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chanics derived atomistic
mechanism underlying the acceleration of catalytic
CO oxidation on Pt(110) by surface acoustic waves†

Qi An,a Jin Qian,a Robert R. Nielsen,a Luca Sementa,b Giovanni Barcaro,b

Fabio R. Negreiros,b Alessandro Fortunelliab and William A. Goddard III*a
Experimental evidence that surface acoustic waves (SAW) can signif-

icantly enhance the rate of catalytic oxidation of CO to CO2 over the

Pt(110) catalyst surface [S. Kelling et al., Faraday Disc., 1997, 107, 435–

444] is examined using quantummechanics (QM) simulations. First we

determined the QM based mechanism for the O2-rich régime of the

reaction, and the energy landscape of CO interacting with an O-

covered reconstructed Pt(110) surface at both static and dynamic

levels, but in the absence of SAW. We then utilized ab initiomolecular

dynamic (AIMD) simulations to determine how SAW might modify the

kinetics. We focus here on the short (picosecond time scale) shock

spikes induced by switching of domains in the piezoelectric driver on

which the catalyst is deposited. We find that SAW-induced spikes

promote dynamic changes in the diffusion and desorption, fromwhich

we estimate the influence of SAW on CO oxidation rate over Pt(110).

We find good agreement with the experimentally observed catalytic

enhancement by SAW. With an atomistic mechanism in place one can

now consider how to use SAW to enhance other catalytic reactions.
1. Introduction

A great deal of progress has been made in improving catalytic
processes through clever use of ligands, surface preparations,
solvents, combined with external variables of temperature and
pressure. However, major challenges still exist in improving the
activity, selectivity and operating conditions for catalytic
processes that are of fundamental importance in the energy and
environment elds, such as the conversion of petroleum and
biomass, water splitting to convert light or elds into energy
(H2), CO2 reduction to generate fuels, and NH3 synthesis
(Haber–Bosch).1,2 Alternative, non-conventional approaches
exploiting novel external electric, magnetic, or mechanical
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elds are being investigated to enlarge the parametric space for
catalysis.3,4

We became particularly interested in several experimental
studies reporting promising results of acoustic wave enhanced
catalysis (AWEC). One experiment used a 100 nm Pd lm
deposited on a 1 mm LiNbO3 to generate acoustic waves at the
resonant frequencies of the crystal (3.4 MHz, in thickness
extension mode or TERO) on the Pd lm exposed to a recircu-
lating mixture of ethanol (EtOH) and O2. The acoustic waves led
to accelerated ethanol oxidation to acetaldehyde by 1880-fold
with no effect on oxidative dehydrogenation (ODH) to ethene. In
contrast, exposing a Pd catalyst to TERO excitation substantially
accelerates (by a factor of 6) ethanol decomposition to ethylene
(ODH) but has no effect on the rate of acetaldehyde production.5

No atomistic mechanism has been proposed to explain this
puzzling chemistry. Similarly, surface science studies demon-
strated that CO oxidation to CO2 (the COox reaction) over the
Pt(110) surface was enhanced sufficiently by surface acoustic
waves (SAW) to increase the maximum CO pressure for rapid
oxidation by 20%.6 Again, no atomistically based understanding
is available of how SAW can couple to such catalytic processes
sufficiently to induce dramatic increases the rates. Thus, there
is no guide for identifying which catalytic processes can be
accelerated using this new AWEC approach. Indeed altering
conditions sometimes leads to no AWEC or even a decrease in
the catalytic rates.7 Clearly to utilize AWEC to design improved
catalysts requires an atomistic mechanism to rationalize these
experiments.

As a rst step in developing an atomistic understanding of
how AW might modify rates of catalysis, we chose to examine
the effect of SAW on the catalytic oxidation of CO with O2 on the
Pt(110) catalyst surface.6 COox/Pt(110) has been studied exten-
sively because when CO and O2 pressures are comparable one
observes oscillatory patterns in both space and time (this
reaction was the rst example of such behavior in the eld of
heterogeneous catalysis).8 First we carried out quantum
mechanics (QM) computations at the PBE level of Density
Function Theory (DFT) to develop an understanding of the
This journal is © The Royal Society of Chemistry 2016
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underlying reaction mechanisms without SAW. Then we used
QM to understand how SAWmight increase the COox efficiency.
We found good agreement of this new mechanism for AWEC
with the surface science experiments.

We consider that homogeneous strain uctuations at 20
MHz and with wave length of 200 mm are unlikely to affect
signicantly the COox reaction energy landscape. However, we
are aware that ipping the domains in the piezoelectric SAW
driver can lead to short (picosecond) shock spikes. Thus we
investigated how such shocks propagating to the catalyst
surface might couple to diffusion, desorption, and reactive
phenomena to modify the rates. We model this phenomenon
using ab initio molecular dynamics (AIMD) simulations
combined with a kinetic model we derived from the QM studies
of the COox/Pt(110) reaction. This allows us to estimate the
inuence of SAW on COox catalytic efficiency. Indeed we nd
that the predicted SAW enhancement is in good agreement with
experiment. This provides an atomistic mechanism that can
now be used to design new applications for which SAW might
dramatically increase selectivity, produce novel reaction prod-
ucts, or decrease the required temperature or pressure
compared to traditional approaches.
2. Computational methodology

We carried out density functional theory (DFT) quantum
mechanics using the Perdew–Burke–Ernzerhof (PBE) general-
ized gradient exchange–correlation (xc) functional,11 a plane
wave basis set, and the projected augmented-wave method to
simplify the description of atomic cores.12 For technical reasons
we use two different codes: Quantum Espresso13 for DFT
geometry optimizations and Nudged Elastic Band (NEB)14

evaluation of energy barriers, and VASP15 for the AIMD simu-
lations. We validated that the results of the two codes coincide
quantitatively for selected static cases.

We found that a kinetic energy cutoff of 500 eV for the plane
wave expansions gives excellent convergence of the total ener-
gies, energy differences, and structural parameters in structure
optimization. The same energy cutoff was applied in both the
static DFT and AIMD calculations. The Monkhorst–Pack grid (3
� 3 � 2) in the k-space was used in both the DFT and AIMD
simulations. For the DFT simulations, our convergence criteria
were: a 1 � 10�5 eV energy difference for solving the electronic
wave function and 1 � 10�3 eV Å�1 force for structure optimi-
zation. For the AIMD simulations, our convergence criteria
were: a 1 � 10�5 eV energy difference for solving the electronic
wave function. The spin-restricted KS solvers were used in the
AIMD simulations, and the symmetry was not constrained.

We rst optimized the bulk Pt system leading to a lattice
parameter of 2.82 Å in agreement with the experimental value of
2.78 Å. Then we created a 3 � 2 supercell along the “a” and “b”
direction and constructed a ve layer slab along the c direction
with 20 Å vacuum. The bottom two Pt layers were xed during
the AIMD simulations. To validate that a 5-layer slab is suffi-
cient, we also calculated the CO absorption energy on the facet
sites for a 7-layer slab with 0.83 ML oxygen coverage. The CO
This journal is © The Royal Society of Chemistry 2016
absorption energy changed by only 0.01 eV suggesting that the
5-layer slab is sufficient.

The AIMD simulation procedures were as follows. First the
systems were heated at a constant rate from 10 to 300 K over 10
ps. Then the systems were equilibrated at 300 K for 1 ps using
the NVT (constant volume, constant temperature, and constant
number of atoms) ensemble. Next, we heated the system from
300 to 1700 K uniformly over 5 ps. Finally the system was
equilibrated at 1700 K for 5 ps before the shock simulations.
The time constant for the Nose–Hoover thermostat was 0.1 ps.
The time step 1 fs was used for integrating the equation of
motion.

To mimic the spikes in the SAW experiments, we introduced
a relatively strong shock by displacing the Pt atoms of two
bottom layers by 0.5 Å further away from the unxed layers but
keeping them frozen. The intensity of the shock thus may
possibly be stronger than that in the SAW experiments but it
allows us to observe possible effects of a shock within the short
time of a few picoseconds practical for AIMD simulations. This
shock increases the potential energy of the supercell typically by
5.5 eV and the temperature of the system by z300 K (as shown
in Fig. S2 of the ESI†). We applied a microcanonical (NVE)
ensemble during the shock simulation. Further computational
details are provided in the ESI.†

3. Results and discussion
3.1 Reaction mechanisms without SAW

The experimental apparatus used in ref. 6 is shown in Fig. 1a: an
interdigital transducer is composed of a single-crystal piezo-
electric lm of 1 mm thickness covered on both sides with 500
nm-thick platinum layers exposing the (110) surface. This was
obtained by growing Pt on a NaCl substrate, then dissolving the
ionic substrate on top of a piezoelectric lm to which the Pt
layer is cold-welded. This was followed by sputtering and
annealing the resulting composite system to obtain the proper
surface orientation. In this apparatus, the Pt layers lie perpen-
dicular to the propagation path of the SAW, acting simulta-
neously as catalysts and as electrodes for generating SAW at the
surface of the underlying piezoelectric. The SAW frequency is
18.8 to 19.8 MHz with an applied power up to 1 W. Doppler
measurements show that the SAW produces surface oscillations
that extend up to 20 nm perpendicular to the catalyst surface6

with a longitudinal wave length of 200 mm, implying a homo-
geneous strain of �10�4.

The COox reaction in ref. 6 was studied over the temperature
range between T ¼ 387 and T ¼ 528 K, with a constant baseline
O2 pressure PO2

¼ 1.2 � 10�7 Torr. The CO pressure was
increased from zero to PCO ¼ 8 � 10�8 Torr, while the evolving
CO2 pressure (PCO2

) was measured in the presence and absence
of SAW excitation, as shown in Fig. 1b. Two COox régimes are
apparent in Fig. 1b:

� The CO-poor régime in which PCO2
changes linearly as

a function of PCO, with a proportionality factor around z0.1
weakly dependent upon the temperature. In this régime Low-
Energy Electron Diffraction (LEED) characterization showed a (1
� 2) reconstructed pattern.9
J. Mater. Chem. A, 2016, 4, 12036–12045 | 12037
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Fig. 1 (a) Schematic picture of the interdigital transducer device used by Kelling6 to test the effect of SAW on heterogeneous catalysis. (b)
Measurements of COox reaction rate: CO2 partial pressure as a function of CO pressure with a constant baseline O2 pressure PO2

¼ 1.2 � 10�7

Torr at three different temperatures: from top to bottom in order of increasing temperature from T ¼ 387, T ¼ 445 and T ¼ 528 K, and with SAW
excitation off (white) or on (black). Green and blue arrows have been added to highlight the transition from CO-poor (green) to CO-rich (blue)
régimes. Adapted with permission from ref. 6. © Royal Society of Chemistry (1997).
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� The CO-rich régime for PCO higher than a temperature-
dependent threshold, where the COox reaction rate decreased
dramatically, saturating at a plateau whose value also depends
upon temperature. In these CO-rich conditions the (1 � 2)
reconstruction of the Pt(110) surface is lied. At CO coverages
higher than z0.20 monolayers (ML, calculated relative to the
density of Pt atoms in the (1 � 1) surface) the strong interaction
of CO with Pt leads to the (1 � 1) unreconstructed surface.9,10

� The transition from the linear to the plateau régime of
COox occurs when PCO is large enough that the CO coverage
exceeds z0.2 ML.

When the SAWs are turned on, the above qualitative picture
does not change, however the SAW increases the PCO threshold
at which the cross-over to a pressure-independent régime
occurs by roughly 20%. That is, the SAW extends the high-
12038 | J. Mater. Chem. A, 2016, 4, 12036–12045
efficiency non-oscillatory linear régime by 20% (together with
a weak increase in the PCO2

plateau for the CO-rich region). Thus
the effect of SAW on COox/Pt(110) is homologous to increasing
the temperature of the transition by z35 K. However the
experiments were carefully conducted to exclude any signicant
increase in the sample temperature under the given conditions
(upper bound of <5 K), thus leaving open the question of the
origin of the SAW-induced catalytic enhancement.

To gain insight into the atomistic mechanisms of these
effects, we focused on the high-efficiency, O2-rich or CO-poor
branch of the COox reaction. Experimentally the bare Pt(110)
surface exhibits the well-known (1 � 2) missing row recon-
struction, formed by erasing every second topmost [1�10] row of
Pt atoms.16 This reconstruction is preserved under O2-rich
conditions17 in which the surface is covered with O adatoms, as
This journal is © The Royal Society of Chemistry 2016
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schematically depicted in Fig. 2a for the Pt(110) surface with an
oxygen-coverage of 1 ML (a CO molecule adsorbed on top of Pt
rows is also shown in this gure). Note that the O adatoms are
located in bridge/hollow sites of the fcc(111)-like facets that
characterize the Pt(110) reconstructed surface.18 For tempera-
ture in the range 387 to 528 K and PO2

¼ 1.2 � 10�7 Torr the
actual oxygen coverage is �0.85 ML.19 Thus we consider that
a Pt(110) (3 � 2) cell with one O adatom missing represents
a realistic model of Pt(110) at an O-coverage¼ 0.83ML as shown
in Fig. 2b. Under static long-time conditions and higher PO2

, the
O adatoms self-organize into a (11 � 2) 0.91 ML superstruc-
ture17 that is weakly favorable thermodynamically.20 But we
expect that this ordered structure does not occur under the
disordering inuence of CO. Other quantities that will be used
in the following are:

� Under the above conditions the experimental dissociative
sticking probability for O2 molecule onto Pt(110) is�0.03 {Fig. 1
of ref. 21}.

� In contrast the dissociative sticking probability of O2 onto
the bare (1 � 2)-reconstructed Pt(110) surface at T around 500 K
is z0.3 (see Fig. 2 of ref. 22).

� The CO sticking coefficient onto the bare (1 � 2)-recon-
structed Pt(110) surface is about 0.6.22
Fig. 2 (a–d) Schematic pictures of a reconstructed Pt(110) surface in vario
1 ML O-coverage with an additional CO molecule adsorbed on-top of
occurring via a ERmechanism at 1 ML O-coverage with a COmolecule st
the saddle point of the reaction (middle image) and finally evolving CO
mechanism at 0.83 ML O-coverage with a CO molecule starting on a (
reaction (middle image) and finally evolving CO2 (right-hand-most ima
adatoms at 0.25 MLO-coverage; (f) O2 dissociation at 0.5 ML O-coverage
adjacent empty sites, going through a saddle point, and producing two ne
and right-hand-side, respectively. The (3 � 2) and (2 � 2) cells are replic

This journal is © The Royal Society of Chemistry 2016
We also calculated the NEB energy barrier for O-hole diffu-
sion to be 0.88 eV at 0.83 ML coverage. Thus an O-adatom can
jump from one site to the next will take place in 3 � 10�4 s at T
¼ 528 K, implying that O-adatom diffusion is fast in these
conditions.

We next investigated CO interaction with the Pt(110)-(1 � 2)
at various O-coverages. At 1 ML O-coverage we nd that CO
adsorbs on-top of the ridge of [1�10] rows (see Fig. 2a for
a schematic depiction) with a very weak absorption enthalpy of
0.1 eV, so very little CO is on the ridge at �500 K. We anticipate
that our DFT results as reported below are in general consistent
with both experiment and previous theoretical results.20,23

However, one important difference we nd with respect to
previous computational studies is for the Eley–Rideal (ER)
mechanism (the process in which a CO molecule hits a 1 ML-O-
covered reconstructed Pt(110) surface and picks up an O ada-
tom thus producing CO2). To investigate this process in detail,
we carried out the following calculations:

� We established an upper bound of 0.55 eV for the ER
barrier, by carrying out NEB calculations along a path between
an initial state in which CO is adsorbed on top of a [1�10] ridge
and a nal state corresponding to the 0.83 ML-covered Pt(110)
surface plus gas-phase CO2 (as illustrated in Fig. 2c).
us conditions for a (3� 2) unit cell. (e and f) Same for the (2� 2) cell. (a)
the ridge of [1�10] rows; (b) 0.83 ML O-coverage; (c) COox reaction
arting on-top of the ridge of [1�10] rows (left-hand-most image), then in

2 (right-hand-most image); (d) a COox reaction occurring via a LH
111)-like facet (left-hand-most image), then in the saddle point of the
ge); (e) CO adsorption on-top of the ridge of [1�10] row far from O-
starting from adsorption on a fcc(111)-like facet in the presence of two
arest-neighbor O-adatoms, as illustrated in the left-hand-side, middle
ated 4 times for clarity of illustration.

J. Mater. Chem. A, 2016, 4, 12036–12045 | 12039
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� For COox at 1 ML O-coverage, we carried out a systematic
scan of the potential energy surface to nd an energy barrier for
ER of z0.4 to 0.5 eV, depending on the CO path.

� In contrast, Pedersen predicted a high (>1.1 eV) energy
barrier for this process.20

A second difference we nd with respect to previous theo-
retical studies is that

� We predict an even smaller COox barrier (z0.3 eV) for an
ER mechanism at low (0.25 ML) O-coverage. This is consistent
with the most recent experimental evidence for COox on
Pt(111), according to which the COox reactivity increases in the
order: a-PtO2 < Pt–O surface oxide [similar to 1 ML O-covered
Pt(110)] < single O adatom.24

� In contrast, the previously predicted the lowest COox
energy barrier was only 0.3 eV for the PtO2 [10�10] oxide phase,20

which is not consistent with the experiments in which the COox
barrier is smaller at low O-coverage.

At 0.83 ML O-coverage, we nd that CO adsorbs on top of
a [1�10] row ridge next to the O-hole with an absorption energy of
0.53 eV, but we nd that it is much more favorable (an
adsorption energy of 1.52 eV) to adsorb in the hollow fcc(111)-
like site le empty by themissing O adatom, as illustrated in the
le-hand-side of Fig. 2d. In this site, CO can react with an
adjacent O adatom to produce CO2 via a Langmuir–Hinshel-
wood (LH) mechanism, a process illustrated in Fig. 2d. This
decreases the total energy by 0.62 eV, leading to an energy
barrier of 1.34 eV and an Arrhenius prefactor of 1.06 � 1013 Hz.

The value of 1.34 eV that we calculate for the energy barrier
for COox in the LH path at 0.83 ML O-coverage is close to the
value of the barrier for CO desorption (1.52 eV). We explain this
as due to the repulsion between CO and adsorbed O-atoms that
we nd in this system. The small difference between the CO
adsorption energy and the LH COox energy barrier (0.18 eV)
suggests that the COox/Pt(110) reaction is dominated by
a competition between these two different processes for the
experimental conditions of interest (see the discussion below).
The ER and LH mechanisms are both viable under the given
conditions, however the ER mechanism has a much lower
energy barrier (<0.5 eV) than the LH barrier (1.3 eV) while LH is
favored by low pressure (low impinging rate). We note that CO2

adsorption on Pt(110) at various O-coverages has been tested
and found to be unfavorable with respect to CO2 evolution, so
that no formation of CO2 nor CO3 (carbonate) adsorbed species
is expected, a result quite different for other metal heteroge-
neous catalysts.25

The picture emerging from these calculations is in excellent
agreement with precise spectroscopic experimental character-
ization under reaction conditions,26 which show the existence of
two régimes for COox:

� A low-PCO/high-rate branch where the reacting CO species
is adsorbed on the Pt surface and embedded within an O-rich
environment (it was proved experimentally that bridging CO is
absent) of fully developed Pt oxides or subsurface oxygen.

� And a high-PCO/low-rate branch.
At low O-coverage (or high CO coverage) the energy land-

scape for CO adsorption changes again. First, as mentioned
above, the ER COox barrier drops to z0.3 eV at 0.25 ML O-
12040 | J. Mater. Chem. A, 2016, 4, 12036–12045
coverage. Concurrently, CO adsorption changes both the site
and energetics: as illustrated schematically in Fig. 2e, the CO
adsorption energy is 1.77 eV at the on-top site of the ridge of
[1�10] rows, far from the O adatom. This strongly non-linear
dependence of the CO + O energetics on the Pt(110) surface
observed experimentally is expected since it is ultimately the
origin of well-known oscillatory behavior of the COox process on
this heterogeneous catalyst.8

Finally, our calculations show that O2 dissociation on the
reconstructed surface occurs only when two adjacent sites are
empty (in agreement with previous studies23). In this case the O2

molecule binds with an adsorption energy of 0.72 eV, and goes
through a saddle point with an energy barrier of 0.54 eV to form
O-adatoms at two nearest-neighbor sites, as illustrated sche-
matically in the le-hand-side, middle and right-hand-side,
respectively, of Fig. 2f for a (2 � 2) unit cell at 0.5 ML O-
coverage. In contrast, in the absence of two adjacent vacant sites
the probability of O2 dissociation is negligible,23 in agreement
with experiment.19

For convenience of the reader, we summarize the results of
static DFT calculations in Fig. S3 and S4 of the ESI.†
3.2 SAW-induced catalytic effects

Having claried the energy landscape of CO over O-covered
Pt(110)-(1 � 2) surface from static DFT calculations, we now
explore how SAW-induced effects can affect the catalytic rates.

SAWs produce a homogeneous strain of the Pt lattice, as
determined by Doppler experiments.27 However in agreement
with previous studies28 we calculate that a sizable strain (of the
order of 1–2%) is necessary to induce sufficiently large changes
in adsorption energetics to inuence catalytic rates. This strain
is 100 times larger than observed for homogeneous SAW
modulations of the surface (of the order of 10�4, as noted
above).

Also in agreement with previous studies29 we nd that elec-
tric elds of the order of a few V nm�1 would be necessary to
change the adsorption and reaction energetics sufficiently to
explain the observed increase in catalytic efficiency. For
example, we calculate that an electric eld of 1 V nm�1 changes
the CO adsorption energy on Pt(110) by 0.015 eV. This suggests
that a eld of at least 6 V nm�1 would be required to produce
a sizable effect of 0.09 eV. Such high electric elds are not ex-
pected under the SAW conditions, since many unobserved
phenomena would be triggered at much lower eld values.30

Moreover such elds are unrealistic considering the thickness
and screening of the Pt metallic layer, which would attenuate
the electric eld down to values �1000 times smaller than
required.6

The effects of SAW-induced homogeneous strain on diffu-
sion31 can also be excluded as well as the major cause of the
observed increase in COox efficiency, since the diffusion energy
barriers are also sizable (the barrier to O-diffusion is 0.88 eV)
and thus appreciably modied only by much larger values of the
strain.

The presence of structural defects might enhance SAW
effects, but which kind of defects? Local defects are not visible
This journal is © The Royal Society of Chemistry 2016
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in PEEM experiments6 in the low-P(CO), highly efficient, linear-
régime branch of COox reaction. An interesting hint comes
from the observation that the SAW-enhanced catalysis does not
occur on the pristine sample, but only aer an incubation time.6

A more thorough characterization27 ascertained that during the
incubation time the surface begins to exhibit damage, with the
Pt layers developing cracks, while Pt-species down to single Pt
atoms are scattered away from the damaged surface onto the
surrounding of the sample. In particular, a model for gener-
ating cracks by phase shi of the acoustic waves was proposed,
in which sudden “spikes” or “riggles” develop at the surface of
the Pt layer due to interference of SAW. This effect is similar to
that of shock wave that we investigated previously in a different
context.32

To obtain information about the atomistic processes
produced by a shock wave at the Pt(110) surface, we constructed
a model Pt(110) 17 nm-thick slab (7170 atoms) and used the
ReaxFF reactive force eld33 with parameters specically derived
for Pt systems34 to investigate the impact of this slab against
a hard wall. Snapshots and the velocity distribution from this
simulation in Fig. S1† and 3 show the effects of a shock wave
generated at one end of the slab as it propagates through the
slab to reect off the opposite free (110) surface. We observe
that the impinging wave produces a temporary attening of the
Fig. 3 Positions and velocity distribution along shock direction (Vz

component) for the atoms near the free surface from ReaxFF simu-
lations of the collision of a Pt(110) slab against a hard wall positioned at
extreme right-hand-side of the picture (see also Fig. S1†). Each
snapshot captures the systems at increasing times from top to bottom.
The times are 3.4, 3.9, 4.1, 4.2 ps from top to bottom [color coding for
velocity distribution (unit: km s�1)].

This journal is © The Royal Society of Chemistry 2016
surface as one most notable effect. To translate this result into
a rst-principles AIMD dynamics simulation of a reactive
system, we devised the following computational procedure:

� We took a (3 � 2) cell of a 0.88 nm-thick Pt(110) slab
covered on one side by co-adsorbed CO and O. Here we used 1
adsorbed CO molecule and 5 O adatoms (0.83 ML O-coverage)
as in the le-most panel of Fig. 2(d).

� We carried out ab initio molecular dynamics (AIMD) aer
rst equilibrating the system at 300 K for 10 ps.

� Then to model the effect of phase-shied SAW we extended
the two bottom Pt layers by 0.5 Å from the rest of the system (as
suggested by the ReaxFF shock wave simulations in Fig. 3), xed
them, and carried out a nal NVE AIMD calculation at
a temperature of 1700 K (since AIMD simulations can only be
done for few ps, a high temperature is needed to observe
dynamic phenomena).

We nd that without SAW no reactive event is observed on
the equilibrated CO & O-covered Pt(110) surface over the period
of 10 ps, even at this high temperature. However with the SAW
we observed that several dynamic processes are triggered in the
AIMD simulations (a movie of a representative trajectory is
included in the ESI†). The temperature and the internal energy
changes of the system under SAW conditions are displayed in
Fig. S2,† and show an increase in the temperature by z300 K
due to SAW shock wave. Here we see:

� CO diffusion (also in the form of a Pt–CO unit as illustrated
in Fig. 4a). This occurred 4 times in the 7 simulations.

� Pt–CO detachment (Fig. 4b). This occurred in 5 of the 7
simulations.

� COox reaction (Fig. 4c and the ESI movie†). This occurred
in 3 of the 7 simulations.

These simulations provide a rational for the experimentally
observation.

First, CO diffusion is found to be facile, both as a CO mole-
cule and as a Pt–CO unit, as illustrated in Fig. 4a. In particular,
CO interacts strongly with the less coordinated Pt atoms so that
a Pt–CO unit rather than a single CO molecule can sometimes
desorb from the surface. We note in this connection that our
computational approach predicts an adsorption energy of 2.0 eV
for CO on top of a ridge of the bare reconstructed Pt(110) surface
at zero O-coverage. This value is in very good agreement with the
1.9 eV estimate from calorimetric experiments in the limit of low
coverage (see Fig. 1 in ref. 22) but is much larger than the esti-
mate of 1.56 eV from surface temperature35 and molecular beam
modulation36 techniques. This discrepancy can be reconciled by
noting that the COmolecule in the pre-desorption state acquires
a signicant entropic free-energy component from libration
modes, a component that is absent in the equilibrium congu-
ration. From a previous analysis37 we derive that this increases
the Arrhenius prefactor of CO desorption by a factor z102 with
respect to values typical for surface processes. Indeed in ref. 37
the desorption of CO from a Ni(110) surface was considered.
Using a classical stochastic diffusion equation for the distance
between the C atom and the surface and assuming that the
adsorbed CO molecule can transform energy from the bending
(librational) mode of the O atom about the Ni–C bond into
translational kinetic energy, an Arrhenius expression for the rate
J. Mater. Chem. A, 2016, 4, 12036–12045 | 12041
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Fig. 4 Snapshots from AIMD simulations illustrating the dynamic processes thereby extracted: (a) CO diffusion (also in the form of a Pt–COunit);
(b) Pt–CO detachment; (c) COox reaction.
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of CO desorption was obtained differing from a standard one
only in the pre-exponential factor which turned out to be z1015

instead of z1013 as predicted from the characteristic frequency
of the adsorbate–surface interaction potential. The increase in
librational entropy singled out in the CO-over-Ni(110) case is
typical for CO desorption. Thus, we use the same estimated
number for our CO-over-Pt(110). This produces an apparent
decrease of the CO adsorption energy under dynamic condition
that is not expected in static experiments such as temperature-
stimulated desorption experiments. This point (usually neglec-
ted in the analysis of these experiments via the Redhead equa-
tion) will be important in the kinetic analysis below.

Second, we observe detachment of Pt in our simulations, not
as a Pt atom but as the more stable Pt–CO unit (Fig. 4b). This
rationalizes the experimental observation of Pt-species down to
single Pt atoms scattered away from the damaged surface into
the regions surrounding the sample.6 This is thus qualitatively in
agreement with the presence of stochastic spikes at the surface.

Third, the SAW-induced spikes in our AIMD simulations
eventually promote COox reactions (Fig. 4c). Interestingly this
occurs via an ER-like mechanism in which CO rst shis from
(111)-facet adsorption to on-top [1�10] ridge adsorption, from
which it descends back to the O-covered (111)-like surface to
pick up an O adatom and produce gas-phase CO2. This is
similar to the results of our scan of the potential energy surface
at the static DFT level for the ER COox mechanism (see above).
This excellent agreement between static DFT and dynamic
AIMD simulations corroborates both observations.
3.3 Kinetic model

We can now quantify our analysis. The highly efficient régime of
the COox reaction is suppressed at high P(CO) by the competi-
tion between O2 dissociation vs. CO adsorption sticking
12042 | J. Mater. Chem. A, 2016, 4, 12036–12045
probabilities turning in favor of CO, which eventually covers
and poisons the surface. We know from experiment8 that the
switch between low-P(CO) and high-P(CO) régimes occurs when
CO-coverage is about 0.2 ML. We dene the following simplied
kinetic model:

ġCO ¼ ge � ICO � SCO � gCO � [gO � RCOox + Rdes] (1)

(2)

(3)

d[CO2]/dt ¼ SER � ICO � gO + gCO � gO � RCOox (4)

where:

ge ¼ coverage of empty sites in ML (5)

gO ¼ coverage of O-adatoms in ML (6)

g0O ¼ O-coverage in the absence of CO ¼ 0.85 ML [ref. 19] (7)

gCO ¼ coverage of CO in ML (8)

and the corresponding dotted ġ-quantities represent time
derivatives, while
This journal is © The Royal Society of Chemistry 2016
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ICO ¼ impingement rate of CO (9)

IO2
¼ impingement rate of O2 (10)

SCO ¼ sticking coefficient of CO on an empty site

¼ 0.6 [ref. 22] (11)

SO2
[ge] ¼ dissociative sticking coefficient of O2 ¼ 0.3 (ref. 22)

� {probability of adjacent empty sites}[ge] (12)

{Probability of adjacent empty sites}[ge] ¼ 2[(n � 1)/n]

� (ge)
2 � {1 + (n � 2)(n � 3/2)/100} (13)

S0
O2

¼ SO2
½ge� coefficient in the absence of CO ¼ 0:03 ½ref : 21�

(14)

SER ¼ probability of an Eley–Rideal COox reactive event

¼ 0.093 (15)

RCOox ¼ COox LH reaction rate ¼ 1.06 � 1013

� exp[�1.34 eV/kBT] (16)

Rdes ¼ CO desorption rate ¼ 100 � 1.06 � 1013

� exp[�1.52 eV/kBT] (17)

d[CO2]/dt ¼ rate of CO2 production (18)

where n ¼ ge � 100, T is the temperature, kB is the Boltzmann
constant, and the {probability of adjacent empty sites} as
a function of ge is obtained by a binomial mathematical formula
eqn (13) (expanded up to the fourth order in ge).

Formula (13) predicts that in the absence of CO at g0e ¼ 1 �
g0O ¼ 0.15 ML the probability of two empty adjacent sites is
z0.116 so that SO2

[ge] ¼ 0.3 � 0.116 z 0.03 in keeping with
experiment.21

Note that we have ġCO + ġe + ġO ¼ 0, as it should be since gCO
+ ge + gO ¼ 1.

The Eley–Rideal SER sticking coefficient is estimated as
z0.093 to ensure consistency with experiment21 and with the
observed approximately linear behavior of the rate of CO2

production as a function of PCO in CO-poor conditions (see
Fig. 1).

Some numbers derived from this analysis are as follows:
(1) The O2 impingement rate IO2

corresponds to one collision
every 54 s per surface site at PO2

¼ 1.2 � 10�7 Torr and T ¼ 528
K. The rate of O2 dissociation is obtained by multiplying this
number times the dissociative sticking coefficient, which is
about 0.03 at ge ¼ 0.15 ML (in the absence of CO).21

(2) The CO adsorption rate is given by the CO impingement
rate (ICO, related to the O2 impingement rate times the ratio of
pressures and the square root of mass ratio) times the sticking
coefficient of CO onto an empty site (0.6 [ref. 6]) times the
fraction of empty sites. This leads to �one event every several
102 seconds per surface site under operating conditions.

(3) The rate for the COox reaction of adsorbed CO molecules
is given in eqn (1)–(4) as the product of O-coverage times CO-
coverage (gO � gCO) times the COox LH reaction rate, which is
determined by an Arrhenius formula with a prefactor (1.06 �
This journal is © The Royal Society of Chemistry 2016
1013 Hz) and an activation energy (1.34 eV) as calculated at the
DFT level (see above).

(4) The rate of CO desorption is instead determined by an
Arrhenius formula with a prefactor calculated as 100 times the
prefactor for LH COox36 and a DFT-calculated activation energy
(1.52 eV, see above).

Clearly the formula for the COox LH reaction rate [¼gO � gCO
� RCOox] holds for CO molecules adsorbed within an environ-
ment of O-adatoms as in Fig. 2c. This model is realistic as long
as the rate of CO desorption and LH COox is slower than the CO
adsorption rate, which under the given conditions is certainly
true up to T ¼ 445 K.

However at T ¼ 528 K we nd that CO desorption and LH
COox become much faster (time-scale of seconds) than CO
adsorption (time-scale of hundreds of seconds). This corre-
sponds to a different régime in which CO would not poison the
surface, because CO in the gas phase becomes thermodynami-
cally more stable than CO adsorbed on the Pt(110) surface
within an environment of O-adatoms. In such a régime, CO that
was adsorbed on-top of the ridge of [1�10] rows in the low O-
coverage regions becomes the dominant species (see Fig. 2e),
with an adsorption energy increasing from 1.52 eV (Fig. 2d, le-
hand-side) to 1.77 eV (Fig. 2e). This is sufficiently large to
stabilize it against CO in the gas phase. In this régime adsorbed
CO will reorganize in patches or islands with a low O-coverage.
From these different adsorption sites CO will jump onto
a fcc(111)-like facet next to an O adatom to produce CO2 via a LH
mechanism. In a rst approximation we take this into account
in the kinetic model described above by assuming an equilib-
rium between CO on-top of [1�10] ridges and CO next to an O-
adatom, and then using the same kinetic formulae eqn (1)–(18)
with RCOox and Rdes modulated by the Boltzmann factor ¼ exp
[�(1.77 � 1.52 eV)/kBT]. This will then be assumed in the
following analysis.

Assuming now steady-state conditions we set: ġCO ¼ ġe ¼ ġO ¼
0, and we solve the resulting eqn (1)–(3) subject to the constraint
gCO + ge + gO ¼ 1. The solution is not analytic due to the presence
of higher powers in the unknowns, but we obtained results
numerically. To give a qualitative but realistic idea of the solution
of this model, we note that, setting eqn (1) ¼ 0, we obtain:

gCO ¼ ge � ICO � SCO/[gO � RCOox + Rdes] (19)

Now, considering that gO does not change much under the
given conditions (ranging between 0.85 and 0.65 ML), formula
(19) predicts that the number of surface sites covered by CO is
simply proportional to the number of empty sites. Note that the
coefficient of proportionality is basically given by the ratio
between the rate of impingement vs. that of surface processes,
where the quantities ICO, SCO, RCOox, Rdes, are either constant or
known as function of temperature and pressure, see formulae
(9)–(18) above. The precise numerical solution of the kinetic
model provides us with the following estimates.

At P(O2) ¼ 1.2 � 10�7 Torr and T¼ 445 K, we predict that gCO
z 0.2, and thus the predicted switch between low-P(CO) and
high-P(CO) régimes, at PCO ¼ 0.43 � 10�7 Torr, which can be
compared with the experimental value of 0.23 � 10�7 Torr.
J. Mater. Chem. A, 2016, 4, 12036–12045 | 12043
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At P(O2) ¼ 1.2 � 10�7 Torr and T¼ 528 K, we predict that gCO
z 0.2 at PCO ¼ 0.73 � 10�7 Torr, which can be compared with
the experimental value of 0.45 � 10�7 Torr.

We also predict that the ratio between P(CO2) and P(CO) in
steady state is around 0.11 to 0.12, which is close to the exper-
imental value of z0.1 (see Fig. 1).

Considering the approximations involved, the intrinsic
uncertainties of DFT predictions, and the sensitivity of the
system kinetics to variations in the input parameters, the
proposed picture is at least semi-quantitatively consistent with
experiment. Indeed, if we simply increase the value of the
energy barrier for the COox LH reaction and CO desorption by
0.026 eV (i.e., changing them from 1.34 eV to 1.366 eV and from
1.52 eV to 1.546 eV, respectively), we predict a PCO threshold ¼
0.23 � 10�7 Torr at T ¼ 445 K and ¼ 0.424 � 10�7 Torr at T ¼
528 K, respectively, which match very well the experimental
values of 0.23 � 10�7 Torr and 0.45 � 10�7 Torr, respectively.

We now consider the SAW case. The AIMD simulations
suggest that turning on SAW activates several dynamic
processes, as discussed above. It is not easy to quantify the
corresponding effect on the CO oxidation process because the
AIMD simulation must be run at elevated temperature to
observe dynamic processes in the time scale of ab initio
molecular dynamics (few ps), even in the presence of SAW
excitation. Thus our statistics are necessarily limited by the
computational effort associated with AIMD simulations. More-
over processes such as Pt–CO desorption generates fresh new
catalyst surface that can drastically change the energy landscape
of the reaction. Nevertheless, the present ndings can be
summarized as follows.

� First, we do not observe any reactive or desorption
processes during the 10 ps AIMD control runs in the absence of
SAW stimulation.

� Second, considering all the AIMD NVE runs (i.e., for a total
simulation time of 25 ps) we observe 3 LH COox events, 4 CO
desorption events, and 1 Pt–CO desorption event. Here the time
scales of LH COox and desorption are different: CO or Pt–CO
desorption occur on average within the rst 1.8 ps, whereas LH
COox events occur on average aer 4.3 ps. In other words, the
rst effect of the SAW spike is to desorb CO with high proba-
bility. However, even if the spike does not succeed in desorbing
CO in the rst 1.8 ps, the energy lingering in the system (recall
that we conduct NVE simulations) can promote LH COox reac-
tion with a probability of about 40–50% aer 4.3 ps.

To translate these observations into quantitative estimates of
the effect of SAW on the efficiency of the COox catalytic process,
we consider for simplicity only the SAW increase in CO
desorption. The total area of the catalyst used in the experiment
is 0.4� 0.4 mm9 which (at gCO z 0.2) corresponds toz3� 1011

surface sites. Each SAW cycle occurs with a frequency around 20
MHz, which we assume may produce several shock events. If we
assume that each SAW cycle produces – say – 7 CO desorption
events over the whole area of the catalyst, this will increase the
CO desorption rate by z20%. Thus the ratio of surface
processes [gO � RCOox + Rdes] with respect to the CO impinge-
ment rate in eqn (19) will shi the PCO threshold at which the
switch between low-P(CO) and high-P(CO) régimes occurs. In
12044 | J. Mater. Chem. A, 2016, 4, 12036–12045
particular, assuming 7 CO desorption events per SAW cycle, the
switch between the two régimes in the presence of SAW stim-
ulation is predicted to occur for

� P(CO) ¼ 0.30 � 10�7 Torr when T ¼ 445 K and
� P(CO) ¼ 0.51 � 10�7 Torr when T ¼ 528 K, respectively.
This can be compared to the experimental values of
� P(CO) ¼ 0.29 � 10�7 Torr when T ¼ 445 K and
� P(CO) ¼ 0.54 � 10�7 Torr when T ¼ 528 K.
Thus, despite the several approximations involved in the

present analysis and uncertainties in predicted energetics, we
conclude that our proposed mechanism is in semi-quantitative
agreement with experiment, thus providing a consistent atom-
istic mechanistic understanding and rationalization.

4. Conclusions and perspectives

In summary, we present here a QM-based theoretical analysis
and assessment of the experimentally observed surface-
acoustic-wave (SAW)-induced enhancement of the COox/Pt(110)
reaction.6,9,27 Our AIMD simulations lead to atomistic mecha-
nisms for SAW to enhance such dynamic processes as diffusion,
desorption, and reaction, that are accelerated by the several
short shocks during each cycle of the SAW. This spectrum of
SAW induced uctuations in the surface concentrations indi-
cates a decoupling of the degrees of freedom related to space
and velocity that is qualitatively different from that of thermal
uctuations. That is, the SAW can increase uctuations in
localized regions of space while keeping uctuations in velocity
averaged over large distances basically constant.

This development of an atomic mechanism is a necessary
step to start exploiting the SAW approach to modulate and
control surface effects. We nd that short picosecond shocks
from domain ipping transitions during the SAW 20MHx cycle
provide the possibility of delivering localized packets of energy
to specic, performance-limiting mechanistic steps (in the
present case the desorption of the CO poisoning species) to
provide a novel means to affect local atomistic level modula-
tions that can alter catalytic rates. This mechanism provides
a basis for selecting other catalyst processes that might be
dramatically enhanced with SAW.

For example, we considered here a continuous lm depos-
ited on the piezoelectric surface. However, this should apply
equally for polycrystalline samples as those used in Inoue's
experiments5 provided that there are pathways for the shock to
propagate to the catalytic surface. To extend this concept to
such high surface area materials as catalyst nanoparticles on
inactive porous supports, it would be important to ensure that
the shock propagation can proceed from the piezoelectric
surface to the catalyst surface. Highly anisotropic materials
seem especially appealing in this respect.

However, a major challenge in making this AWEC approach
effective will be to achieve precise control of AW-induced
dynamical processes, that avoids dispersion of SAW energy into
purely thermal dissipation or (worse) unwanted side-processes
such as scattering of Pt atoms as in the COox/Pt(110) case here
investigated. One intriguing possibility in this respect might be
surface nanopatterning via deposition of size-selected
This journal is © The Royal Society of Chemistry 2016
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nanoclusters from the gas phase that might control the grain
size, morphology, and boundaries to focus and control the
shocks at the catalytic surfaces.
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