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Catalysts are widely used to increase reaction rates. They function
by stabilizing the transition state of the reaction at their active site,
where the atomic arrangement ensures favourable interactions’.
However, mechanistic understanding is often limited when
catalysts possess multiple active sites—such as sites associated
with either the step edges or the close-packed terraces of inorganic
nanoparticles>*—with distinct activities that cannot be measured
simultaneously. An example is the oxidation of carbon monoxide
over platinum surfaces, one of the oldest and best studied
heterogeneous reactions. In 1824, this reaction was recognized to
be crucial for the function of the Davy safety lamp, and today it is
used to optimize combustion, hydrogen production and fuel-cell
operation®>®, The carbon dioxide products are formed in a bimodal
kinetic energy distribution’*; however, despite extensive study’,
it remains unclear whether this reflects the involvement of more
than one reaction mechanism occurring at multiple active sites'>!3,
Here we show that the reaction rates at different active sites can be
measured simultaneously, using molecular beams to controllably
introduce reactants and slice ion imaging!*'> to map the velocity
vectors of the product molecules, which reflect the symmetry and
the orientation of the active site!S. We use this velocity-resolved
kinetics approach to map the oxidation rates of carbon monoxide
at step edges and terrace sites on platinum surfaces, and find that
the reaction proceeds through two distinct channels!!-!3: it is
dominated at low temperatures by the more active step sites, and
at high temperatures by the more abundant terrace sites. We expect
our approach to be applicable to a wide range of heterogeneous
reactions and to provide improved mechanistic understanding of
the contribution of different active sites, which should be useful in
the design of improved catalysts.

The oxidation of CO on the (111) surface of platinum—the simplest
close-packed single-crystal surface—proceeds through the Langmuir-
Hinshelwood mechanism”!”. O, is activated by dissociating into
adsorbed oxygen atoms, which combine with adsorbed CO to form
CO, with substantial excess energy. This can lead to hyperthermal
CO,, which has high kinetic and internal energy®® and exhibits angu-
lar distributions that are narrower than those expected for a molecule
at thermal equilibrium with the surface”*'%; however, some reaction
conditions also result in a thermal channel'!~!3. Although this bimodal
generation of products suggests that CO oxidation occurs through
more than one reaction!?!3, the dominant view at present is that all
products form through the same transition state, and a fraction des-
orbs promptly with hyperthermal velocities whereas the rest become
trapped and thermalized at the surface before desorbing'!.

Our study of this reaction exploits the correlation between the angle
and velocity of reaction products and the symmetry and orientation of
surface reaction sites'®. This enabled us to extract site-specific kinetic
data by data-mapping the temporal evolution of velocity-resolved
products. We used pulsed-molecular-beam surface dosing of both CO

and O, in combination with slice ion imaging!*'®. The O, beam was
used to control oxygen coverage and the pulsed CO beam was used to
initiate the reaction; together with synchronized pulsed-laser ionization
of CO,, this enabled us to obtain the CO, flux as a function of reaction
time. At each time point in the reaction, ion imaging provided distri-
butions of the velocity vectors of the products.

For CO oxidation on Pt(111) with a step density of 0.25%, ion images
of the CO, produced (Fig. 1a) show a bimodal speed distribution'>!?
(Fig. 1b). The low-velocity component was fit to a Maxwell-Boltzmann
distribution, whereas the high-velocity component is hyperthermal.
The angular distributions of the two channels (Fig. 1c) show that the
hyperthermal component has a sharp peak along the surface normal
(approximately cos®0), whereas the thermal channel follows a cosf
distribution.

To obtain site-specific kinetics, we recorded the integral of the ion
image intensity over selected velocity ranges (red and blue rectangles in
the inset of Fig. 2) as a function of the delay between the CO and laser
pulses. The raw time-dependent signals are proportional to product
density and depend not only on the reaction time at the surface, but also
on the flight time of the CO, from the surface to the ionizing laser spot.
By recording the velocity of the products (see Methods), we corrected
for the CO; flight-time and obtained the relative flux in both chan-
nels. From the measured angular distributions, we corrected the signal
strength to reflect the true branching ratio between the two channels.
Thus, we rigorously obtained the relative product flux as a function of
reaction time, hereafter referred to as the kinetic trace.

Kinetic traces are shown in Fig. 2 for both the hyperthermal (red)
and thermal (blue) channels. In both, the CO, formation rate first
increases as CO adsorbs onto the surface (black dashed line), and then
decays with an effective lifetime, 7. (see Methods), as the adsorbed
CO is removed. T for the thermal and hyperthermal channels—
hereafter referred to as 75 and 74", respectively—are quite different;
7™ is shorter than 75 under all conditions in this study. This is
inconsistent with a bimodal velocity distribution resulting from partial
thermalization of products from a single reaction”!!, as that would
require the two kinetic traces to be identical. It should be noted that the
desorption of physisorbed CO, is fast compared to the reaction time.

We assign the hyperthermal and thermal channels to the reaction of
CO with oxygen adatoms at terraces and steps, respectively, for three
reasons. First, when we increased the step density 66-fold using a
Pt(332) crystal, the hyperthermal channel disappeared completely at
low oxygen coverage, at which nearly all oxygen atoms are bound at
steps (lower left inset of Fig. 2). This confirms that the hyperthermal
channel does not occur at steps. Second, in the limit of zero oxygen
coverage, T is determined by any non-reactive channels that consume
adsorbed CO (see Methods). For the thermal channel, the zero-
coverage rate constants (filled blue circles in Extended Data Fig. 4) are
in excellent agreement with known values of CO desorption from
steps!8, confirming that CO molecules adsorbed at steps (hereafter
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Fig. 1 | Slice ion imaging of CO, produced by CO oxidation at Pt(111).
a, Jon image of CO, produced by the catalytic oxidation of CO on a
Pt(111) surface. The velocity vector of the incident CO beam is shown by
the light green arrow, as are a few of the CO, product vectors appearing
in the thermal and hyperthermal channels. CO, speed increases to the
right. The position of the ionizing laser beam is shown by the dashed blue
line. b, Velocity probability distribution of CO, molecules. The thermal

denoted COS'P) are important to the thermal reaction. Third, we
calculated the minimum energy path of the terrace reaction
CO®" 4 O™ using density functional theory (DFT; see Methods).
This shows an energy release of 1.9 eV and an early transition-state
structure (that is, it resembles the reactants), which is consistent with
the average translational energy release of 0.38 eV that is seen in the
hyperthermal channel. This assignment is also consistent with the pre-
viously observed dominance of the hyperthermal channel at 880 K®
(see Methods) and the prevalence of the thermal channel that is seen
with increased step density!.

Considering the above, we interpret the kinetic traces of Fig. 2 in
terms of competing reactions that occur with oxygen bound at terrace
and step sites. We consider the terrace reaction competing with a process
involving diffusion that converts CO, " to COS'*P. This explains how
adsorption at terraces (more than 99% of the CO adsorbs initially at
terraces, as the Pt(111) step density is less than 1%) can lead to more
CO; production at steps. The kinetic trace of the thermal channel shown
in Fig. 2 cannot be fit with a single exponential function (see Extended
Data Figs. 6, 8), which suggests the presence of two step reactions.

In Methods, we present a simple kinetic model that describes our
data over the full range of oxygen coverages and surface temperatures
using three reactions:

KT
Terr Terr "2 hyperthermal
corem 4+ ofer 2, cob

kTS
Terr Step "2 thermal
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k2

Cogtep + Ogtep Cotzhermal

We also include COS'P desorption, as well as CO ™ desorption and
conversion of CO!" to COS'P. The determination of oxygen coverage
and the O'P:01" ratio is described in Methods. We note that
velocity-resolved kinetics of CO oxidation on Pt(332), where the step
density is 66-fold higher, supports the three-reaction mechanism.

The derived pre-exponential factors and activation energies are
shown in Table 1 and the temperature dependent reaction rate con-
stants are shown in Fig. 3. The results obtained on the Pt(111) and the
Pt(332) crystals agree well. The rate constants for CO oxidation at steps
are similar to those for reaction at terraces. Despite this, the product
yield through step reactions dominates at all temperatures used in this
work and in previous studies (area to the left of the vertical line in
Fig. 3). Even for a Pt(111) crystal with a step density of only 0.25%,
reactions at steps dominate. Analysis with our kinetic model shows that
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product channel is fitted to a Maxwell-Boltzmann function (translational
temperature, Tyans = 483 K; dashed blue line) and the hyperthermal
channel is fit to a flowing Maxwell-Boltzmann function (Tians = 894 K,

a =190 meV; dashed red line). ¢, Velocity-resolved angular distributions:
hyperthermal (red) and thermal (blue) channels. The hyperthermal
channel is compared to a cos®) function (red line) and the thermal channel
is compared to a cosf function (blue line). a.u., arbitrary units.

this reflects the fact that conversion of CO " to CO3'® is much faster
than the TT reaction in the temperature range of this and previous
work. We therefore conclude that all previous kinetics studies were
strongly influenced by step reactions (see Methods).

For this reason, this is the first report to our knowledge of the rate
parameters for the Pt(111) terrace reaction, k, '. Only the rate of the
TT reaction has been calculated from first principles'>?’; as such, the
new rate parameters provide the first opportunity to benchmark the ab
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Fig. 2 | Kinetic traces of CO; obtained from velocity-resolved kinetics
experiments. The inset labelled Pt(111) shows an ion image with velocity-
space integration windows for the hyperthermal (red; 1,280-1,610 m s7h
and the thermal (blue; 420-590 m s~ ') channels. The dashed black line
represents the measured CO dosing function; the onset of the incident
CO beam is taken as the zero of time. The solid red and blue lines are

the fits resulting from the kinetic model (see Methods). The two traces

are normalized to reflect the experimental time-integrated branching
ratio between the two channels (8.6:1 in favour of the thermal channel)

at this temperature and oxygen coverage. The step density was 0.0025
monolayers, the oxygen coverage was 0.04 monolayers and the dose of

a single CO pulse was 2 x 10> monolayers. The surface temperature

was 593 K. The experimental conditions for the (332) image are: oxygen
coverage, 0.04 monolayers; surface temperature, 593 K; step density, 0.167
monolayers. Here, oxygen atoms are expected to be entirely at step sites,
because O, dissociates more easily at steps than at terraces?” and oxygen
atoms are bound more strongly at steps than at terraces®’. For the reaction
on the (332) sample, the hyperthermal channel is absent.
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Table 1 | Rate parameters for the elementary processes involved in the site-specific oxidation of carbon monoxide on a platinum catalyst

Elementary process Aih E, (eV)
kg Desorption from terraces? 5.958x 10" 1.28 +£0.02
kS Desorption from steps® 1.5%33 x 102 1.18 + 0.056

K'°111(332)
kIT111(332)
Theory!®

k3° 111 (332)
k$S111(332)

Diffusion from terrace to step®

COrerr + Overr reaction

COrerr + Ostep reaction

COstep + Ostep reaction

21713 % 108 (1.5 x 10%
3.5'3% x 10% (3.8%33 x 107
5.1 x1012

5.9%38 x 107 (4.172% x 10%)
29738 % 10° (2.673% x 10%)

0.30+0.1(0.32+0.1)
0.6+0.1 (0.6+0.1)
0.74

040 + 0.1 (040 + 0.1)
0.65+ 0.1 (0.65 £ 0.1)

The rate parameters reported here should be used with caution outside the temperature range used in this work.

aMeasured independently, as published in ref. 26, This value also compares well with previous reports. See ref. 27: A=3.5172 x 10183571 £, =1.27 £ 0.07 eV.
Obtained from measurements of desorption of CO from Pt(332). Compares well with rate constants reported in ref. 27.

An activation energy of 0.3 eV was chosen following ref. 28, This should be considered an effective conversion rate.

initio rates of this important catalytic reaction. Figure 3 shows one such
calculation of the rate constants of the TT reaction, for which DFT is
used to generate input for a transition-state-theory calculation of the
rate constant'®. The theoretical rate constant is 20-100 times larger than
that seen experimentally. The theoretically calculated activation energy
is higher than that derived from experiment (Table 1), as is expected
when using a revised Perdew-Burke-Ernzerhof (RPBE) functional®!.
Improving the calculation would lower the barrier; however, this would
only amplify the disagreement with experiment. Thus, it is clear that
the theory fails to reproduce the prefactor of the rate constant. This can
be the result of an incorrect treatment of reactant entropy?? and/or
dynamical recrossing at the transition state.

Velocity-resolved kinetics provides a powerful tool for catalytic
kinetic studies. Previous studies have attempted to obtain CO oxida-
tion kinetics without velocity resolution by measuring phase shifts with
modulated reactant molecular beams”?. To analyse these phase-lag
data, the kinetic trace was assumed to follow a single exponential
decay”?3; this was effectively a single-reaction assumption that resulted
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Fig. 3 | Rate constants for CO oxidation on platinum steps and terraces.
Three reactions are identified in this work: the reaction of COL*™ with
terrace-bound oxygen atoms (TT) and two reactions of step-bound oxygen
atoms with CO§teps (SS) and COaTerr (TS). Results obtained from a Pt(111)
surface with a step density of 0.25% and those obtained from a Pt(332)
crystal with a step density of 16.7% are shown as black and red lines,
respectively. The units of the rate constant are those used when oxygen
coverage is given as a (unitless) fraction of a monolayer. The grey line
shows the results of transition-state theory (TST) calculations of the TT
reaction rate based on a DFT calculation of the transition state!?. It
considerably overestimates reactivity. The region to the left of the vertical
line shows the range of temperatures studied here and in previous studies.
The region to the right of this line shows the range of temperatures typical
for industrial catalysis.
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in an activation energy that was dependent on oxygen coverage’.
However, we show in Methods that these were only apparent activa-
tion energies that result from the temperature and oxygen-coverage-
dependent influence of the step and terrace reactions.

The phase-lag method is analogous to frequency domain kinetic
methods that are used in biophysics for obtaining (exponential) fluo-
rescence lifetimes®!, and was the main method used before the advent
of pulsed-laser-based pump-probe methods. In providing the kinetic
trace directly, velocity-resolved kinetics serves the function of a pump-
probe experiment for neutral matter. This enabled us to easily identify
three elementary reactions that comprise a site-specific mechanism
of CO oxidation on platinum. The activation energies for these three
reactions are not dependent on oxygen coverage.

The relative importance of different reacting geometries occurring
at different active sites has been described previously in terms of a
geometry probability-weighted activation energy”: E}f = E,, — kTInA .
Here A, is the abundance of the ith reacting geometry and E,; is its
activation energy. The results of this work reveal that the values of A;
depend on diffusion and desorption, an outcome that is also relevant
to real-world catalysts that are often operated at high temperatures. In
Extended Data Fig. 10 we show that the terrace reaction dominates on
Pt(111) and Pt(332) at high temperatures, whereas at low temperatures
the step reactions dominate. At high temperature, CO desorption
becomes much faster than CO diffusion; as such, the site of CO adsorp-
tion determines which reaction occurs. Because step edges are minority
sites on both samples, adsorption (and therefore reaction) occurs
primarily at terraces. Extended Data Fig. 10 also shows that, under
high-temperature conditions in which CO desorption suppresses the
importance of diffusion, the efficiency of the conversion from CO to
CO, is also reduced. We suggest that this may be a general phenomenon:
low-concentration, high-reactivity defects on surfaces will be important
in low-temperature catalysis in which reactant diffusion is faster than
desorption, whereas at high temperatures, the majority facet dominates
the chemistry and the efficiency of the reaction decreases.

Online content

Any Methods, including any statements of data availability and Nature Research
reporting summaries, along with any additional references and Source Data files,
are available in the online version of the paper at https://doi.org/10.1038/s41586-
018-0188-x.
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METHODS

Experimental methods. The instrument used in this work has been described
recently for the measurements of desorption rates of CO from Pt(111) and
Pd(111)%. A platinum crystal is first prepared by argon ion sputtering and anneal-
ing. The O, (normal incidence) and CO (20° from normal) pulsed molecular
beams cross at the platinum surface at a selected repetition rate ratio (RRR).We
used 7-bar backing pressure for the O, beam with a nozzle opening time of 70 ps.
This gave an O, flux of 1.1 x 10'! molecules per pulse. A 5% mixture of CO in
He at a total backing pressure of 7 bar and a nozzle opening time of 25 s gave a
CO flux of 2.2 x 10'” molecules per pulse. The diameter of both molecular beams
at the surface was 3 mm. The O, beam was always fired at least 500 pis before the
CO beam. The CO pulse initiates the reaction and is consumed before the next
CO pulse arrives. A single CO pulse alters the oxygen coverage negligibly. CO,
products were photoionized by a nine-photon non-resonant absorption process
induced by the focused output (20 cm focal length lens) of a Coherent Astrella
Ti:sapphire laser producing 1-5 m] per pulse with a pulse duration of 100 fs at a
wavelength of 800 nm. The ion camera system was time-gated at a controlled delay
with respect to the ionizing laser pulse to restrict detection to m/z = 44 (CO,™).
The laser ionization pulse was synchronized to the CO dosing pulse; the delay
between these two pulses is used to analyse the kinetics of the reaction and at each
delay, ion images are recorded using modified DaVis software (LaVision). Angular
distributions are obtained by physically scanning the focal point of the ionizing
laser beam back and forth in front of the reacting surface while accumulating the
ion image. For kinetics measurements, the laser position was fixed and reaction
products were detected close to the surface normal. The RRR value corresponds
to a specific oxygen coverage, which is measured in a separate titration experiment
in which the O, beam is suddenly turned off and the CO; signal is recorded until
all oxygen is removed from the surface. This is calibrated by titration against an
oxygen-saturated platinum surface. See Methods section “Total oxygen coverage,
[O,], from a titration experiment.

Conversion of the time-dependent raw data to the kinetic trace. In measuring
kinetics, the fundamental quantity of interest is the kinetic trace, defined as the
product flux as a function of the reaction time. Of course, kinetic traces for reac-
tant loss and transient populations of intermediates can also be of interest, but for
simplicity we consider here only the appearance of the product.

The oxidation of CO at platinum exemplifies the challenges in obtaining this
quantity experimentally. As the reaction is initiated by CO adsorption, it is usual
to use pulsed molecular beam methods. Time is required for CO oxidation to take
place and for the product, CO,, to desorb from the surface. The time at which
the product appears at a detector is then recorded with respect to the reaction-
initiating CO pulse. Hence, the time dependence of the raw signal obtained in this
experiment is composed of three contributions: the time required for the CO pulse
to travel to the surface, the reaction time at the surface, and the time required for
the products to travel to the ionizing spot created by the laser. Only the second
time period is of interest in a kinetics experiment. The first is identical for the two
reaction channels and therefore only relevant to the determination of the time at
which the reaction is initiated. Finally, the third time period is different for each
of the two reaction channels and must be measured.

In velocity-resolved kinetics we measure ion images such as those shown in
Extended Data Fig. 1a for each time delay between the CO and ionizing laser
pulses. Here, the signal intensity is proportional to the CO, number density;
as such, the hyperthermal channel (red box) is only weakly seen.

Multiplying the intensity by the velocity converts the density image to a CO,
product flux image (Extended Data Fig. 1b). We then select velocity integration
windows (green/blue and red rectangles in Extended Data Fig. 1) and record the
average intensity versus the delay between the CO pulse and the ionizing laser
pulse, producing raw kinetic traces. Extended Data Fig. 1c, d shows how this
appears as a density signal and as flux, respectively.

Extended Data Fig. 2a shows the velocity distribution of the product CO,, and
can be decomposed into two contributions: thermal (blue) and hyperthermal (red).
The velocity windows used for integration in Extended Data Fig. 1 are also shown
(blue and red hatched areas). The kinetic traces are then scaled to represent the
actual area under the fit to the velocity distribution (blue and red shaded areas).

A measurement of the angular distribution (Extended Data Fig. 2b, c) shows
that the thermal CO, follows a cosine distribution, whereas the hyperthermal CO,
follows a cos® distribution, in agreement with previous reports!!~1>31,

The velocity distribution in Extended Data Fig. 2a includes only ions observed
within 3° of the surface normal. In order for the kinetic traces to represent the
total flux over all angles, we must scale up the kinetic trace of the thermal channel
by an angular factor:

f ¥ cos*fsinfdo f ¥ cosfsinfdf

0 oo _
f %0 costOsinddo f %% cosfsinddd

0 0

4.7

Note that in Extended Data Fig. 1d, the signal of the hyperthermal channel appears
earlier than that of the thermal channel. This is a consequence of the reduced flight
time of hyperthermal CO; to the ionizing laser spot, relative to that of the thermal
CO,. By subtracting the flight time using the average velocity associated with the
integration window of each channel (12 and 35 ps, respectively), we can correct
this. See Extended Data Fig. 2d, in which we have also shifted the zero of time to
the onset of the CO adsorption. The temporal shape of the CO dosing pulse is
measured as described in ref. ¥’.

Effective lifetimes as a function of oxygen coverage and step-dependent
desorption. We perform a preliminary and approximate data analysis at low
oxygen coverages, deriving effective lifetimes for each reaction channel, which
leads to insights into the reaction mechanism. Extended Data Fig. 3a shows an
example of the analysis. Here, the effective lifetime of the two reaction channels is
derived through a simple exponential fit to the kinetic traces, convoluted over the
time profile of the pulsed molecular beam.

The lifetimes obtained from the fits are effective values, Teff = 1/kes, which
depend on the total oxygen coverage [O,]. The CO doses here are so small (less
than 0.1% of a monolayer) that [O,] is independent of time during all transients.
Referring to Extended Data Fig. 3b, it can be shown that ke = ko + k[O,], where
k is the rate constant of the oxidation reaction and kg is a non-reactive competitive
process removing the reactant CO, for example CO desorption.

With this mechanism, a simple set of differential equations can be solved ana-
lytically. This enables us to define the effective lifetime:

_d[co]

=ky[CO,] + k,[CO,][O,] = [CO,](ky+ k,[O,]) = [CO, ]k

[CO,],=[CO,] & e

Flux(CO,) =k, [0,] [CO,] = k,[0,][CO,] Oe—kefft

By varying the repetition rates of the two pulsed beams, we vary the fluxes of CO
and O, and thereby the coverage of oxygen. Note that the use of repetition rate
gives us very precise control of the fluxes. Methods section ‘“Total oxygen coverage,
[O.], from a titration experiment’ shows how the oxygen coverage is derived. In
this way, we can observe a linear dependence between kg and the O, flux at low
0, fluxes. Extended Data Fig. 3¢ shows an example of how k™! depends on the
oxygen flux at several surface temperatures.

For each temperature, we extract k"™ from the zero-coverage intercept of
the linear fit. These are shown as filled circles in Extended Data Fig. 4, where they
are compared to literature rate constants for CO desorption from Pt(111) steps
(plus signs and filled circles) and terraces (triangles). The values of k™™ derived
here are in excellent agreement with desorption rate constants for CO adsorbed at
steps.

Similar analysis for the hyperthermal channel on Pt(332) also reveals a non-

reactive competitive channel that removes CO, k™¥Perthermal | yhich is consistent
with CO diffusion across terraces together with desorption.
DFT calculation of minimum energy path for the terrace reaction. We per-
formed DFT calculations within the generalized gradient approximation using the
aimsChain tool within the FHI-aims package® to map out the minimum energy
path of the CO oxidation reaction on Pt(111) terraces. The calculation used the
RPBE functional in the spin-unpolarized (restricted) formalism with van der Waals
corrections®. Other details of the calculations are as follows: A p(3 x 3) cell with
4 layers with an optimized lattice constant of 4.00 A was used as a model for the
Pt(111) surface. To find the initial and final state for the minimum energy path
(MEP) calculation, we carried out geometry optimizations in which just CO and
oxygen atoms were allowed to move and all surface atoms were restricted to their
equilibrium positions. The optimizations were stopped when the force on every
atom was <0.01 eV A~L. The minimum energy configurations found in this way
were also checked against tight basis sets. For both MEP and geometry optimi-
zations, the reciprocal space was sampled with a 4 x 4 x 1 k-point grid, and to
account for the electron occupation a Gaussian function with a width of 0.2 eV
was used. The MEP calculations were performed using the string method** with
light basis sets. To sample the MEP we have taken 15 images. The convergence of
the pathway was reached when the forces between every image were smaller than
0.15 eV A~L. To determine the transition state more accurately, we used a force
criterion of 0.05 eV A~ for the climbing image.

Extended Data Fig. 5 shows that the reaction is highly exoergic and passes over
a substantial reaction barrier. The structure of the transition state is shown in
the inset and is still far from the structure of the product, similar to that found in
previous calculations'®?. This so-called ‘early barrier’ indicates that a substantial
fraction of the reaction energy will be channelled into vibrational excitation of
the product, CO,.
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We performed ab initio molecular dynamics calculations using the system and
functional defined above, starting at the transition state determined from the MEP
calculations to determine the translational energy of the product CO,. The results
from about 10 trajectories show that the values of the final translational energy
are between 660 meV and 715 meV for the flexible slab at T'= 0 K, and between
720 meV and 920 meV for the rigid slab. The results of this electronically adiabatic
calculation are consistent with those of experiments, in which molecular energy
may also be shared with the electron-hole pairs of the metal.

Kinetic modelling of the velocity-resolved data for CO oxidation on Pt(111).
Reaction scheme. The kinetic model is based on the following reaction scheme for
CO oxidation:

COBeam + SStep E) COStep Step adSOTPtion (1)
COgeam + STmﬁ COrerr Terrace adsorption (2)
S
COrery + Ssiep— COgtep + Ster Diffusion (3
ko
COrerr — COy + Stere Terrace desorption 4
ko
COgyep — CO; + Ssiep Step desorption (5)
kZT ! hyperthermal . ( 6)
COrerr + Oy — €O + 287 TT reaction
kZTS thermal
COrerr + Ogrep ——COLlg 4 Ster + Sgiep TS reaction (7)
k SS )
COgtep +Osep - Cotz},l;m"l + 28g1ep SS reaction (8)

where Ster,sicp are the free sites expressed in monolayers. Because the step density
is less than 1% on our Pt(111) sample, we omit reaction (1) and consider only
CO adsorption at terraces. We include reaction (1) for completeness and it will
be important for our treatment of Pt(332). The diffusion from steps back to ter-
races has been omitted; as we see different temporal behaviour of the two kinetic
traces in Extended Data Fig. 1, we conclude that the two CO species are not in fast
equilibrium with each other. The diffusion from steps back onto the terrace must
therefore be slow compared to the other processes.
The rate equations describing this mechanism are as follows:

d[Oge, ] [Osepl
P = (ky® [COpere] + 5° [COgiep]) — P
dt Step
d[COq,.. ] [Ostep]
g+ kS5 [COgp ] + Kk [COg ]
dt Step

dStep_ [OStep] - [COStep]

dStep

+ k'2TT [OTerr]

dt

d[COTerr] _ [kOTJr lesttepf [OStep] - [COStep] y
Terr

dStep
[OStep]

dStep

+ kgs [COTerr]

[Ostep] [Ostep]
Step + kzss [COsxep] Step
Step Step

[Flux(COY™) | = k3 [COre,]

|Flux(COl2"ygpe“herm"l)| =T [COer] [Orer]

Terr
where the square brackets refer to concentration in monolayers of surface-adsorbed
reactants and products with respect to the entire surface, dsp and dre,r are the
concentrations of the step and terrace sites expressed in monolayers with respect
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to the entire surface that is, dsiep + drerr = 1 monolayer, [Flux(CO,,)| refers to the
absolute value of the flux of CO, 4 gas phase product molecules. All rate constants
kare in units of s ™.

We stress here that when probing the gas-phase product from a surface reaction,
the flux of this species must be measured and not the rate of change of the product
density, d[CO,]/dt. A simple dimensional analysis of the rate law clarifies this point:

monolayers  particles
e

sz S

kT[COp,p,] [ZT”'] has units of
Terr S

while

d[CcO i
7[ 2] has units of 7part13cles

dt cm’s
Flux has, by definition, units of particles cm ™2 s™.

The physical picture that further confirms this is the fact that as the particles
desorb from a two-dimensional surface area, after some time they occupy a certain
volume. This volume is proportional to the velocity. Measuring simply the density
of the particles is insufficient, as high-speed and low-speed particles will have
‘expanded’ into different volumes.

Ton imaging can therefore function as a flux detector and, as such, is ideally

suited for the measurement of kinetics at surfaces that result in gas-phase products.
Numerical solution to the kinetic model. We derive a system of ordinary differential
equations for the reaction scheme above and solve them numerically. The initial
values for the concentration of oxygen, that is, [Orer] and [Osgcp], are provided
as an initial guess from the titration data (see Methods section ‘Validation of [Orer]
and [Ogcp] from the numerical solution’). The concentration of free sites, [Ste,] and
[Sstep)> are expressed in units of monolayers, that is, [Ster;] = 0.9975 monolayers
and [Sterr] = 0.0025 monolayers for an empty surface and a step density of 0.25%
as determined from AFM measurements. The rate constants for desorption from
steps and terraces are known from previous experiments, and the rate constant for
diffusion is estimated from literature values. An initial guess for the rate constants
of the reaction is provided from an analysis of k¢ (see Methods section ‘Effective
lifetimes as a function of oxygen coverage and step-dependent desorption’). The
adsorption of CO from the incoming beam is then introduced as a perturbation
to this system.
Optimization process. The flux of CO; into the thermal and hyperthermal channels
as a function of time was then obtained by solving the ordinary-differential-equation
system using LSODA from the FORTRAN?77 library ODEPACK?®?. This flux was
compared to the experimental data and the residuals were minimized in a recursive
optimization. We used four global parameters, k;", k3 T, k> and k5°, and two local
parameters per dataset, the concentration of [Orer,] and [Osiep), to perform
optimization with the Nelder-Mead method. Following ref. %, [Ogp] can occupy
every second (fcc) platinum-step site, therefore the maximum of [Ogep] was
restricted to <0.5ds.

Using these four global parameters, the kinetic model was able to properly
reproduce 18 sets of thermal and hyperthermal flux at 7 temperatures, a total of
252 kinetic traces. Examples are shown in Extended Data Fig. 6.

Total oxygen coverage, [Oy], from a titration experiment. The total amount of oxygen
on the surface, [O,], could be determined in a titration experiment. First, a surface
fully covered with oxygen (0.25 monolayers) was continuously dosed with CO
and the total CO, yield was measured. Next, the CO and O, beams were run at a
value of RRR used when measuring kinetic traces; this established a steady-state
oxygen coverage. After several minutes, the O, beam was suddenly turned off and
the total CO, yield was again measured. This CO, yield was then compared to
the yield obtained from a fully covered surface, allowing us to relate RRR to the
resulting steady-state oxygen coverage. The result is shown as black squares in
Extended Data Fig. 7a.

Validation of [Orer,] and [Osey] from the numerical solution. To test whether the
values for [Orer] and [Ogep] obtained from the numerical model are reasonable, we
compare their sum to the total amount of oxygen on the surface as obtained from
the titration experiments just described. The kinetic model result for [O,] is plotted
as red dots in Extended Data Fig. 7a. The good agreement between the prediction
of the numerical solution and the titration determined values of oxygen coverage
validates the way in which the numerical model deals with the oxygen coverage.

In addition to this, we want to confirm that the partitioning of [O,] into [Orer]
and [Os;ep| is reasonable. The equilibrium between the two oxygen species is cal-
culated using the canonical partition function for oxygen atoms distributed among
step and terrace sites using a given energy difference as described in Methods
section ‘Equilibrium calculation of oxygen-atom populations at steps and terraces.
The step coverage is defined as

[OStep]

Step — O-Sdsmp
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with the step density ds;ep = 0.0025. As explained in Methods section ‘Optimization
process, one oxygen atom occupies every second binding site, therefore the factor
of 0.5 is used.

A plot comparing the numerical results to the equilibrium expectation is shown
in Extended Data Fig. 7b. Here the relative binding energy of oxygen at steps and
terraces was varied between 0.05 and 0.16 eV. Theoretical calculations using DFT
suggest that step oxygen is more strongly bound than terrace oxygen, by about
0.26 eV3%%7,

Therefore, the data suggests that the equilibrium distribution of oxygen atoms

between steps and terraces is not established. Given the slow diffusion speeds on
Pt(111) at our temperatures and the large average terrace size of about 400 atoms,
this is conceivable. The distribution on Pt(332), which has an average terrace length
of only five atoms, appears closer to or at equilibrium (see Methods section ‘Kinetic
studies of CO oxidation on Pt(332)’).
Equilibrium calculation of oxygen-atom populations at steps and terraces.
In developing the numerical model for the oxidation of CO on platinum, we
must account for the partitioning of oxygen atoms between steps and terraces.
Theoretical calculations using DFT suggest that step-bound oxygen is more
strongly bound than terrace-bound oxygen (by about 0.26 eV3**7). One limiting
approach to this problem is equilibrium partitioning.

Whereas step-bound oxygen is favoured by energetic considerations,
terrace-bound oxygen atoms are favoured by entropy. To describe this, we have
used a simple expression for the equilibrium constant which can be derived from
the canonical partition function of non-interacting oxygen atoms bound at two
sites (steps and terraces):

"Step (g n _f _ _
Qigieps Mreers 10n B ) = S [ i:p] [nOTir;n] o (0 mE,Eg
m=0
Here, binomial coefficients are used to calculate the number of ways to distribute
1o OXygen atoms over # step sites (#1.p) and n terrace sites (#1er). We take into
account that saturated coverage of steps occurs at a 2:1 ratio of platinum to oxygen
atoms, whereas saturation of terraces occurs at a 4:1 ratio. Erg is the energetic
stability difference between step-bound oxygen atoms and terrace-bound oxygen
atoms. If we use this equilibrium partitioning to characterize our experimentally
derived results by allowing Erg to vary, we find a value that depends on step density.
For Pt(111) we find Ers = 0.05 eV (see Methods section ‘Validation of [Orer,] and
[Ostep] from the numerical solution’), whereas for Pt(332) we find Ers = 0.12 eV
(see Methods section ‘Kinetic studies of CO oxidation on Pt(332)’). We observe
that the Ers for Pt(332) is closer to that obtained from the DFT calculations®®¥,
which could suggest that the system on the (332) surface is closer to equilibrium.
Kinetic studies of CO oxidation on Pt(332). The kinetic mechanism for CO
oxidation on Pt(332) is identical to that described in Methods section ‘Reaction
scheme’ for Pt(111); however, here the step density (0.167) is large. Therefore,
we include both reactions (1) and (2) weighted by 0.167 and 0.833, respectively.
Based on our success with the treatment of the Pt(111) data, we implemented the
numerical model as follows.

First, we used titration measurements as described in Methods section “Total
oxygen coverage, [O,], from a titration experiment’ as a starting point for the
determination of the total oxygen coverage as a function of the ratio of O, to CO
fluxes (Extended Data Fig. 7c). We then constructed limits (red shaded area in
Extended Data Fig. 7c) within which the oxygen coverage could be varied in the
numerical optimization to reflect the uncertainty of the titration measurements.
For the initial conditions of the numerical optimization, we assume the partitioning
of oxygen between steps and terraces is at equilibrium as discussed in Methods
section ‘Validation of [Orer] and [Osep] from the numerical solution. After the
fitting of the data is complete, the partitioning of the oxygen atoms at steps and
terraces has also been optimized and is shown as black triangles in Extended Data
Fig. 7d. These are compared to equilibrium calculations assuming different values
of the binding energy difference between oxygen atoms at steps and terraces. The
results obtained from the numerical fit are similar to equilibrium values when the
energetic preference for step-bound oxygen atoms was 0.10-0.14 eV. Compared
to the results derived from the Pt(111) experiments, this value is much closer to
the theoretically estimated difference in binding energy. This is probably due to
much smaller terrace sizes leading to faster equilibration compared to Pt(111).

Extended Data Fig. 8 shows examples of the quality of the fit obtained using the
rate constants from Table 1. We emphasize that both reactions (7) and (8)—the
terrace-step and step—step reactions, respectively—are necessary to account for
the biexponential fall-off in the thermal channel. Furthermore, the magnitudes of
the rate constants obtained from the Pt(111) and Pt(332) surfaces are in excellent
agreement; see Fig. 3 and Table 1.

We point out that the derived activation energies for the three reactions make
intuitive sense. For early-barrier reactions, the relative energies of the transition
states follow closely the relative energies of the reactants. For the TT reaction, our

experimental activation energy is 0.6 # 0.1 eV. In considering the SS reaction,
the step-bound oxygen atom is stabilized by about 0.15 eV (see Methods section
‘Equilibrium calculation of oxygen-atom populations at steps and terraces’) and
the step-bound CO is stabilized by 0.16-0.35 eV**-%0. Here there are a variety of
experimental studies that give a range of results. For early-barrier reactions, the
transition state is stabilized by a similar amount of energy as the reactants are sta-
bilized. Therefore it is not surprising that the SS reaction has a similar activation
energy (0.65 & 0.1eV) to that of the TT reaction (0.6 & 0.1 eV). We speculate that
the TS reaction and the SS reaction access the same transition state via two different
reactant geometries. If true, the activation energy for the TS reaction would be
lowered by the step-to-terrace relative binding energy of CO, which is 0.16-0.3 eV.
This simple analysis would predict a lower activation energy for the TS reaction of
anywhere between 0.49 and 0.25 eV, which is consistent with our experimentally
derived value of 0.4 0.1 eV.

Comparison of velocity-resolved kinetics to previous reported velocity-integrated
Kkinetic results. Previous surface-kinetics experiments were not able to resolve
product velocities. Furthermore, only a single oxidation reaction was assumed,
enabling a pseudo-first order analysis as a function of the surface temperature
Ts and [O,], from which activation energies were derived. Extended Data Fig. 9b
shows reported activation energies versus [O,] for the reaction thought to result
from CO oxidation at terraces (hollow circles and plus signs) from refs 741,

We can use our velocity-resolved data to simulate these previous results. We
integrate the kinetic trace over the product velocities and fit it as if pseudo-first-
order kinetics applied (see Extended Data Fig. 9a). We do this for data at many
temperatures and values of [O,]. The apparent activation energies obtained in
this way are shown as filled circles in Extended Data Fig. 9b, and there is marked
agreement with the results of previous work.

We emphasize that the true oxidation kinetics involves three reactions,
the activation energies of which are independent of [O,]. This exemplifies how
velocity-resolved kinetics removes a layer of averaging that confounds accurate
kinetic analysis.

The interpretations of previous work suggested that the activation energy

of a surface reaction could vary continuously with coverage, leading to a change
of more than 0.5 eV owing to oxygen-atom occupation of neighbouring reaction
sites at a distance of around 8 A or more. This is clearly not the case. It is notable
that the assumption of the single-reaction mechanism leads to this erroneous
conclusion.
Temperature dependence of the site-specific mechanism. We used the numerical
model with rate parameters that have been optimized to reproduce the velocity-
resolved kinetics data to explore the behaviour of CO oxidation as a function of
temperature and oxygen coverage. Extended Data Fig. 10a shows the CO oxida-
tion efficiency (probability that an adsorbed CO molecule is converted to CO5).
Extended Data Fig. 10b shows the relative fraction of the hyperthermal channel
(TT reaction) with respect to the thermal channels (TS and SS).

We note that the dominant role of step reactions between 500 and 700 K may
appear inconsistent with Fig. 3, which shows k) © > k5%, kJ° in this temperature
range. This points out how subtle the kinetics of CO oxidation can be. Although
the T'T reaction has a higher rate constant, it must compete with CO diffusion to
steps, which is faster than the terrace reaction at these temperatures. Furthermore,
CO is preferentially adsorbed at steps; as such, it does not so easily diffuse back to
the terraces once it has arrived at a step. Although it is true that step reactions have
lower rate constants than do terrace reactions, CO molecules that have arrived at
steps may only either react or desorb. Because desorption is rather slow, the reac-
tion dominates. Another factor that is especially important when the total oxygen
coverage is low is that oxygen atoms are preferentially found at step sites, which
obviously favours reaction at steps.

Therefore, the relative importance of step and terrace reactions is strongly influ-
enced by diffusion and desorption. Under conditions in which the TT reaction
dominates, the reaction probability of conversion from CO to CO; is small. We
explain this by observing that the TT reaction can only dominate when CO deso-
rption is faster than CO diffusion. Under such conditions, desorption is also faster
than the TT reaction. We note that this is consistent with previous observations,
in which only the hyperthermal channel was seen®. We have carried out similar
calculations for the Pt(332) catalysts with step densities of 16.7%, and the results
are nearly identical.

It is also interesting to note that many industrial catalysts are used in a temper-

ature region in which the CO-CO, conversion efficiency is low.
Sensitivity analysis. The three lower panels in Extended Data Fig. 10 show how
the fit to the data (represented by the total fit residual |x|) depends on the three
activation energies derived from our numerical model. Each two-dimensional
contour plot shows sensitivity and the potential correlation of fitting error between
two fitting parameters.

The total fit residual was obtained by summing over the array containing
the residual at each data point for both channels under 152 different reaction
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conditions (both temperature and oxygen coverage vary within the dataset).
The Nelder-Mead optimization method used the same residual array as
input. For each point within each contour plot, the activation energies were
varied as indicated by the respective axis. The reported energy was varied
by +0.2 eV in steps of 0.013 eV. The pre-exponential factors were adjusted to
compensate for the effect of the change in activation energy in the middle of the
temperature range of the experiments (320°C). In other words, when varying the
activation energy, the rate constant at 320 °C was kept constant by compensating
the prefactor.

We can make a number of observations from these three plots. First, the
residual is more sensitive to changes of EI° than it is to the other two activation
energies. This can be seen from the strong gradient along the horizontal direction
in Extended Data Fig. 10c and the large curvature along the vertical axis in
Extended Data Fig. 10d. Second, EaT T (the vertical axis of Extended Data Fig. 10c)
and EﬂSS (the horizontal axis of Extended Data Fig. 10d) are ineffective at compen-
sating fit error when E. is shifted away from its optimal value. Hence both plots
appear as long and narrow valleys aligned with one of the two axes. This reflects
the small correlation between these fitting parameters; the slant in Extended Data
Fig. 10d represents a weak correlation in fitting error between E,° and E,
Extended Data Fig. 10e shows the sensitivity of E. * and E>° and correlation error
involved in the fitting. From this plot we can see that the reported activation
energies indeed reflect the minimum residual and that the residuals depend
approximately equally on E] T and E*. The approximately circular form of this
contour plot indicates that the two fitting degrees of freedom are approximately
uncorrelated with one another and that an optimized fit is sensitive to both acti-
vation energies.

On the basis of this analysis, we suggest an uncertainty of 0.05-0.1 eV for
EJ® and an uncertainty of 0.1-0.2 eV for E] " and S,

Data availability. The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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Extended Data Fig. 1 | Kinetics of CO, formation. a, b, Ion images of the
product CO,. a, Raw data after background subtraction, with the intensity
of each pixel proportional to the density of CO,. The pixel distance from
the laser position (dashed red line) is proportional to the velocity, that

is, velocity increases to the right. b, Data after multiplying each pixel by

its corresponding velocity, with the resulting pixel intensity proportional
to the flux and the hyperthermal channel then becoming more readily
apparent. The red and green rectangles indicate typical velocity integration
windows used to produce kinetic traces for the thermal and hyperthermal

< e Thermal CO,
- ® Hyperthermal CO,

CO, flux / a.u.
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channels. The vertical span of the boxes subtends £3° around the surface
normal. This small angular range justifies using rectangular integration
windows. For defining kinetic traces, we take the average intensity within
the rectangles as the product flux normal to the surface. ¢, d, Raw kinetic
trace data. ¢, Average density of the CO, product integrated over the blue
(thermal channel) and red (hyperthermal channel) rectangular areas of the
ion image (inset). d, Same data converted to flux. This kinetic trace and
the ion images above were measured at 350 °C, a time-averaged CO flux of
2.2 x 102571 cm~% and a time-averaged O, flux of 1.1 x 10"*s ! cm 2.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



LETTER

o o exp.data

— sum of speed distributions
- - thermal MB distribution
7771 Kinetic trace velocities

- - hyperthermal distribution
Kinetic trace velocities

CO, flux / a.u.

0 500 1000 1500 2000 2500
velocity / m/s

X
Q.

Thermal CO,
R e Hyperthermal CO,| |
I | _
S5l - - -
m‘ \
= [ S i
N X -
oL & “
o[ o 7]

0 200 400 600 800 1000 1200 1400
reaction time / us
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distribution, calculated from the ion image in Extended Data Fig. 1. distribution was measured at a surface temperature of 400 °C. d, The
The thermal product channel is fit to a Maxwell-Boltzmann function kinetic trace. We obtain the product flux as a function of reaction time for
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lifetimes plotted against time-averaged O, flux. Solid circles are
! The y-intercept is non-zero owing to CO
desorption. In these measurements, the time-averaged CO flux was
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constants for desorption of CO from steps as measured previously?’. The
zero-coverage rate constants from Extended Data Fig. 3 are shown as filled
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We take this as evidence that the hyperthermal reaction takes place on
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