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ABSTRACT: The “surface explosion” associated with decom-
position of acetic acid on Rh surfaces is studied by density
functional theory. The surface configuration of adsorbed acetate
and the reaction paths available to the adsorbed species are
determined. The reactivity of adsorbed acetate is found to be
dependent on the local surface coverage, which allows a model
explaining the experimentally observed surface explosion to be
developed. Comparison of the reactivity of different surfaces shows
that Rh(111) is more active than the Rh(110) surface for both
clean and oxygen precovered surfaces, and the oxygen precovered
surfaces are less active than the clean surfaces.

KEYWORDS: density functional theory (DFT), surface explosion, acetic acid, Rh(111), Rh(110), clean surface,
oxygen precovered surface

1. INTRODUCTION

Molecular desorption during temperature programmed desorp-
tion (TPD) typically occurs over a significant span of
temperatures. In some situations, however, an autocatalytic
process causes adsorbed species to completely desorb within a
very narrow temperature range. This situation has been
described as a “surface explosion”.1−10 Surface explosions
have been reported for, among others, malic acid on
Cu(110),11 tartaric acid on Cu(110),12−14 acetic acid on
Ni(110),15 and acetic acid coadsorbed with oxygen or carbon
on Rh(111), Rh(110), and Pd(110).16−20 All of these
molecules are adsorbed in a deprotonated form, and they
decompose into CO2, H2O, H2, and so forth during desorption.
Although various phenomenological models for surface
explosions have been described,21−25 we are not aware of any
work that provides a molecular-scale description of this
phenomenon for any specific material. In this paper, we aim
to use density functional theory (DFT) calculations to
understand the specific mechanism that causes the surface
explosion during decomposition of acetic acid on Rh surfaces.
The decomposition of acetic acid has been experimentally

examined for Rh(110), Rh(111), and supported Rh par-
ticles.16,18,19,26,27 When these surfaces are exposed to acetic acid
at ∼300 K, the acetic acid decomposes into acetate and releases
H2 into the gas phase. Li et al. found that an essential
requirement for a surface explosion is the presence of a
coadsorbed atomic species such as O atoms.26 Oxygen is found
to stabilize acetate and causes it to decompose at a higher
temperature.18,26 On the clean Rh(111) surface, TPD yields a
peak maximum at 390 K and a peak width of ∼26 K. For an
oxygen precovered Rh(111) surface, the peak temperature

varies from ∼410 K to ∼500 K and the peak width varies from
7 to 16 K depending on the amount of precovered oxygen.26

On the clean Rh(110) surface, TPD gives a peak of 391 K with
a width of ∼30 K, whereas on oxygen-precovered surfaces, the
peak temperature is 465 K with a peak width of 16 K.18,26 With
an oxygen precovered Rh/Al2O3 surface, TPD shows two CO2
desorption peaks due to the decomposition of acetate. The low
temperature desorption shoulder exhibits a surface explosion
with a full width at half-maximum (fwhm) of ∼8 K, consistent
with acetate decomposition on the Rh particles. The high
temperature peak is more consistent with acetate decom-
position on the Al2O3 support.17 Without predosed oxygen,
there is no obvious formation of acetate on the Rh component
of this supported catalyst. The presence of acetate on the
support is believed to result from the spillover of the acetate
from the metal to favored sites on the support, similar to other
reports of formate spillover on a Rh/Al2O3 catalyst.

28

Several possible reasons have been proposed to explain the
mechanism of the acetate surface explosion on Rh:16,17 (1)
Surface reconstruction induced by preadsorbed oxygen that
influences the decomposition kinetics, (2) adsorbate-induced
ordering in which dense layers of the adsorbed molecules form
a structure that inhibits decomposition and weakens
adsorption, and (3) site blocking by the adsorbate in which
the coadsorbed adatom blocks sites adjacent to the acetate
which are necessary for decomposition. No experimental
evidence exists to support the idea of a surface reconstruction
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leading to the observed surface explosions. Specific ordered
adlayers have been proposed for acetate on O−Rh(110)16 and
on clean Pd(110), where a surface explosion is also observed,20

although the experimental support for either of these structures
is limited.
In this paper, we present results from theoretical studies on

the decomposition of acetic acid on Rh(111) and Rh(110) to
shed light on the surface explosions seen on these surfaces. In
Section 2, we describe our computational methods. Section 3
present results of calculations that describe adsorption of
acetate and reaction paths for decomposition of adsorbed
acetate. This allows us to propose a specific mechanism that
controls the surface explosions observed on oxygen precovered
surfaces. Section 4 compares the reactivity of different surfaces
and the role of oxygen and also compares simulated TPD
results from a model derived from our DFT calculations and
experimental data. By explaining the mechanism controlling
this specific instance of a surface explosion, our results should
be useful in understanding this phenomenon in other systems.

2. MODELS AND METHODS
All DFT calculations were performed with plane-wave DFT29

using the Vienna ab initio simulation package (VASP) with the
Perdew−Wang generalized gradient exchange-correlation func-
tional and the projector augmented wave (PAW) method.30−35

Spin polarization was employed for all calculations, and the
cutoff energy for the plane wave basis set was fixed at 400 eV.
Geometry optimization was performed with a conjugate-
gradient algorithm and considered to be converged when the
forces on each unconstrained atom was <0.03 eV/Å. A
Monkhorst−Pack grid of 3 × 2 × 1 and 4 × 4 × 1 k-points
was employed for the Rh(110) and Rh(111) surface,
respectively. Transition states (TS) were identified by the
climbing-image NEB method and were confirmed by vibra-
tional analysis to have only one imaginary frequency.36,37

For the clean and oxygen precovered Rh(110) surface, we
employed a 4 × 2 surface unit cell and a slab made up of eight
atomic layers. For the clean and oxygen precovered Rh(111)
surface, we used a 2 × 2 surface unit cell and a slab three layers
thick. All slab calculations used a vacuum spacing of at least 12
Å normal to the surface. Preliminary calculations indicated that
these supercells were adequate to give well-converged results.38

In experiments with O-covered surfaces, the Rh(110) and
Rh(111) surface are exposed to the molecular oxygen to obtain
an oxygen-saturated surface. By combining scanning tunneling
microscopy, core level spectroscopy, and DFT calculations, a
maximum oxygen coverage of 1 ML (where 1 ML corresponds
to one adsorbate per surface metal atom) has been described
for Rh(110) surface under 300 K.39 At this coverage, O
adatoms occupy 3-fold sites in a zigzag arrangement along
[11̅0] rows, as shown in Figure 1a. The saturated oxygen
coverage for the Rh(111) surface was determined to be 0.5
ML.26 By DFT calculations, it was found that oxygen occupies
the fcc hollow site rather than the hcp hollow site, as shown in
Figure 1b.40 We used the models shown in Figure 1 for our
subsequent descriptions of oxygen precovered Rh(110) and
Rh(111).
Adsorption energies, Eads, were calculated by

= − −E E E E(ads/surf) (ads) (surf)ads total total total (1)

where the terms on the right-hand side are the total energies of
the Rh surface with adsorbates in their equilibrium geometries,
the free adsorbates in gas phase, and the clean Rh surface,

respectively. Reaction energies, ΔEr, for reactions of the form
AB →A + B were calculated by

Δ = + − −E E E E E(A/surf) (B/surf) (AB/surf) (surf)r total total total total

(2)

where Etotal (A/surf), Etotal(B/surf), and Etotal(AB/surf) are the
total energies for the separately adsorbed A, B, and AB on the
Rh surface, respectively. With these definitions, adsorption
energies that are more negative correspond to more favorable
configurations, and reaction energies that are negative
correspond to exothermic reactions. To compare reaction
barriers on the oxygen precovered and clean surface, we define
Δ(ΔE) as

Δ Δ = Δ − Δ

= − + −− − − −

E E E

E E E E

( ) (O)

[ (O)] [ (O) ]ads reactant ads reactant ads TS ads TS

(3)

where ΔE(O) and ΔE are the reaction barriers on the oxygen
precovered and clean surface, respectively, and ads-reactant and
ads-TS denotes the adsorption of the reactant and transition
state, respectively.

3. RESULTS
Because surface explosions are only observed experimentally on
oxygen precovered Rh surfaces, we start with the adsorption of
isolated acetate on oxygen precovered Rh. The Rh(110) and
Rh(111) surfaces in our calculations contain eight and four
surface Rh, respectively, and one acetate molecule occupies two
adjacent surface Rh sites. Therefore, the coverage for our
calculations describing the decomposition of isolated acetate on
Rh(110) and Rh(111) is 0.25 and 0.50 ML, respectively.

3.1. Adsorption of Acetate. For acetate adsorption, we
considered three adsorption geometries: bidentate bridging
(BB) with two oxygen atoms of acetate binding to two adjacent
surface metal atoms, bidentate chelating (B) with two oxygen
atoms of acetate binding to one surface metal atom, and a
monodentate (M) configuration with one oxygen binding to
one surface metal atom. For BB configurations, we separately
considered molecules bonded to Rh1−Rh2 and Rh1−Rh3 on
O−Rh(110) (see Figure 1a) and Rh1−Rh2, Rh1−Rh3, Rh1−
Rh4, and Rh2−Rh4 on O−Rh(111) (see Figure 1b). For each
case, we considered initial geometries with various tilt angles
with respect to the surface normal. Our results show that the
BB structure is the most stable, which is not consistent with a
previous experimental proposal.26 Experimentally, Li et al.

Figure 1. Oxygen precovered Rh surface used in this work: (a) O−
Rh(110) and (b) O−Rh(111). Left: top view; right: side view. Small
pink spheres: O; large blue spheres: Rh. Surface reaction sites are
labeled by numbers. The boxes indicate the computational supercells.
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proposed that the B configuration is the most stable based on
an analogy with Cu(110).26 However, our results show that the
B structure is 0.38 and 2.38 eV less favorable than BB structure
on O−Rh(110) and O−Rh(111), respectively. All attempts to
obtain the M structure on O−Rh(110) resulted in the BB
structure. On O−Rh(111), the M configuration was found to
be a local minimum in energy that is 0.23 eV less stable than
the BB structure. On O−Rh(111), the stability of acetate
adsorption follows the sequence BB > M > B.
3.2. Decomposition of Isolated Acetate on Oxygen

Precovered Rh Surface. Although the surface explosion only
happens when a dense layer of acetate exists, we began our
investigation of the acetate decomposition pathway by
examining isolated acetate molecules.
3.2.1. Acetate Decomposition on Oxygen Precovered

Rh(110). We studied the decomposition of acetate step by
step. For each step, we considered two competing reaction
paths: dehydrogenation and C−C bond cleavage. In the first
step, the dehydrogenation of acetate to yield CH2COO is less
favorable kinetically and thermodynamically than C−C bond
cleavage. C−C bond cleavage to yield CH3 and CO2 occurs
with a barrier of 1.66 eV with an imaginary frequency of 288
cm−1 and reaction energy of −0.40 eV. The barrier for the
dehydrogenation is 2.56 eV with an imaginary frequency of 716
cm−1, and the reaction is endothermic by 0.58 eV. We therefore
only considered products that can form following C−C bond
cleavage, as shown in Figure 2. The dehydrogenation of CH3 to

yield CH2 has a barrier of 0.56 eV, and the reaction is
endothermic by 0.13 eV. The first and second dehydrogenation
of CH2, to leave C on the surface, occurs with barriers of 0.14
and 1.04 eV, respectively. Both reactions are exothermic with
reaction energies of −1.46 and −0.40 eV, respectively. The H
atom from dehydrogenation of CH3 prefers to adsorb on the
precovered oxygen site to form OH; further reaction with H to
release H2O is slightly endothermic with a reaction energy of
0.16 eV (see Figure S1a in the Supporting Information). The
overall reaction path, CH3COO → CH3 → CH2 → CH → C,
is summarized in Figure 2. The TS structures for the rate-
limiting step is provided in section 4.1 for discussion, and the
other TS structures are provided in Figure S2 in Supporting

Information. The rate-limiting step is the C−C bond cleavage
of acetate to yield CH3 and CO2. As shown in Figure 2, the
reaction of CH in the last step leads to the formation of CO2
with the O atoms in this molecule coming from the O adlayer.
This outcome could be verified experimentally if isotopically
labeled O atoms were used in either the adsorbed acetate or the
precovered O adlayer.

3.2.2. Acetate Decomposition on Oxygen Precovered
Rh(111). As with the results above for Rh(110), we began on
O-covered Rh(111) by considering the decomposition path-
ways available for an isolated acetate molecule. Our calculations
showed that acetate prefers C−C bond cleavage over
dehydrogenation; C−C bond cleavage to yield CH3 and CO2
has a barrier of 1.34 eV with reaction energy of 0.18 eV,
whereas the barrier for dehydrogenation is 1.94 eV and the
reaction energy is 0.34 eV. The corresponding imaginary
frequencies for C−C bond cleavage and dehydrogenation are
301 and 286 cm−1. We therefore only considered products that
can form following C−C bond cleavage. The dehydrogenation
of CH3 to yield CH2 has a barrier of just 0.10 eV, and the
reaction is nearly energetically neutral, with a reaction energy of
−0.01 eV. The two-step dehydrogenation of CH2 has barriers
of 0.40 and 0.90 eV. The dehydrogenation of CH2 (CH) is
exothermic (endothermic) with reaction energy of −1.44
(+0.74) eV. As above, the H atom from dehydrogenation of
CH3 prefers to adsorb on the precovered oxygen site to form
OH, and release of H2O is slightly endothermic with a reaction
energy of 0.24 eV (see Figure S1b in the Supporting
Information). The overall reaction, CH3COO → CH3 →
CH2 → CH → C, is similar to the result on O−Rh(110) and is
illustrated in Figure 3. The rate-limiting step is the C−C bond

cleavage of acetate to yield CH3 and CO2. The TS structure for
the rate-limiting step is provided in section 4.1 for discussion,
and the other TS structures are provided in Figure S3 in
Supporting Information.

3.3. Acetate Decomposition from Dense Acetate
Adlayers. It is clear from the experiments in which surface
explosions have been observed during decomposition of acetate
on O-covered Rh surfaces that this phenomenon only occurs
when the surface is initially covered with a dense acetate

Figure 2. Reaction mechanism of decomposition of acetic acid on O−
Rh(110). The reaction energy ΔEr and reaction barrier ΔE are labeled
in eV. Species in the gas phase are labeled by a subscript g. Blue large
spheres: Rh; red spheres: O; pink spheres: precovered O; gray
spheres: C; white spheres: H. The labels below each frame indicate the
atoms from the original acetic acid visible in the frame. Figure 3. Reaction mechanism of decomposition of acetic acid on O−

Rh(111). The reaction energy ΔEr and reaction barrier ΔE are labeled
in eV. Gas phase species are labeled by a subscript g. Blue large
spheres: Rh; red spheres: O; pink spheres: precovered O; gray
spheres: C; white spheres: H. The labels below each frame indicate the
atoms from the original acetic acid visible in the frame.

ACS Catalysis Research Article

dx.doi.org/10.1021/cs400826d | ACS Catal. 2014, 4, 944−953946



adlayer.16,26 We therefore extended the calculations described
above to consider how the reaction mechanisms that allow
decomposition of acetate differ between dense adlayers and
isolated adsorbed molecules.
3.3.1. Dense Acetate Adlayers on Rh(110). For dense

adlayers of acetate on O−Rh(110), we considered a variety of
scenarios to determine the favored adsorption configuration.
We examined two initial structures in which all acetate packs
along the [100] direction, as shown in Figure 4, four distinct

initial structures in which all acetate packs along the [010]
direction, and six additional structures that had a combination
of acetate molecules oriented along the two directions. On the
basis of the proposal of oxygen-induced ordering on clean
Pd(110), where a surface explosion is also observed,20 Li et al.
proposed that acetate forms the parallel structure shown in
Figure 4a.16 Our calculations, however, predict that the zigzag
structure shown in Figure 4b is more stable by 0.11 eV/
molecule. The adsorption energy of the zigzag structure is
−2.04 eV/molecule. All the other structures and their
corresponding adsorption energies are shown in Figure S4 in
the Supporting Information.
After identifying the geometry of the dense acetate layer, we

then investigated the reaction path for dissociation of acetate in
this dense layer. To initiate the reaction, an acetate in the dense
layer dissociates to CH3 and CO2. This process has a barrier of
1.68 eV, which is very similar to the low coverage result of 1.66
eV. A transition state search showed that the favorable reaction
path is the same as the single acetate on O−Rh(110), and the
limiting step is still the initial C−C bond cleavage step. After
this initial C−C bond cleavage, the reaction energy and barriers
of the following steps are different from the case of an isolated
adsorbate. In the dense adlayer, the dehydrogenation of CH3
crosses barriers of 0.21, 1.24, and 0.69 eV. The corresponding
barriers for the low coverage case, for comparison, are 0.56,
0.14, and 1.04 eV. In the final step of this process, the
remaining C reacts with two surface oxygen atoms to release
CO2 into the gas phase, just like the reaction at low coverage.
The hydrogen atoms from the dehydrogenation of CH3 species
can also remove one surface oxygen atom to release H2O into
the gas phase, as discussed in section 3.2. This overall reaction
is summarized in Figure 5 where the reacting species are labeled
by yellow ovals. All the TS structures and corresponding
imaginary frequencies are shown in Figure S5 in the Supporting
Information.
3.3.2. Decomposition of Isolated Acetate on Clean

Rh(110). A key outcome of the reaction just described is the
creation of a small clean Rh(110) area on the O−Rh(110)
surface. Because subsequent reaction of nearby acetate species

will be different from the oxygen precovered surface, we
investigated the decomposition of an isolated acetate molecule
on clean Rh(110). As on the oxygen precovered surface, we
first identified the geometry of acetate. More information on
these calculations is given in the Supporting Information. The
decomposition pathway for acetate on clean Rh(110) is
summarized in Figure 6. All the other TSs and corresponding

imaginary frequencies are shown in Figure S6 in the Supporting
Information. There are two competitive reaction paths, C−C
bond cleavage and dehydrogenation. Unlike the outcome on
the oxygen precovered surface, the dehydrogenation of acetate
to yield CH2COO is favored over C−C cleavage. Dehydrogen-
ation has a barrier of 1.47 eV with a reaction energy of 0.50 eV,
although C−C cleavage has a barrier of 2.96 eV with reaction
energy of 0.59 eV. The imaginary frequencies for C−C bond
cleavage and dehydrogenation are 617 and 1086 cm−1,
respectively.

Figure 4. Dense layer for acetate adsorption on the O−Rh(110)
surface: (a) parallel structure; (b) zigzag structure. Blue large spheres:
Rh; red spheres: O; pink spheres: precovered O; gray spheres: C;
white spheres: H.

Figure 5. Reaction mechanism of decomposition of acetic acid on O−
Rh(110) with a dense acetate adlayer. The reaction energy ΔEr and
reaction barrier ΔE are labeled in eV. The reacting species are labeled
by the yellow ovals. Species in the gas phase are labeled by a subscript
g. Blue large spheres: Rh; red spheres: O; pink spheres: precovered O;
gray spheres: C; white spheres: H.

Figure 6. Reaction mechanism of decomposition of acetic acid on
clean Rh(110). The reaction energy ΔEr and reaction barrier ΔE are
labeled in eV. Gas phase species are labeled by a subscript g. Blue large
spheres: Rh; red spheres: O; pink spheres: precovered O; gray
spheres: C; white spheres: H.
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The further dehydrogenation of CH2COO to yield CHCOO
has a barrier of 0.59 eV, whereas the barrier for C−C bond
cleavage of CH2COO is 0.79 eV. Thus, dehydrogenation is
again more favorable than C−C bond cleavage. CHCOO
prefers C−C bond cleavage to form CH and CO2 (a barrier of
0.31 eV and a reaction energy of −0.12 eV) over dehydrogen-
ation to yield CHCOO (a barrier of 0.38 eV and a reaction
energy of 0.05 eV), although both of these processes may occur
in tandem. The dehydrogenation of CH to leave C on the
surface presents a barrier of 1.02 eV. This reaction is
endothermic with a reaction energy of 0.57 eV.
The most favorable reaction path, CH3COO → CH2COO

→ CHCOO → CH → C, is illustrated in Figure 6. A key
observation is that this mechanism is different from the
decomposition on an oxygen precovered surface. The rate-
limiting step on the clean surface is the dehydrogenation of
acetate to yield CH2COO, with a calculated barrier of 1.47 eV.
The energy of reaction paths including dehydrogenation and
C−C bond cleavage for both pure and oxygen precovered
Rh(110) surface is summarized in Figure 7. From Figure 7, we
can see that the reaction path with C−C bond cleavage through
CHCOO on the pure surface is most favorable among all the
considered reaction paths.

We also investigated decomposition of acetate at higher but
not saturated acetate coverages. The results show that the
reaction at coverages of 0.50 and 0.75 ML is essentially
unchanged from the outcome for an isolated acetate adsorbate
(0.25 ML). For the rate-limiting step in the reaction described
above, the barrier was calculated to be 1.47, 1.45, and 1.47 eV at
0.25, 0.5, and 0.75 ML initial coverage, respectively. This is
consistent with the observation that the interaction energy
between acetate molecules is weak in these configurations. The
adsorption energy obtained from our calculations at 0.25, 0.5,
and 0.75 ML was −3.36, −3.32, and −3.32 eV/molecule,
respectively.
The results above suggest that the surface explosion on O−

Rh(110) occurs following the mechanism illustrated in Figure
8. First, some initial acetate molecules, shown by the white bars

in Figure 8a, follow the reaction path CH3COO → CH3 →
CH2 → CH → C with a barrier of 1.68 eV in the rate-limiting
step. With the locally decreased coverage of acetate and surface
oxygen, the acetate adjacent to the small clean area (white bars
in Figure 8b) can react following a different reaction path that
prefers dehydrogenation to form CH2COO instead of the C−C
bond cleavage. This reaction path has a rate-limiting barrier of
1.47 eV, which is 0.21 eV lower than the C−C bond cleavage of
the initial acetate. Our calculations show that the barrier for
diffusion of surface O is only 0.50 eV. This implies that after all
the acetate near the bare surface has reacted, surface oxygen can
easily diffuse from the O-covered region to the bare region, as
shown in Figure 8c. As a result of surface O diffusion, the
neighboring acetate, as shown by the white bar in Figure 8d,
will follow the reaction path of the bare surface. We also found
that it is energetically favored for acetate to move from the O-
covered region to the clean region. Both this and the surface
diffusion of O provide routes for moving acetate from the O-
covered portions of the surface to areas of the surface that have
been cleaned of oxygen by initial stages of the surface explosion.

3.3.2. Dense Acetate Adlayers on Rh(111). For the Rh(111)
surface, we have performed similar calculation as on Rh(110).
We first identified the configuration of a dense acetate layer and
then studied the reaction path at the dense layer to explain the
surface explosion. Because our unit cell has four surface Rh
atoms, two adsorbed acetates in our computational volume
form a dense layer. Multiple scenarios have been considered to
identify the most favorable structure: (i) both acetates have a
BB structure, (ii) one acetate adsorbate has a BB structure and
the other acetate has a B or M structure, (iii) both acetates have
a B structure, and (iv) both acetates have an M structure. For
each scenario, three different initial structures with different
orientations are considered. The most stable dense structure,
with a combination of BB and M structures with adsorption
energy of −0.95 eV/molecule, is shown in Figure 9. All the
other obtained dense patterns and corresponding adsorption
energies are shown in Figure S7 in the Supporting Information.
We are not aware of an experimental determination of the
dense layer structure on this surface.
As on O−Rh(110), we found the first acetate to decompose

following the reaction path of an isolated molecules on the
oxygen precovered surface, CH3COO → CH3 → CH2 → CH
→ C, as shown in Figure 10, with the reacting species labeled
by yellow ovals. All the TS structures and corresponding

Figure 7. Energy plot of reaction path of isolated acetic acid on
Rh(110) and O−Rh(110). Reaction path on O−Rh(110) is labeled by
solid line. The reaction intermediates are labeled on the x-axis. If
different from the label of the x-axis, the reaction intermediates are
labeled in the figure. The lines between reaction intermediates are the
energy of TS, which is not labeled in the figure.

Figure 8. Schematic illustration of surface explosion on O−Rh(110)
surface: (a) a dense acetate adlayer; (b) surface with a small clear
region resulting from the reaction in (a); (c) surface oxygen diffusion;
and (d) the small clear region shifts due to the oxygen diffusion in (c).
Bars: acetate; white bars: reacting acetate in this step; blue large
spheres: Rh; pink spheres: precovered O; gray spheres: C.
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imaginary frequencies are shown in Figure S8 in the Supporting
Information. The rate-limiting step is still C−C bond cleavage
of CH3COO, with a barrier of 1.36 eV. The dehydrogenation of
CH3 that follows is different from the low coverage situation.
The three dehydrogenation reaction energies are −1.80, −2.21,
and −0.32 eV at the high coverage, although at low coverage,
they are −0.01, −1.44, and 0.74 eV, respectively. The barriers
for the subsequent dehydrogenation of CH3 are close for high
and low coverage. They are −0.11, 0.39, and 1.08 eV at high
coverage, whereas the corresponding barriers for the low
coverage are 0.10, 0.40, and 0.90 eV, respectively. Similar to the
situation described above for Rh(110), the remaining C will
react to remove some surface oxygen, creating a small clean
Rh(111) area.
We expected the reaction path on this clear region to be

different from the O-covered region of the surface, similar to
what we found for Rh(110). Therefore, we studied the
decomposition of acetate on a clean surface. Our results are
summarized in Figure 11. The favorable reaction path changes
to CH3COO → CH2COO → CH2 → CH → C with the
barrier for the rate-limiting step at 1.19 eV. All TS structures
and corresponding imaginary frequencies are shown in Figure
S9 in the Supporting Information. The energy of reaction paths
including dehydrogenation and C−C bond cleavage for both
pure and oxygen precovered Rh(111) surface is shown in
Figure 12. From Figure 12, we can see that the reaction path
with C−C bond cleavage through CH2COO on a pure surface
is most favorable among all the considered reaction paths.
As on Rh(110), some initial acetates will follow the reaction

path of the oxygen precovered surface and will create a small

bare surface region in the end of reaction. The acetate in the
bare surface region can then react by a different mechanism.
Following that, surface oxygen will diffuse from the oxygen
covered surface to the clear region. The diffusion barrier for
atomic oxygen diffusion on the Rh(111) surface is around 0.50
eV.41,42 This suggests that the remaining acetate molecules are
able to follow the reaction path associated with the bare surface.

4. DISCUSSION
4.1. Comparison of Rate-Limiting Steps on the Clean

and Oxygen Precovered Rh Surface. As shown in Figure 13
and Figure S10, the transition states for C−C bond cleavage of
acetate are quite similar on the clean and oxygen precovered Rh
surface. The barrier for the oxygen precovered surface,
however, is considerably lower than the clean surface, resulting
in the reaction path’s preference for the oxygen precovered
surface. We can use Δ(ΔE) in eq 3 to indicate what induced
the switch of reaction path. Equation 3 includes two parts, the

Figure 9. Dense layer for acetate adsorption on the O−Rh(111)
surface. Blue large spheres: Rh; red spheres: O; pink spheres:
precovered O; gray spheres: C; white spheres: H.

Figure 10. Reaction mechanism of decomposition of acetic acid on
O−Rh(111) with a dense acetate adlayer. The reaction energy ΔEr
and reaction barrier ΔE are labeled in eV. The reacting species are
labeled by the yellow oval. Species in the gas phase are labeled by a
subscript g. Blue large spheres: Rh; red spheres: O; pink spheres:
precovered O; gray spheres: C; white spheres: H.

Figure 11. Reaction mechanism of decomposition of acetic acid on
clean Rh(111). The reaction energy ΔEr and reaction barrier ΔE are
labeled in eV. The species in the gas phase is labeled by subscript of g.
Blue large spheres: Rh; red spheres: O; pink spheres: precovered O;
gray spheres: C; white spheres: H.

Figure 12. Energy plot of reaction path of isolated acetic acid on
Rh(111) and O−Rh(111). Reaction path on O−Rh(111) is labeled by
a solid line. The reaction intermediates are labeled on the x-axis. If
different from the label of the x-axis, the reaction intermediates are
labeled in the figure. The lines between reaction intermediates are the
energy of TS, which is not labeled in the figure.
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difference in adsorption energy Eads of reactant [Eads‑reactant −
Eads‑reactant (O)] and transition state [Eads‑TS(O) − Eads‑TS].
For the decomposition of acetate on Rh(110), [Eads‑reactant −

Eads‑reactant (O)] is −1.37 eV for both dehydrogenation and C−
C bond cleavage, [Eads‑TS(O) − Eads‑TS] for C−C bond cleavage
amounts to 0.07 eV, and [Eads‑TS(O) − Eads‑TS] for dehydrogen-
ation amounts to 2.51 eV. That is, the lower barrier for C−C
bond cleavage on O−Rh(110) compared with the clean
Rh(110) surface is primarily due to the reduced stability of
acetate. For the dehydrogenation, Eads of the reactant increased
by 1.37 eV, and Eads of the TS increased by 2.51 eV, resulting in
the barrier for dehydrogenation increased by 1.14 eV on O−
Rh(110) compared to clean Rh(110). Therefore, the change of
barrier in dehydrogenation is not only due to the reduced
stability of acetate reactant but also to the reduced stability of
the TS.
A similar result is found on O−Rh(111) and Rh(111). The

barrier for C−C bond cleavage on O−Rh(111) decreased by
1.46 eV compared with the clean Rh(111) surface, with the
reduced stability of acetate contributing 1.34 eV and the
increased stability of TS only contributing 0.12 eV. The change
in the barrier for dehydrogenation is not only due to the
reduced stability of acetate reactant, which contributes 1.34 eV,
but also to the reduced stability of the TS, which contributes
2.23 eV.
4.2. Comparison of Surface Reactivity. The energy

barriers listed in Table 1 indicate that Rh(111) is more active

than Rh(110) for both clean and oxygen precovered surfaces.
This is consistent with experimental results.16,18 The barriers
also imply that the oxygen precovered surfaces are less active
than the clean surface, which is also consistent with
experimental results.16,18 In ref 18, the reaction rate reached
its maximum at time t = 25.2 and 32 s with the TPD starting at
300 K on clean Rh(111) and O−Rh(111) surface, respectively.
In ref 16, the reaction rate reached its maximum at time t = 51
and 110 s with the TPD starting at 315 K on clean Rh(110)
and O−Rh(110) surface, respectively.
4.3. Role of Precovered Oxygen. It is clear from

experimental studies that precovering the surface with oxygen
is critical to observing a surface explosion. As discussed in

section 1, several possible origins of this effect from surface
oxygen have been suggested:16,17 (1) oxygen-induced surface
reconstruction, (2) oxygen-induced adsorbate ordering leading
to inhibition of reactivity, and (3) site blocking by surface
oxygen. Our results indicate that the third of these effects is
sufficient to explain the observed experimental behavior. In this
role, the oxygen acts as a poison that blocks the sites adjacent to
adsorbed acetate that are necessary for decomposition. The
dehydrogenation of acetate on a clean surface yields the flat
CH2COO species, which adsorbs on the surface Rh sites. On an
oxygen precovered Rh(110) surface, the surface oxygen blocks
the adsorption with surface Rh sites, and CH2COO ends up
binding with this surface oxygen instead of the surface Rh sites
(see Figure S11 in the Supporting Information). The change in
binding site creates a higher reaction barrier than exists on the
clean surface, preventing further dehydrogenation of acetate.
Thus, C−C bond cleavage becomes more favorable. Unlike the
low oxygen coverage where oxygen is found to facilitate acetate
decomposition,24 our studies show saturated oxygen coverage
hinders acetate decomposition. We also found that the
presence of oxygen affects the adsorption configurations (see
Supporting Information). To help understand the effect of
oxygen on adsorption of dense acetate adlayers, we also
examined dense adlayers on clean Rh(111). For adsorption of
two acetates on a clean Rh (111) surface to form a dense
acetate adlayer, all attempts to obtain structures with two M
adsorbates or structures with one BB molecule and one M
molecule resulted in two BB adsorbates. On the oxygen
precovered surface, this scenario is reversed, and structures with
two BB adsorbates are unstable.

4.4. Simulation of Temperature Programmed Desorp-
tion. In our previous discussion, we proposed a heuristic model
to explain the surface explosion observed for acetate on Rh
surfaces. In order to make a more direct comparison with
experiments, we performed simulations of TPD using a model
motivated by the DFT calculations described above. In this
model, we assume a single step reaction controlled by the rate-
limiting step in the more complex multistep reaction
characterized by our DFT calculations. Below, we first describe
a TPD simulation for the decomposition of isolated acetate
molecules, corresponding to low acetate coverage. We then
extend this simulation to adlayers that are initially saturated on
the surface.

4.4.1. TPD Simulation for Isolated Acetate Species. For a
clean surface, the rate-limiting step is the dehydrogenation of
acetate, CH3COO* + *→CH2COO* + H*. Our kinetic model
is a simplified description that only considers this rate-limiting
step. The dehydrogenation of acetate requires an extra vacant
site to allow formation of the flat CH2COO species. Therefore
r is not only a function of acetate coverage, θCH3COO, but also of

vacant sites,(1 − θCH3COO):

θ

β
θ θ= − = −Δ

+
−

⎡
⎣⎢

⎤
⎦⎥r A E

R T t

d

dt
exp

( )
(1 )

CH COO

0
CH COO CH COO

3
3 3 (4)

where T0 is the initial temperature for a TPD experiment, and β
is the heating rate. For an oxygen precovered surface, the rate-
limiting step is the C−C bond cleavage of acetate, CH3COO*
→ CH3* + (CO2)g. C−C bond cleavage does not require an
extra vacant site, because it releases CO2 into the gas phase in
the rate-limiting step. Therefore, r is only a function of acetate
coverage, θCH3COO:

Figure 13. TS for C−C bond cleavage of acetate on clean (top) and
oxygen precovered (bottom) surface. Left: reactant; middle: TS; right:
product. Blue large spheres: Rh; red spheres: O; pink spheres:
precovered O; gray spheres: C; white spheres: H.

Table 1. Reaction Barrier ΔE (eV) of the Rate-Limiting Step
for Different Rh Surfaces

surface ΔE

Rh(110) 1.47
O−Rh(110) 1.66
Rh(111) 1.19
O−Rh(111) 1.34
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In eqs 4 and 5, A was set to 1013 s−1.43 The initial temperature
T0 and heating rate were taken from experiments:16,18 for
Rh(110), T0 was 315 K and β = 1.5 K/s, whereas for Rh(111),
T0 was 300 K, and β = 5 K/s. Reaction barriers, ΔE, were taken
from our DFT calculation: 1.47 (1.66 eV) for clean (oxygen
covered) Rh(110) and 1.19 (1.34) eV for clean (oxygen
covered) Rh(111). To mimic low initial coverages, the initial
value of θCH3COO was set to be 0.25 and 0.5 for Rh(110) and
Rh(111) surface, respectively. The reaction rate is integrated by
the ordinary differential equation solver (ode23) on the basis of
the second/third-order Runge−Kutta method in MATLAB 7.44

The results of our simulations for low initial acetate
coverages are shown in Figure 14. The peak temperature, Tp,
on the oxygen precovered surface is considerably higher than
on the clean surface. No surface explosion is observed with low
initial coverage of acetate. In our simulations, Tw ∼ 40 K,
consistent with experimental results.18 Hoogers et al.18 found

that with a low acetate coverage on the clean Rh(111) surface,
TPD yields a desorption peak temperature of Tp = 411 K, and
Tw = 34 K.

4.4.2. TPD Simulation for Surface Explosion. As we
proposed in Sec. 3.3, during the surface explosion, some initial
acetates followed the reaction path on the oxygen precovered
s u r f a c e , w h e r e t h e r a t e - l i m i t i n g s t e p i s

* → * +CH COO CH (CO )
K

3 3 2 g
n In this trigger reaction, the

C−C bond cleavage does not require an extra vacant site since
it releases CO2 into the gas phase. With the decreased coverage
of acetate and surface oxygen, the remaining acetate may follow
the reaction path of the decomposition of acetate on the clean
surface . The corresponding rate- l imit ing step is

* + * → * + *CH COO CH COO H
K

3 2
e . The dehydrogenation

of acetate requires an extra vacant site to adopt the CH2COO
and H species in the rate-limiting step. Therefore, the reaction
rate for the surface explosion will include two parts, as shown in
eq 6. In eq 6, the first term corresponds to the reaction rate of
the trigger reaction, and the second term corresponds to the
reaction rate of dehydrogenation reaction. As above, the model

Figure 14. Simulation of TPD on clean (black curves) and oxygen precovered (blue dashed curves) surface for acetate with a low initial coverage. (a)
Rh(110) with T0 = 315 K and β = 1.5 K/s. (b) Rh(111) with T0 = 300 K and β = 5 K/s. The peak temperature, Tp, and full width at half-maximum,
Tw, is shown for each simulation.

Figure 15. Simulation of TPD on oxygen precovered Rh surface for dense layer with a saturated initial coverage. (a) O−Rh(110) with T0 = 315 K
and β = 1.5 K/s. (b) O−Rh(111) with T0 = 300 K, and β = 5 K/s. The peak temperature, Tp, and full width at half-maximum, Tw, is shown for each
simulation.
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is a simplified model which only considers the rate-limiting
step. This gives

θ
θ θ θ= − = + = + −r r r k k

d

dt
(1 )n e

CH COO
4 5 CH COO CH COO CH COO

3
3 3 3

(6)

where kn = Anexp[−(ΔE)n/R(T0 + βt)] and ke = Aeexp-
[−(ΔE)e/R(T0 + βt)]. An and Ae were both chosen to be 1013

s−1.43 The initial temperature T0 and heating rate is taken from
experiments where for O−Rh(110), T0 is 315 K and β= 1.5 K/
s, and for O−Rh(111), T0 is 300 K, and β = 5 K/s.16,18

Reaction barriers were taken from our DFT calculations: (ΔE)n
is 1.68 and 1.36 eV for O−Rh(110) and O−Rh(111),
respectively, and (ΔE)e is 1.47 and 1.19 eV for O−Rh(110)
and O−Rh(111), respectively. The initial value of θCH3COO is
set to be 1. At t = 0, the second term in eq 6 is zero, so only the
trigger reaction plays a role in the reaction rate. As the reaction
proceeds, however, both reactions contribute to the overall
reaction rate.
We used eq 6 to simulate the TPD of acetate decomposition

on Rh(110) and Rh(111), as shown in Figure 15. On O−
Rh(110)), the resulting peak temperature is 554 K, and Tw is 11
K. The corresponding experimental value is 465 and 16 K,
respectively.16 For O−Rh(111), Tp = 467 K, and Tw = 12 K in
our simulation. The corresponding experimental values are 460
and 12 K, respectively.18 Given the simplicity of the model
underlying our TPD simulation, the agreement between the
experimental and simulated results is good. In principle, a more
detailed model could be developed that included multiple steps
of the underlying reaction or that used Monte Carlo methods
to assess the potential role of spatial inhomogeneities in the
reacting adlayer, but this is beyond the scope of this
manuscript.

5. CONCLUSION
We have used periodic density functional theory calculations to
explain the “surface explosion” observed for decomposition of
acetate on oxygen precovered Rh surfaces. Our results
examined Rh(110) and Rh(111), but the observation of similar
phenomena on supported Rh catalysts17 supports the concept
that the same mechanism applies for more structurally complex
supported metal particles. To explain the surface explosion, we
first studied the decomposition of an isolated acetate and then
examined the reaction of the dense layer on oxygen precovered
surfaces. The rate-limiting step is C−C bond cleavage, with an
energy barrier of 1.66 and 1.34 eV for an isolated acetate on
O−Rh(110) and O−Rh(111), respectively. The favorable
reaction path is CH3COO → CH3 → CH2 → CH → C. A
key outcome of the reaction just described is the creation of a
small clean Rh surface area on the O−Rh surface. Because
subsequent reaction of nearby acetate species will be different
from the oxygen precovered surface, we then investigated the
decomposition of an isolated acetate molecule on the clean Rh
surface. On this clean Rh surface area, the remaining acetate
proceeds via a dehydrogenation reaction pathway. The
favorable reaction path changes to CH3COO → CH2COO
→ CHCOO → CH → C on Rh(110) and CH3COO →
CH2COO → CH2 → CH → C on Rh(111). The barrier of the
rate-limiting step is around 0.20 eV smaller than the initial
decomposition barrier of acetates on the O−Rh surface. Our
calculations show that the barrier for diffusion of surface O is
only 0.50 eV. This implies that after all the acetate near the bare
surface has reacted, surface oxygen can easily diffuse from the

O-covered region to the bare region. As a result of surface O
diffusion, the neighboring acetate will follow the reaction path
of the bare surface. We also found that it is energetically
favorable for acetate to move from the O-covered region to the
clean region. Both this and the surface diffusion of O provide
routes for moving acetate from the O-covered portions of the
surface to areas of the surface that have been cleaned of oxygen
by the initial stages of the surface explosion.
We have used our DFT results to propose a simplified

microkinetic model for acetate decomposition that is suitable
for simulating TPD. Our TPD simulations show that no surface
explosion will be observed for low initial coverages of acetate
and that the desorption peak has a fwhm value of around 40 K.
Under conditions leading to a surface explostion, however, our
TPD simulations give a fwhm of 11 K for O−Rh(110) surface
and 12 K for O−Rh(110) surface, close to the experimental
value of 16 and 12 K, respectively.16,18 The corresponding peak
temperature, Tp, is 554 K on O−Rh(110) surface and 467 K for
O−Rh(111) surface, which are 89 higher and 7 K higher than
experimental values, respectively.
Our results provide a molecular-level explanation of the

acetate surface explosion. As a site blocking agent, the
precovered oxygen hinders adsorbed molecules in the close-
packed layer from reacting with surface metal atoms. As a
result, a surface reaction initiates when adsorbed acetate follows
the reaction path available on the oxygen precovered surface,
creating a small bare surface region at the end of reaction.
Acetate can then react via a different mechanism in this bare
region. At the same time, surface oxygen can diffuse from
oxygen-covered regions of the surface to the bare regions of the
surface, making it possible for further adsorbed acetate
molecules to react without the site-blocking effect of oxygen.
These results show that it is not necessary to invoke the
existence of oxygen-induced surface reconstructions or other
oxygen-induced ordering effects to understand the origin of
surface explosions on these surfaces.
To the best of our knowledge, this is the first example of a

surface explosion for which the underlying reaction mechanism
has been understood at a molecular level. Although no
generality can be claimed about the mechanism for other
adsorbates and surfaces for which surface explosions can occur,
our results do illustrate the possibility of combining DFT and
microkinetic models to understand these fascinating reactions.
The reaction mechanisms that are determined in this way will
be useful for describing these systems both during variable
temperature experiments of the kind usually associated with
surface explosions and also under more catalytically relevant
steady state conditions.
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