in eV for elementary steps of
ethanol decomposition on Rh(1 1 1).

Elementary reaction Ea (eV) �E (eV)

CH3CH2OH(g) + * → CH3CH2OH* −0.33
CH3CH2OH* + * → CH3CH2O* [atop] + H* 0.85 0.16
CH3CH2OH* + * → CH2CH2OH* + H* 1.81 0.17
CH3CH2OH* + * → CH3CHOH* + H* 0.91 −0.04
CH3CH2O* [fcc] + * → CH2CH2O* + H* 0.95 0.23
CH3CH2O* [fcc] + * → CH3CHO* + H* 1.76 −0.20
CH3CHOH* + * → CH3CHO* + H* 0.72 −0.22
CH3CHOH* + * → CH2CHOH* + H* 1.68 0.31
CH3CHOH* + * → CH3COH* + H* 1.24 0.16
CH2CH2O* + * → CH2CHO* + H* 0.13 −0.72
CH2CH2O* + * → CHCH2O* + H* 1.42 0.76
CH2CHO* + * → CHCHO* + H* 0.65 −0.02
CHCHO* + * → CHCO* + H* 1.50 −0.08
CHCHO* + * → CCHO* + H* 1.44 0.41
CCHO* + * → CCO* + H* 1.25 −0.53
CH3CHO* + * → CH3CO* + H* 0.23 −0.63
CH3CHO* + * → CH2CHO* + H* 0.55 −0.29
CH2CHO* + * → CH2CO* + H* 0.43 −0.17
CH3CO* + * → CH2CO* + H* 1.47 0.17
CH2CO* + * → CHCO* + H* 0.83 0.07
CHCO* + * → CCO* + H* 0.97 −0.04
CH3* + * → CH2* + H* 0.72 −0.02
CH2* + * → CH* + H* 0.12 −0.41
CH* + * → C* + H* 1.16 0.38
CHO* + * → CO* + H* 0.23 −0.88
CH3CH2OH* + * → CH3*+ CH2OH* 2.97 0.71
CH3CH2O* [fcc] + * → CH3*+ CH2O* 2.98 0.55
CH2CH2O* + * → CH2*+ CH2O* 1.57 0.34
CH3CHO* + * → CH3* + CHO* 1.23 0.21
CH2CHO* + * → CH2* + CHO* 1.96 0.53
CHCHO* + * → CH* + CHO* 0.95 0.14
CH3CO* + * → CH3* + CO* 1.61 −0.03
CH2CO* + * → CH2* + CO* 1.54 −0.18
CHCO* + * → CH* + CO* 0.69 −0.66
CCHO* + * → C* + CHO* 0.71 0.10
CCO* + * → C* + CO* 0.96 −0.24
CH3CH2OH* + * → CH3CH2* + OH* 2.21 0.15
CH3CHO* → CH3CHO(g) + * 0.61 0.61
H* + H* → H2(g) + 2* 0.50 0.50
CO* → CO(g) + * 1.82 1.82
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a “atop”, “brg”, and “fcc” are CH3CH2O intermediates bound to the atop,
ridge, and threefold fcc sites, respectively. The reaction barrier and energetics
or CH3CH2OH* + * → CH3CH2O* [fcc] + H* are summarized in Fig. 2 (0.85 eV and
0.06 eV, respectively).

H3CHOH* via CH3CHO* along the CH3CHOH* pathway, CH3CH2O*
omes from the CH3CH2O* pathway, and CH* can be the product
f CHCO* produced from both pathways. That is, the KMC results
onfirm the predictions of the two parallel pathways calculated
y the DFT calculations, detailed in Section 3.1, as summarized in
ig. 6. From Fig. 5, we see that the coverage of CH3CO* is lower
han that of CH3CH2O*. In addition, the production of CO* and CH*
r C* mostly follow the variations in the coverage of CH3CH2O*.
he contribution from CH3CO* is relatively small, and can only be
bserved at high temperatures. It is associated with the slightly
igher barrier for producing CH3CHOH* from ethanol than that of
H3CH2O*, which indeed results in the smaller amount of CH3CO*
roduced by the facile dehydrogenation of CH3CHOH* (Fig. 6)
han that of CH3CH2O*. On the other hand, the high activation
arrier for the dehydrogenation of CH3CO* to CH2CO* hinders
he production of CHCO*, and therefore, CO*, CH* and C* (Fig. 6).
iven that, the pathway via CH3CH2O* is more significant than

hat via CH3CHOH* for ethanol decomposition on Rh(1 1 1) then:
H3CH2OH* → CH3CH2O* → CH2CH2O* → CH2CHO* → CH2CO* →
HCO* → CH* + CO* → C* + CO*; for clarity, the hydrogen species

ere omitted.

As mentioned above, the present KMC simulations are simpli-
ed to give a qualitative description of the kinetics, e.g., the key

ntermediates and products. Hence, we cannot quantitatively com-
Fig. 5. Temperature-dependent profiles for (a) the reactant of ethanol and prod-
ucts of C and CO and (b) a comparison of ethanol and significant intermediates
of CH3CH2O*, CH* and CH3CO* simulated using KMC at 0.1 ML of ethanol and the
heating rate of 4.0 K s−1.

pare the findings from our simulations with the experiment results.
First, our predictions of C and CO as the final products for ethanol
decomposition on Rh(1 1 1) agree well with the experiments [6,7].
However, the complete desorption of CO from Rh(1 1 1) was ∼550 K
from a TPD experiment [6], which is lower than 700 K shown in
Fig. 5. In addition, this figure shows that CH3CH2O* is produced at
∼260 K, which is slightly off from the experimental finding (∼220 K
at 1.5 K s−1) reported by Papageorgopoulos et al. [7]. Many factors
contribute to the differences. One is that the present DFT cal-
culations with GGA-PW91 overestimate the binding energy [34].
Besides, the DFT may not reproduce the reaction barrier measured
experimentally [35]. Finally, it is expected that consideration of lat-
eral interactions affects the rates of each elementary step [36,37].
In this study, we showed that our KMC calculations with well-
established mechanisms give a good qualitative description of the
experimentally detected intermediate species and products. Again,
more detailed mechanistic studies as a function of coverage based
on more accurate theory may offer a better picture.

3.3. Understanding the promoting effect of Rh alloys

According to our simulations and the precious experiments
[6,7], it is clear that the surface carbon species are one of major

products from ethanol decomposition on Rh(1 1 1), which are dif-
ficult to be removed due to the strong C–Rh interaction and
therefore may deactivate the Rh catalyst during ethanol combus-
tion. Given that, to make Rh more efficient, one of the possible
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ig. 6. Proposed reaction pathways for ethanol decomposition on Rh(1 1 1). Energy
s in units of eV.

ays is to weaken the C–Rh interaction by introducing promoters,
hich help the C removal in the form of CO2. Improved activities
ave been reported for the Rh alloys with Pt and Pd for ethanol
ombustion [3,38–41]. Here, we compared the Gibbs free energy
hanges (�G) of removing C from these Rh alloys via reaction,
* + 2H2O(l) ↔ CO2(g) + 2H2(g). To describe the Rh alloys, a sim-
lified model was built, where one of Rh atoms on the top-most

ayer was replaced with an alloying metal. The calculated adsorp-
ion energies at 0 K for pure Rh and Rh alloyed with Pt and Pd are
7.79, −6.85, and −6.97 eV, respectively, where the carbon atom
dsorbs at the hcp sites of Rh. Consequently, the estimated �G
�G ≈ �Eads − T�S) corresponds to 9.57 eV on Rh, 8.63 eV on RhPt,
nd 8.75 eV on RhPd, where the Gibbs free energies for H2O(l) and
O2(g) are from the literature (−2.45 and −4.09 eV, respectively)
42]. That is, the presence of Pt or Pd weakens the C–Rh interac-
ion and makes the C removal or C oxidation easier, which releases
he C-contamination on Rh. In this way, the more efficient produc-
ion of H2 can be achieved from ethanol combustion on RhPt and
hPd alloys, which is consistent with the experimental observa-
ions [3,38–41].

In general, ethanol combustion includes two steps: one involves
ehydrogenation and C–C bond breaking; the other involves CO
nd C removal in the form of CO2. In agreement with previous
xperiments, the first step proceeds well on Rh as demonstrated
bove. The problem is the slow second step due to the strong C–Rh
nteraction. One of the possible ways to facilitate the removal of

is to introduce promoters, such as Pd and Pt, which weaken the
–surface interaction.

. Conclusions

The combined DFT study and KMC simulations were
mployed to gain a better understanding of the kinetics for
thanol decomposition on Rh(1 1 1). Our results show that
thanol on Rh(1 1 1) is decomposed into C and CO, con-
istent with the previous experimental findings [6,7]. Two
athways via CH3CHOH* or CH3CH2O* may run in parallel.

owever, the reaction via the CH3CH2O* pathway con-

ributes more. That is, the most probable reaction pathway is:
H3CH2OH* → CH3CH2O* → CH2CH2O* → CH2CHO* → CH2CO* →
HCO* → CH* + CO* → C* + CO*. A surface oxametallacycle
H2CH2O is an important intermediate rather than CH3CHO*,

[
[
[
[
[
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which leads to the formation of CHCO*, the precursor for C–C bond
breaking. According to our calculations, for ethanol combustion
on Rh, the major obstacle is not C–C bond cleavage, but the C
contamination on Rh(1 1 1). The surface carbon species produced
from ethanol decomposition are difficult to remove due to the
strong C–Rh interaction, which may deactivate the Rh catalyst
during ethanol combustion. We found that alloying Rh with Pt or
Pd weakens the C interaction and may facilitate the removal of C
in the form of CO2. Therefore, in accordance with the experiments,
faster ethanol combustion is expected. This systematic molecular
level study clearly guides the understanding of surface reactions
including kinetics and the proposing of novel better catalysts for
ethanol combustion.
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