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Abstract

This work examines the mechanisms of low-temperature CO oxidation with atomi-
cally dispersed Pt on rutile TiO, (110) using density functional theory and the energetic
span model (ESM). Of the 13 distinct pathways spanning Eley-Rideal (ER), termolec-
ular ER (TER), Langmuir-Hinshelwood(LH), Mars-Van Krevelen (MvK) mechanisms
as well as their combinations, TER with CO-assisted CO, desorption yields the highest
turnover frequency (TOF). However, this pathway is ruled out because Pt is dynami-
cally unstable in an intermediate state in the TER cycle, determined in a prior ab initio
molecular dynamics study by our group. We instead find that a previously neglected
pathway — the ER mechanism — is the most plausible CO oxidation route based on
agreement with experimental TOFs and turnover-determining states. The preferred
mechanism is sensitive to temperature, with LH becoming more favorable than ER

and TER above 750 K. By comparing TOFs for Pt;/TiO, with prior mechanistic



studies of various oxide-supported atomically dispersed catalysts in the literature, we

also attempt to identify the most viable metal and support materials for CO oxidation.

Introduction

Atomically dispersed catalysts, consisting of precious metal atoms on oxide and other sup-
ports, constitute a promising way forward for sustainable heterogeneous catalysis as they
have the potential to provide enhanced atom efficiencies for industrial and automobile appli-
cations. ™ Also referred to as single atom catalysts, these materials combine the tunability
associated with homogeneous catalysts consisting of transition metal complexes with ease of
recovery of heterogeneous catalysts. Several experimental and computational studies have
examined the surface chemistry and catalytic performance of these materials, most notably
for CO oxidation,'*5 12 water gas shift (WGS),¥1® and CH, hydroxylation. ' 2!

The principal challenges associated with the design of atomically dispersed catalysts
include synthesis and stabilization of single atoms, enumeration and characterization of the
metal coordination environment, and an understanding of dynamic response to the reactive
environment.??2?® In the particular case of oxide-supported atomically dispersed catalysts,
the metal atom can coordinate and interact with the support in several ways yielding active
sites with distinct electronic properties that have a direct bearing on surface chemistry.
Therefore, it is possible that reactions at these distinct binding sites might proceed via
different mechanisms. This difficulty in determination of sites and site distributions, coupled
with the likelihood of participation of metal clusters in catalysis,® contributes to the wide
range of observed activities as well as widely varying conclusions regarding catalyst viability
and preferred mechanisms.®

Through scanning transmission electron microscopy (STEM) imaging and kinetics stud-
ies, Liu and coworkers demonstrate the formation of Pt clusters and nanoparticles under

reaction conditions, which catalyze CO oxidation on Al,O4 and TiO, supports. Although



Pt single atoms can be stabilized on CeQO,, clusters are more active than dispersed atoms
in all three cases.® On the other hand, DeRita and coworkers report the formation of sta-
ble isolated Pt sites on anatase TiO,, which exhibit two times higher turnover frequency
(TOF) than 1 nm clusters.” The authors propose a redox Mars-van Krevelen (MvK) mech-
anism, wherein the lattice oxygen participates in CO oxidation creating a surface vacancy
over which O, dissociates. The MvK mechanism is proposed in experimental and computa-
tional studies of precious metals dispersed on reducible supports such as TiO,, CeO,, and
FeO,.1%3:2627 The Langmuir-Hinshelwood (LH) mechanism, which involves chemisorption of
all reacting species prior to activation, is typically preferred for precious metals supported
on inert oxides such as in the case of Pt,/Al,05,?® although this mechanism has also been
examined computationally for Ru on both reducible and inert oxides including CeQO,, TiO,,
and Al,O,.?° The alternative Eley-Rideal (ER) mechanism, in which at least one species is in
the gas phase and reacts directly with species adsorbed at the active site, is rarely examined
on account of higher barriers.? However, a termolecular or tri-molecular ER mechanism has
been proposed for CO oxidation over single atoms supported on two dimensional materials

32-34 This mechanism differs

such as graphene,®® bismuthene,?! and hexagonal boron nitride.
from the traditional ER as three distinct species react in a single step. In the case of CO
oxidation, the ternary step occurs between two CO molecules co-adsorbed on the single atom
and O, in the gas phase to simultaneously create two CO, molecules.

To develop a complete description of the activity of atomically dispersed catalysts, we
need to examine not only the preferred mechanism — MvK, LH, ER, or a combination of
these pathways — but also the sensitivity of these pathways to active site distributions. In
addition, inferring preferred mechanisms or sites or even identifying the most active metal-
support combination requires us to go beyond the conventional calculation of potential or
free energy surfaces. This is because intuition alone cannot guide the identification of rate-

limiting features in a multi-step pathway, and quantitative means to determine activity are

necessary. The TOF of catalytic cycles is one such desired measure of site activity,® which



can be determined from quantum chemistry calculations of reaction pathways using the
energetic span model (ESM). Developed by Shaik and coworkers, this model employs the
fact that a TOF is dependent on the energetic span — the range of energies spanned by
reaction intermediates and transition states in the elementary steps constituting a catalytic
cycle at steady state.3673?

While the most widely used practice for contrasting mechanisms or activities is to con-
trast barriers to the rate-limiting step in energy profiles,?*3* these can lead to erroneous
conclusions. This is because the TOF is not always governed by the highest energy transi-
tion state and/or the lowest energy intermediate or even a single rate-limiting step.4° Instead,
ESM identifies two rate-limiting states that have the highest influence on TOF, known as
the TOF-determining transition state (TDTS) and TOF-determining intermediate (TDI).
The technique has found widespread applications in both homogeneous and heterogeneous
catalysis including, more recently, single atom or atomically dispersed catalysis.*!

In this work, our goal is to employ density functional theory (DFT) and the energetic
span model to identify the most preferred mechanism for room-temperature CO oxidation
with atomically dispersed Pt/TiO,. For the strongest Pt-binding hollow site (H1) on pris-

tine (vacancy-free) rutile TiO,(110) as the representative site, 54243

we calculate free energy
profiles and TOFs for Eley-Rideal (ER), Langmuir-Hinshelwood (LH), Mars van Krevelen
(MvK) and combinations of these pathways. Pathways arising from CO co-adsorption and
the formation of carbonate (CO,) intermediates are also probed. Among 13 pathways ex-
amined in this study, the termolecular ER mechanism with CO co-adsorption yields the
highest TOF. However, co-adsorption leads to a dynamically unstable active site. Compari-
son with experimental TOF, instead, indicates preference for an ER mechanism in which the
first step consists of O, dissociation at the active site. Analysis of temperate-dependence of
TOFs shows that the LH pathway is preferred at temperatures exceeding 750 K. Comparison

of TOFs with prior mechanistic studies shows that metal doping (rather than adsorption)

improves activity and Ru and Pd supported on FeOx and CeQO, are more active towards CO



oxidation compared to Pt;/TiO,.

Methods

The model construction and DFT procedure follows prior studies from our group that probe
the dynamical evolution of Pt,/TiO,.2>* A 2x4 unit cell of the (110) surface of TiO,
(12A vacuum) is employed to ensure that Pt atoms in repeating images are separated by
at least 10 A. Of the five layers used to construct the slab, only the top layer is relaxed in
simulations while the remaining layers are frozen in their bulk positions. We employ the
Atomic Simulation Environment (ASE) software?® for model setup and the Vienna Ab Initio
Simulation Package (VASP)464 for spin polarized DFT computations using the Strongly-
Constrained and Appropriately-Normed (SCAN) meta-generalized gradient approximation
(meta-GGA).%® SCAN is chosen both here and in our prior studies as it has been shown
to accurately predict not only bulk properties of binary oxides and correct relative stability
of rutile and anatase phases,® 3 but also binding energies of adsorbates and water-TiO,
surface dynamics.?*%5 Section 1 of the Supporting Information (SI) provides further details
of the methods employed in this study to compute CO oxidation pathways and free energies.

Unless stated otherwise, all free energy changes (AG) are calculated at 298 K. Intrinsic
barriers are determined as the free energy difference between the transition state and the
preceding initial state. We employ the TOF expression developed within the steady-state
framework of ESM as means to identify the preferred mechanism of low-temperature CO

oxidation over Pt;/TiOq:3"3

kgT exp(—AG,/RT) — 1

TOF = ~ -
Zi,jzl exp(T; — I — 5Gi,j)/RT

(1)

where kg and R are the Boltzmann and gas constants, respectively, h is the Planck’s constant,
and T is the temperature. T; and I; are the free energies of the i’ transition state and j™"

intermediate, respectively, along an N-step catalytic cycle of reaction free energy AG,. dG;



defines the ordering of the transition state with respect to the intermediate: 3738

/ AG,, ifi>j
oG, ; = (2)

0, otherwise

The turnover frequency determining intermediate (TDI) and transition state (TDTS) are

identified as the states with the highest degree of TOF control, analogous to the concept of

degree of rate control:®®

> exp(Ti = I; = 6G ;) /RT)
>yt eap((T; — 1 — 0G; ;) /RT)

(3)

XrorT, =

>y eap((Ti — 1; — 6Gy ;) /RT)
Zgj:l exp((T; — I; — 5G§,j)/RT)

(4)

Xror1, =

where Xropr, and Xror,1; represent the degree of TOF control for " transition state
and and j intermediate, respectively. The sum of Xrorr, (Xror1,) over all transition
states (intermediates) is unity. The energetic span (6F) of the catalytic cycle is free energy
difference between the TDTS and TDI, corrected by AG, depending on the relative position
of the two states.?” TOFs and their temperature dependence are determined for 13 possible
CO oxidation mechanisms. The highest TOFs obtained for Pt,/TiO, are then contrasted
with TOF's from proposed mechanisms and catalytic cycles in the literature for other oxide-
supported atomically dispersed catalysts to identify the most active metal-support interface

for CO oxidation.

Results

A single catalytic cycle for CO oxidation involves the formation of two CO, molecules, or
2C0+0,— 2C0,. We examine the possibility that the mechanism of one half-cycle, or

the formation of one CO, molecule, can be distinct from the other half cycle. Free energy



profiles are constructed for ER, TER, LH, and MvK pathways as well as their combinations
by putting together two half-cycles. For ease of illustration, we separate the formation of the
first and the second CO,, and present mechanistic results for the two half-cycles here. In this
section, complete catalytic cycles are reported only for cases in which 2 CO molecules are
simultaneously co-adsorbed at the Pt site. For the remaining possibilities, complete catalytic

cycles are described in Section 2 (Figures S1-S11) of the SI.

First Half-Cycle
Eley-Rideal Mechanism

In an ER half-cycle, CO in the gas phase reacts with adsorbed oxygen (molecular or disso-
ciated) at the Pt site. Figures 1 and 2 show two possible ER mechanisms for formation of
the first CO,, with the latter including the formation of a carbonate (CO;) intermediate.
Figure 1 depicts molecular adsorption and subsequent dissociation of O, (black solid curve,
i—ii—iii) as well as direct, dissociative adsorption (red dashed curve, i—iii). Despite similar
barriers to sequential adsorption and dissociation and direct dissociation, the two pathways
yield distinct TOFs, described later in this section. Between (iii) and (iv), CO, is formed
via the reaction of the dissociated O that is farther away from the support surface and a
CO molecule in the gas phase. CO, formation and desorption occur simultaneously and this
step is determined to be barrierless.

Figure 2 describes another possible ER half-cycle, where CO, is formed upon the (barrier-
less) reaction of CO with molecularly adsorbed O,. Unlike Figure 1, the alternative pathway
that includes dissociated O, is not examined. This is because the direct formation of CO,
may be less favorable owing to large separation between dissociated O species (3.318 A)
The formation of CO4 is proposed in the literature for CO oxidation over Al,O, CeO, and
MgO supported catalysts. 278 This step (ii—iii) is significantly downhill, and the resulting
COj, intermediate is strongly bound to Pt. The first CO, is formed upon partial desorption

of COyg, leaving behind a single adsorbed O on Pt. This formation and desorption (iii—iv)
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step has an intrinsic free energy barrier of 1.84eV.

TS

Figure 1: Free energy profile for the formation of the first CO, (first half-cycle) via the ER
mechanism. The red dashed curve represents direct dissociative adsorption of O,. Top and
side views of intermediates and transition states are also illustrated. (Color scheme — blue:
Pt, red: O, grey: Ti, brown: C)

Langmuir-Hinshelwood Mechanism

Two possible LH routes are presented based on initial configurations consisting of Pt bound
to O, and CO, shown in Figures 3 and 4, respectively. We do not examine the possibility of
LH with dissociated O, because a stable structure with co-adsorbed CO and two O species
cannot be found. In Figure 3, adsorption of CO (ii—iii) results in an increase in O—O
separation from 1.353 A (ii) to 1.440 A (iii). The first CO, is formed between the co-
adsorbed species with an intrinsic free energy barrier of 0.90 eV. Subsequent desorption of
CO, is only slightly uphill in free energy.

Figure 4 describes the alternative LH pathway, where dissociative adsorption of O,, follows

CO adsorption. We note that although this is labeled as an LH pathway, dissociative O,

8



Figure 2: Free energy profile for the formation of the first CO, via the ER mechanism
through a carbonate (CO;) intermediate.

adsorption and CO, formation occur in a single step, blurring the distinction between LH and
ER. CO, formation (ii—iii) is followed by a barrierless reaction with adsorbed O to generate
a COj; intermediate (iii—iv). As CO, is a stable intermediate, subsequent formation and
desorption of CO, are uphill in free energy.

The final states of the half cycles in Figures 1 and 3 are distinct from those in Figures
2 and 4. Shown in Figure 5, the free energies of the two geometries differ by 0.20 eV and
are separated by a small barrier. The structure with O species that is less coordinated to
the surface (ii) is lower in energy. The local site geometry consists of a near-linear O—Pt—0O
(£ O-Pt-O=177.3°), reminiscent of thermally stable, linear oxide-like motifs identified in
our previous ab initio molecular dynamics (AIMD) study of Pt binding configurations and

dynamically stable O-bound Pt on rutile TiO,(110).2%4



Figure 4: Free energy profile for the formation of the first CO, wia the LH mechanism
through carbonate intermediate (LHc ).
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Figure 5: Diffusion of oxygen atom on Pt from more to less coordinated configuration.

Mars-van Krevelen Mechanism

In the MvK half-cycle (Figure 6), a TiO, lattice O reacts with an adsorbed CO, creating
a vacancy upon CO, formation, which is then filled via O, adsorption and dissociation. O
species at bridging positions are easier to remove compared to basal O.% Therefore the CO,
formation step is preceded by migration of an adsorbed CO from the Pt site to the two-
coordinated bridging O (O,,) atom (ii—iii(a)). The intrinsic free energy barrier associated
with this step is very high (6.33 eV). An alternative possibility is the migration of lattice
oxygen towards the adsorbed CO, represented in dashed red curves in Figure 6. This proceeds
via a different transition state (TS1(b)), and the intrinsic free energy barrier is 0.94 eV lower
than that of CO migration. The next step of CO, desorption proceeds via intrinsic free
energy barriers of 2.03 eV and 2.58 eV relative to states iii(a) and iii(b) for CO and O
migration pathways, respectively. The surface O vacancy is filled via barrierless adsorption

and dissociation of O, (iv—v). One atom from the O, molecule fills the vacancy and the
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other migrates towards the Pt, resulting in an O-O separation of 3.674 A. The second half-
cycle for MvK begins with state (v) and can proceed via ER or LH pathways. Since both
possibilities yield identical rate determining states and TOF's, we report the results of only

the pathway comprising MvK followed by ER.

T51(a), 3.12 TS2(a), 1.98
T51(b), 2.18 [ TS2(b), 1.75

AG (eV)

Figure 6: Free energy profile for the formation of the first CO, via the MvK mechanism,
via either CO migration (black curve) or lattice oxygen migration (dashed red curve) steps
between ii and iv.
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Second Half-Cycle
Eley-Rideal Mechanism

Formation of the second CO, via the ER mechanism, shown in Figure 7, begins with an
O-bound Pt site. This intermediate is obtained directly after the formation of the first CO,
via ER (Figure 2), LH (Figure 4), or MvK (Figure 6). Alternatively, this intermediate can
be obtained via O diffusion (Figure 5) after the ER or LH mechanisms described in Figures 1
and 3, respectively. CO in the gas phase reacts with O to form CO,,, which is near-linear and
coordinated weakly to Pt (Table S5, SI). Although the subsequent step of CO, desorption
is uphill in free energy, a transition structure could not be identified, and therefore this

desorption is treated as a barrierless step.

Figure 7: Free energy profile for the formation of the second CO, via the ER mechanism.
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Langmuir-Hinshelwood Mechanism

Formation of the second CO,, via the LH mechanism is depicted in Figure 8. After desorp-
tion of the first CO, in both ER or LH mechanisms (Figure 1 and 3, respectively), the O
intermediate is coordinated to both Pt and adjacent five-coordinated Ti (Ti5c). The CO
molecule binds to Pt, and reacts with O. This step (ii—1iii) proceeds via an intrinsic free
energy barrier of 1.58 eV, and results in Pt-bound CO, that is bent (/0 — C' — O = 138.8°).
This bent structure is bound more strongly to the catalyst by 0.66 eV compared to the linear
CO, shown in Figure 7. Desorption of this species is energetically uphill and proceeds via

an intrinsic free energy barrier of 1.35 eV.

Figure 8: Free energy profile for the formation of the second CO, via the LH mechanism.

Co-Adsorption of Two CO Molecules

Prior mechanistic studies of the water-gas shift reaction initiate the catalytic cycle with a CO

already bound to the active site with the underlying hypothesis that a strongly bound CO
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is less likely to react but a second CO binds weaker to Pt and can therefore be oxidized. 76

Here, we describe mechanisms and free energy profiles for when two COs are bound to Pt.

Termolecular Eley-Rideal Mechanism

Figure 9 portrays the full catalytic cycle of the termolecular ER mechanism involving the
simultaneous formation of two CO, species (iii—iv). In this mechanism, two CO molecules
co-adsorb on the Pt atom. The adsorption of the second CO is much weaker, associated with
free energy lowering of only 0.12 eV compared to a single CO. The Pt—C distance of the first
adsorbed CO increases by 0.02 A when a second CO is adsorbed and this distance is 0.15
A longer for the second adsorbate. Both CO molecules are activated with a single oxygen
molecule at the same step. At the transition state, the O—O separation increases from 1.226
A in gas phase to 1.271 A and the intrinsic free energy barrier for this step is 0.87 eV. The
less coordinated CO, desorbs with an intrinsic barrier of 0.74 eV. Desorption of the second,

strongly coordinated CO, is less favorable, with an intrinsic barrier of 1.35 eV.

Co-Adsorption Assisted Termolecular Eley-Rideal Mechanism

Co-adsorption of more than one adsorbate at a metal site effectively weakens metal affinity
towards each individual adsorbate, and therefore can facilitate desorption. For instance, the
desorption of CO, may be aided by adsorption of a CO molecule. To analyze this scenario,
we utilize a different reference state, corresponding to CO bound to Pt at the H1 site. Named
TER o, the complete catalytic cycle for this pathway is shown in Figure 10. This pathway
differs from the TER mechanism discussed previously only in the last step, in which a CO
molecule is adsorbed prior to desorption of the second CO,. This weakens CO, binding,

thereby lowering the intrinsic barrier to CO, desorption to 0.96 eV.
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Figure 9: Free energy profile for the complete catalytic cycle with the TER mechanism.
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Figure 10: TERco — Free energy profile for the complete catalytic cycle with the TER
mechanism, where the CO-bound Pt state serves as the reference.
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Co-Adsorption Assisted Mars-van Krevelen Mechanism

The complete catalytic cycle for an alternative MvK mechanism beginning with co-adsorption
of two CO molecules, labeled MvK o, is illustrated in Figure 11. The reference is identical
to TERco.One of the CO molecules migrates towards the bridged O with an intrinsic free
energy barrier of 3.47 eV, a little over half the barrier reported for CO migration in Figure
6. The subsequent intrinsic barrier to CO, desorption and vacancy formation is only 0.22
eV, significantly lower than that for the MvK pathway reported in Figure 6. Subsequent O,
adsorption at the vacancy site proceeds with a small intrinsic barrier of 0.13 eV. O, adsorp-
tion is not fully dissociative and the O—O bond length increases from 1.226 A in gas phase
O, to 1.428 A when bound to the vacancy (v). A barrier is not reported for this step as a
first order saddle point could not be located using NEB. It is however reasonable to assume
that this step is barrierless as complete dissociative adsorption at a vacancy site in the MvK
cycle presented in Figure 6 (iv—v) is barrierless. In the mechanism presented in Figure
11, CO binding to Pt appears to suppress complete dissociation of O,. The assumption
that this step is barrierless does not affect the resulting TOF and subsequent comparison of
mechanisms.

In step vi, another CO molecule binds to Pt. CO, is formed by the CO adsorbed closest
to the O,-bound vacancy site. Migration and CO oxidation occur in a single step, with an
intrinsic barrier of 4.48 eV, which is higher than the barrier in the absence of an O,-bound
vacancy site (TSI in Figure 11). An alternative pathway is possible from (v), shown in red
dashed curves in Figure 11. This shows an ER mechanism, in which CO, is formed and
desorbed upon reaction of vacancy-bound O with a CO molecule in the gas phase. This
pathway (v—i) is energetically more favorable as it avoids the high barrier step associated

with CO migration.
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Figure 11: Free energy profile for the complete catalytic cycle with the MvK mechanism,
where the CO-bound Pt state serves as the reference. The red dashed line represents a
combination of MvK with the ER mechanism for formation of the second CO,.
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Turnover Frequency Analysis: Energetic Span Model

We enumerate mechanistic possibilities for the full CO oxidation catalytic cycle by examining
combinations of the first and second CO, formation mechanisms described above. Thirteen
distinct pathways are identified and illustrated in Figures S1-S11 (Section 2, SI). TOF values
of these cycles are reported in Table 1 along with the corresponding energetic spans, TDIs,

and TDTSs. The naming convention for the pathways reported in Table 1 is as follows:
1. ER (LH): catalytic cycle in which both CO, products are formed via ER (LH).
2. ERcos (LHcos): catalytic cycle involves the formation of a CO; intermediate.

3. ERogiss and ERpags: ER pathways where O, is directly dissociated and dissociated

after molecular adsorption, respectively, shown in Figure 1.

4. ER+LH and LHcos+ER: mixed mechanisms, with the name before and after the

‘+7 sign referring to the first and second halves of the catalytic cycle, respectively.
5. TER: termolecular ER, described in Figure 9.

6. TERco and MvKo: the pathways in which the reference state is the CO-bound Pt

at the H1 site.

7. MvKomig and MvKcomig: MVK pathways with lattice O and adsorbed CO migra-

tion, respectively, described in Figure 6.

The highest TOF for low-temperature CO oxidation with Pt,/TiO, corresponds to
TERco (1.72h71) followed by ERoajss (8.5 x 1072h71), while the lowest TOF corresponds
to the MVK comig mechanism (1.62 x 107°*h2~1). Based on the ESM, the termolecular Eley-
Rideal pathway with at least one CO adsorbed at the Pt site throughout the catalytic cycle
is the most favorable route for room temperature CO oxidation over atomically dispersed
Pt at H1 site of TiO, (110). The TDI and TDTS for this pathway are co-adsorbed CO and

CO, (step v in Figure 10) and desorption of the second CO, (TS3 in Figure 10), respectively.
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Excluding TERco and ERggiss, all pathways exhibit significantly lower TOFs spanning a
wide range. For both ER and LH mechanisms, formation of the CO; intermediate decreases
the TOF significantly, with the COjs-bound state constituting a TDI for the former. All
four MvK pathways examined in this study yield very low TOFs as they possess the largest
energetic spans (0F, Table 1) compared to other mechanisms examined in this study.

ESM analysis shows that, with the exception of ERogiss, ER+LH, and MvK o, TDI
and TDTS are successive states. In other words, if TDI and TDTS are successive states, the
situation is equivalent to a ‘rate-limiting step’ in a multi-step pathway. This is illustrated
in the 0E and AG (Grprs — Grpr) columns in Table 1. The two columns differ only for
ERoaiss and ER4+LH because the TDTS appears before the TDI (Figures S2 and S3, SI).
In most pathways reported in Table 1, TDI is the CO-bound state since CO adsorbs strongly
to Pt at the H1 site. Although the TDTS in both TER and TERco is the desorption of
the second CO,, TOF of TERco is significantly higher since the desorption is aided by CO
co-adsorption. Along similar lines, TOF values of MvK pathways with CO-bound references
(MvKco, MvKco+ER) are significantly higher than those without CO co-adsorption
(MVKomig, MVKcomig)-

Table 1: TOF values and TOF-determining states (TDI and TDTS) of 13 low-temperature
CO oxidation pathways over H1 site of Pt;/TiO, catalyst. Points corresponding to TDI
and TDTS along the reaction pathways are presented in Figures S1-S11 of the SI. The
bottom three rows utilize CO-bound Pt at the H1 site as the reference for free energy
calculations. Energetic span (JF) and difference between the free energies of TDTS and
TDI (AG = Gyprg-Gop) are also presented.

Pathway TOF TDI TDTS OE AG

(h™h) (Figure #, step #) (TS#) (eV) (eV)
ERoaiss 8.50 x 102 linearly adsorbed CO, (S1, vi) dissociative O, adsorption (T'S1) 1.03  6.56
TER 2.51 x 1077 adsorbed bent CO, (87, v) second CO4 desorption(TS3) 136  1.36
EROads 3.00 x 108 adsorbed O, (S1, ii) O, dissociation (TS1) 141  1.41
LH 3.98 x 10~ 11 co-adsorbed CO and O (S4, vi) second CO, formation (TS2) 1.58  1.58
ER+LH 6.73 x 10713 adsorbed bent CO, (83, v) dissociative O, adsorption (TS1) 1.69  7.21
ERcos 2.27 x 10~15 adsorbed COj5 (S2, iii) first CO, desorption (TS) 1.83  1.83
LHcos 1.09 x 10—24 adsorbed CO (S5, ii) first CO, formation (TS1) 2.38 2.38
LHcos+ER 1.09 x 10—24 adsorbed CO (86, ii) first CO, formation (TS1) 2.38  2.38
MvKOmig 1.30 x 10~ 7% adsorbed CO (89, ii) O migration (TS1) 5.39  5.39
MvKcomig 1.62 x 10791 adsorbed CO (S8, ii) CO migration (TS1) 6.33  6.33
TERco 1.72 co-adsorbed CO and CO, (S10, v) second CO, desorption (TS3) 0.95 0.95
MvKco+ER 4.19 x 10~43 co-adsorbed 2CO (S11, ii) CO migration (TS1) 347 347
MvKco 2.48 x 10~61 filled vacancy (S11, v) second CO,, formation (TS3) 455  4.55
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Temperature Dependence of TOF

The energetic span model employs free energies of intermediates and transition states consti-
tuting a catalytic cycle to compute TOFs. As these free energies vary with temperature and
concentration, the sensitivity of proposed mechanisms to these quantities must be examined.
Here, we examine only temperature dependence and neglect the effects of varying reactant
and product partial pressures. The resulting temperature dependence of TOF across pro-
posed mechanisms is shown in Figure 12. Owing to the wide range of TOF values observed,
we employ a log-scale and reference TOF values to the highest TOF obtained at 298 K,
corresponding to the TERco pathway. TOFs for the MvK mechanisms are not shown as
these values are several orders of magnitude lower than the remaining pathways between
300 and 900 K. Figure 12 shows that each pathway exhibits distinct temperature sensitiv-
ity. While LH pathways (LH, LHcos, and ER+LH) result in higher TOF with increasing
temperature, ER and TER pathways exhibit a maximum TOF in the range of temperatures
examined, with ERgaqs and ERpgjss mechanisms becoming indistinguishable after 720K.
While TER o yields the highest TOF between 300 and 700 K, TER TOF is slightly higher
than TERco between 700 and 750 K. Beyond about 750 K, TER TOF drops while TOFs
of other pathways increase. At these elevated temperatures, LH, ERco3, ER+LH, and

ER exhibit the highest TOFs.

Comparison with Prior Studies

We utilize ESM to calculate TOFs and contrast our mechanistic findings with prior compu-
tational studies of CO oxidation with atomically dispersed catalysts. 1+9:10:26:27,29,58,61,62 g e
2 lists ESM results — TOF, TDI, TDTS — for previously proposed reaction mechanisms on
oxide-supported atomically dispersed catalysts. As free energies are not always available in
the literature, electronic energies are employed to calculate TOFs. The difference in the TOF

value for the most preferred mechanisms in this study (TERco, ERoaiss) between Tables

1 and 2 stems from the use of free and electronic energies, respectively. We note, however,

22



—157 — LH

TERco

Iog (TO F/TOFTERCO, ZQBK)
AN
o

ERo,. ER+LH
=201 — TER —— ERco,
ERo, —— LHco,
_25 l T T T T T T T
300 400 500 600 700 800 900

Temperature (K)

Figure 12: TOF evolution with temperature for select reaction mechanisms. Reference TOF
is selected as TER gq since it yields the highest TOF at 298 K (1.72 h™'). MvK mechanisms
are not included as their corresponding TOF values are significantly lower than others at

these temperatures.

that the TOF values calculated using electronic and free energies are within an order of
magnitude of each other at 298 K, as is to be expected. The mechanisms identified in prior
studies are labeled MvK if a lattice oxygen leaves the surface in the oxidation product, and
LH if all of the reactive species are adsorbed on the catalyst surface prior to the reaction
step. We contrast the highest TOF in our study, obtained with the TERco mechanism,
with TOF values calculated using DF'T results from prior studies.

With the exception of Pt;/MgO5® and Ir,/FeO,,?¢ all the systems reported in Table 2
have reaction pathways with successive TDI and TDTS. The TDI and TDTS are separated
by a step in Pt;/MgO and Ir; /FeO_, which implies that there is no single rate-limiting step
in the preferred pathways for these systems. For MvK mechanisms reported in the literature,
CO (or CO,) adsorption and vacancy formation usually correspond to the TDI and TDTS,
respectively. For the LH mechanisms, co-adsorbed intermediate states and CO, formation
transition states typically constitute the TDI and TDTS, respectively. Co,/FeO_ 2" is the
exception, reporting the formation of an OOCO-like structure between adsorbed CO and

O,. This peroxo-type structure is distinct from CO, and is reported for CO oxidation with
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Table 2: TOF analysis for CO oxidation at 298 K (unless noted otherwise) via proposed
mechanisms in the literature with atomically dispersed metals supported(/) or doped(@) on
metal oxides. TOF values reported in this table are calculated based on electronic energies
(excluding zero point energies).

Catalyst Mechanism TOF TDI TDTS

(h™h)
Pt,/TiO4 (this work) TER¢q 0.45 co-adsorbed CO and CO, second CO, desorption
Pt,/TiO, (this work)  ERodiss 0.10 linearly adsorbed CO, dissociative O, adsorption
Pty /FeO, ! MvK 9.74 x 10? adsorbed CO,4 vacancy formation
Pt,/CeO, 10+ MvK 8.94 x 1076 adsorbed CO vacancy formation
Pt;@Ce0, 5! MvK 1.15 x 108 filled vacancy second CO, formation
Pt,/MgO %1 LH 3.64 adsorbed CO first CO, formation
Ru, /FeO, " LH 3.61 x 10! co-adsorbed CO and O second CO, formation
Ru, /CeO, % LH 2.51 x 108 co-adsorbed CO and O second CO, formation
Pd,/Ce0,"* LH 1.68 x 1010 adsorbed CO and 20 second CO, formation
Pd, @y—Al,04%2 MvK 8.81 x 103 adsorbed CO, vacancy formation
Rh; /FeO, 2" MvK 2.31 x 107 adsorbed CO,4 vacancy formation
Ir, /FeO, %6 MvK 5.46 x 10715 adsorbed CO vacancy formation
Co, /Fe0O, 2" LH 5.48 x 108 co-adsorbed CO and O, 00CO formation

*  The calculation is based on zero-point corrected potential energies.

t The calculation is based on Gibbs free energies at 573 K.
¥ The calculation is based on Helmholtz free energies at 323 K.

the LH mechanism with Ru/CeO,,? Cu,0,% and Au-embedded graphene®! catalysts. A
stable peroxo-type structure is not detected with Pt,/TiO, in our study.

Atomically dispersed Pt atoms supported or doped on various oxides yield TOF values
ranging between 8.94 x 107% and 1.15 x 108 h™'. The Pt,/TiO, catalyst studied in this work
yields higher TOF than Pt,/CeO,,' although Pt doped on ceria® leads to a TOF that is
several orders of magnitude higher than Pt adsorbed on ceria or titania. Similarly, doped Pd
on alumina (Pd;@y—Al,0,) yields a large TOF via an MvK mechanism.% The Pt;/MgO
study is carried out at 573 K, at which the TOF for Pt,/TiO, is 7.93 x 10% and 4.39 x 10?
h ! with TERco and LH mechanisms, respectively, both higher than Pt,/MgO.%® Similar
to Pt, atomically dispersed Ru atoms exhibit higher activity when adsorbed on FeO, rather
than CeO,. In both catalysts, the LH mechanism is preferred and the TDI and TDTS are
identical. Higher activity of Ru,/FeO, %" can be attributed to less favorable binding of CO,.

Both MvK and LH mechanisms are proposed for atomically dispersed metals over FeO,

with TOF values ranging between 3.61 x 10'' for Ru,/FeO_?" and 5.46 x 10~ h~! for
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Ir, /FeO,.?® CO oxidation routes through LH mechanism have higher TOF values. Based
on the ESM analysis of TOFs determined from the mechanisms proposed by these prior
studies, we can rank the the activities of single atoms adsorbed on FeO_: Ru > Co > Rh
> Pt > Ir. Similar to FeO,, LH yields higher TOF values than MvK over CeO, catalysts,
and metal activities decrease in the following order: Pd > Ru > Pt. Pt activity is higher
when it is doped, and the MvK mechanism with Pt;@CeO,% exhibits TOF comparable
to LH over atomically dispersed Ru and Pd over ceria. The ESM-based TOF analysis
can therefore be employed to contrast active sites across metal-support combinations and

proposed mechanisms to identify the most viable species for CO oxidation.

Discussion

Significant experimental and computational efforts in the last decade have been aimed at
uncovering the catalytic activity and underlying mechanisms of oxidation chemistry with
atomically dispersed catalysts. While several studies implicitly assume an active role of
the oxide support, or a Mars van Krevelen mechanism, we demonstrate here that there
exist several mechanistic possibilities — combinations of MvK, LH, and ER as well as a
range of intermediates and co-adsorption scenarios — which need to be evaluated to identify
the pathway that yields the highest TOF. In a multi-step catalytic cycle, this cannot be
accomplished solely by constructing a free energy profile and identifying the rate-limiting
step or reaction bottleneck as the highest apparent barrier. This is because neither the
highest energy point nor a single step in a catalytic cycle is necessarily the sole determinant
of turnover frequency. The formation of a highly stable intermediate, for example, can inhibit
the reaction and reduce TOF by poisoning the catalyst, as we see in the pathways that include
COj4 formation. Catalyst turnovers therefore must be determined by an ‘energetic span’ of
intermediate and transition state energies, with a smaller span resulting in higher TOF.

We employ the energetic span model developed for the purpose of translating quantum
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chemistry-based reaction energy profiles into catalyst TOFs. ESM reveals that there is no
single rate-limiting step, or adjacent intermediate and transition state, in three pathways
identified in this study — ERoqiss, ER+LH, and MvKco. There can also be more than
one intermediate or transition state that contributes to TOF. Using a degree of TOF control
analysis (Equations 3 and 4), Table S1 (SI) reveals that ER+LH, MvKco+ER, and
MvKco pathways have more than one intermediate that can control the TOF, although
the degree of control by the TDI is significantly larger than any other intermediate. The
ESM therefore emphasizes the importance of using quantitative methods for identifying rate-
or turnover-determining states in a catalytic cycle, which will be critical to the determination
of preferred mechanisms as well as catalyst tuning or design parameters.

We calculate TOFs for 13 possible pathways to identify the preferred mechanism of
CO oxidation with atomically dispersed Pt at the hollow H1 site on the pristine (110)
surface of TiO,. The highest TOF at 298K corresponds to a modified ER pathway known
as termolecular ER with CO co-adsorption (TERco in Table 1). In the absence of CO
co-adsorption the termolecular pathway, TER, yields a TOF seven orders of magnitude
smaller than that of TERco. Termolecular ER is proposed as the preferred mechanism
of CO oxidation with single atoms supported on two-dimensional materials,® and is yet to
be examined on oxide-supported catalysts. To the best of our knowledge, there is also no
experimental evidence for the formation of a OCOOCO intermediate (step iv, iii in Figures
9 and 10, respectively).® Co-adsorption, or the adsorption of more than one CO has been
proposed in previous studies. For example, Ammal and Heyden propose a mechanism for
the water-gas shift reaction based on one CO molecule being bound to CO throughout
the catalytic cycle, in order to probe discrepancies in literature regarding the activities of
single atoms vis-a-vis clusters.!” If co-adsorbed, CO consumption is not reflected in the
disappearance of the infrared peak corresponding to Pt-bound CO, which was previously
cited as evidence against single atoms (and in favor of clusters) being catalytically active

by Ding and coworkers.% The study by Ammal and Heyden shows that co-adsorption leads
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to weaker bound and more reactive species for WGS, which is also observed here for CO
oxidation.

Despite evidence that co-adsorption leads to higher TOF, we need to take into account
the fact that these conclusions are based on static quantum chemistry simulations where
thermally driven motion of atoms is quenched. The role of finite temperature is partially
accounted for by means of thermochemical approximations that enable the calculation of
Gibbs free energies. Table S5 (SI) shows that the free energy of adsorption of two CO
molecules is only marginally more favorable (0.12 eV downbhill) relative to adsorption of a
single CO at 298 K. Above 375 K, adsorption of a second CO molecule is no longer favorable.
We also turn to dynamics studies to assess the viability of co-adsorption. In a recent study
from our group, we utilize AIMD at 500 K to probe the evolution of adsorbate-bound Pt
in the Pt,/TiO, system over picosecond timescales.*® While Pt exhibits very low mobility
from its hollow, basal site when bound to a single CO in a 5 ps NVT trajectory at 500 K,
we observe metal atom migration towards bridge sites even at room temperature upon co-
adsorption, followed by complete separation of Pt(CO), from the support before the system
attains 500 K. Furthermore, the TER mechanism requires three species — two CO and one
O, — to come together at the active site. The probability of these three species coming
together, or the pre-exponential factor in the rate coefficient, is expected to be smaller for
TER pathways compared to ER or LH. Therefore, despite yielding the largest TOF, our
analysis of free energies and adsorbate-induced dynamics shows that the TERco pathway
is less likely to be the preferred mechanism of CO oxidation.

Next, we consider the ERoqjss pathway, which yields the second highest TOF of 8.50x 1072
h~=! at 298 K. This is one of three ER pathways examined in this study — direct dissociative
(ERoaiss ), molecular adsorption of O, followed by dissociation (ERgags), and (ERcos). In-
creasing temperature reduces the gap between ERgiss and ERpags TOFS, leading to equal
values at temperatures above 720 K, illustrated in Figure 12. As seen in Table 2, to the

best of our knowledge, ER pathways have not been reported in prior computational studies
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of CO oxidation with atomically dispersed catalysts. It can be argued that ER is a viable
pathway particularly in cases where the barrier to formation of the TDTS — dissociative
adsorption of O, — are low.??® We speculate that the competitive, favorable adsorption of
CO and the possibility of CO4 formation constitute reasons why the ER mechanism has not
been proposed in previous studies.

We turn to experimental studies to determine the viability of ER mechanisms for CO
oxidation. Direct experimental validation of the mechanism is challenging as the location
and distribution of active sites are difficult to determine experimentally for comparison with
site-averaged TOF computations. In addition, few direct comparisons are possible for the
system under investigation in this work. Nevertheless, we contrast our results for the two
most favorable pathways - TER g and ERpaiss — With experimental TOFs for atomically
dispersed Pt on TiO, reported by Liu and co-workers.® Shown in Table S2 (SI) for temper-
atures between 373 and 448K, calculated TOFs (0.033-3.75 s7!) for ERpgiss are within an
order of magnitude of experiment (0.44-2.75 s~!), despite the rate of increase of TOF with
temperature being higher in the former. On the other hand, the TER sy pathway yields
higher TOFs compared to experiment at all temperatures in this range, deviating by two
orders of magnitude at 448 K. Furthermore, experimental studies with Pt dispersed on the
anatase phase of TiO, find that O, dissociation is rate-limiting,”® in line with the TDTS
identified by ESM for the ER g4;ss Pathway. Although experiments propose O, dissociation
as a rate-limiting step in the MvK mechanism, we find that all possible MvK pathways yield
negligible TOFs. Therefore based on agreement with experiment in both TOF and TDTS
and pending a complete derivation of the rate law, we believe that ER g q;ss 1S the preferred
mechanism of CO oxidation for Pt dispersed on TiO,. It may be argued that the represen-
tative site chosen in this study is not the one that is most active towards CO oxidation in
the experimental work by Liu and co-workers,?® particularly because Pt doping at cationic
vacancies is expected to yield more active sites (Table 2). However, the experimental work

reports Pt migration and the formation of clusters under CO oxidation conditions. This
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observation is very much in line with AIMD work by our group described earlier in which
Pt adsorbed (and not doped) at a basal site becomes highly mobile and dissociates from the
surface when bound to more than one CO.% The dynamics of doped Pt at cationic vacancies
are not reported by our group because Pt doping is significantly more energetically favorable
than Pt adsorption, thereby introducing a steep barrier to metal atom migration and cluster
formation. ?°

While combined evidence from experiments, DFT, and AIMD points to ER ;¢ being the
preferred pathway, we do not eliminate the possibility that the mechanism of CO oxidation
may be site-sensitive or that more than one site may be involved in a single catalytic cycle.
As reported in a previous study by our group, there are at least 17 distinct sites possible on
the (110) surface, including cases where Pt occupies or is adjacent to cationic and anionic
vacancies. 2 In addition to site-sensitivity, the dynamic adaptation of metal atoms to reaction
conditions is difficult to account for in mechanistic studies.?® Adsorbates have pronounced
effect on metal-support interactions and can promote metal atom migration under reaction
conditions. For instance, an AIMD study by our group finds that CO,-bound Pt can diffuse
easily towards the second hollow H2 site at 500 K, at which the adsorbate binding energy
drops and CO,, desorption becomes more favorable.** A similar phenomena is experimentally
observed by Jakub and co-workers, where atomically dispersed Ir atoms on Fe;O, migrate
to a different adsorption site prior to desorption of CO from surface-bound Ir-dicarbonyl
species. % Therefore, more than one metal binding site can participate in a single catalytic
cycle. While we probe the preferred mechanisms at a single site in this study, the diversity
in active sites as well as the dynamic character of single atoms requires an extensive analysis
of site-sensitivity of mechanisms as well as the construction of site-optimized pathways that
take into account diffusion between sites. To the best of our knowledge, these complexities
are yet to be incorporated in mechanistic studies of atomically dispersed catalysts.

Despite low TOFs observed with the remaining 11 CO oxidation pathways, this study

demonstrates the quantitative impact of co-adsorption, intermediates, and temperature on
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TOFs. Co-adsorption of molecules aid the reaction by decreasing barriers to molecule mi-
gration or desorption. It is however important to consider the stability of these co-adsorbed
structures under reaction conditions, as illustrated above in the case of TERco. The for-
mation of a carbonate intermediate is significantly downhill in free energy, and the COq
intermediate is the TDI in ERcps. This is in line with prior studies which propose that
CO, behaves as a catalyst poison. 6268

The preferred mechanism of CO oxidation is sensitive to reaction temperature. Prior
CO oxidation studies report temperature-sensitivity of preferred mechanisms with both sup-
ported nanoparticle and atomically dispersed catalysts.*™ Figure 12 shows the shift in
preference from TER, pathway at low temperatures to LH at temperatures above 750K.
This is in part due to changes in kinetically relevant TDI and TDTS states with tempera-
ture.? For example, at temperatures higher than 700 K, the TDI and TDTS of TER change
to adsorbed CO and desorption of the first CO,, respectively. TDI of the TER g becomes
identical to that of the TER mechanism at temperatures above 600K. This causes a decrease
in the TOF at higher temperatures. Similarly, the TER pathway exhibits a change in TDTS
to desorption of the first CO, at temperatures above 700 K. ER pathways — ERgg4;ss and
ER .45, exhibit an exponential increase in TOF followed by a plateau. The plateau coin-
cides with the change of TDI of ERg,4s and ER ;s mechanisms to the reference state (i
in Figure 1) at temperatures above 700 K and 600 K, respectively. A change in rate-limiting
state with temperature therefore is not necessarily indicative of a change in preferred mecha-
nism. For the remaining mechanisms shown in Figure 12 (LH, ER + LH, ERco3,LHco3),
TOFs increase monotonically and kinetically relevant states do not change with temperature.

This work utilizes ESM as means to discover both common features of and differences
between catalytic cycles underlying various metal-support combinations identified for CO
oxidation chemistry. Presented in Table 2, the most viable support for atomically dispersed
Pt is CeO, and the active site is Pt doped at a cationic vacancy (Pt;@CeQ,).% This TOF is

obtained by assuming an MvK pathway. While TDI’s vary across MvK pathways, the TDTS
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for this catalyst, unlike others in Table 2, is not vacancy formation but rather the formation
of the second CO,. Vacancy formation not being the TDTS is a possible consequence of the
fact that the reverse spillover of a lattice oxygen to the metal atom is easier when the metal
atom is doped and cationic.”"™ In general, low TOFs are associated with CO adsorption
being the TDI (including Pt, /TiO,) and high TOF's are associated with CO, adsorption (or
co-adsorbed CO and O) being the TDI. Owing to both high barrier to lattice O migration as
well as strong CO binding,?® the energetic span of the MvK mechanism is large for Pt, /TiO,,
leading to very small TOFs.

The analysis in Table 2 also highlights potential deficiencies in prior mechanistic studies
and the ESM approach. An experimental study reports higher CO oxidation activity with
Pt,/FeO, compared to Ir, /FeO,, and the TOF for the former is higher by one order of mag-
nitude at 80 °C.%¢ While the ESM analysis is in agreement with higher activity of Pt, /FeO_,
the difference between calculated TOFs in Table 2 is significantly wider than experiment.
It may be argued that the TOF analysis does not take into account concentration (or par-
tial pressure) dependence of reaction mechanisms, whose contributions cannot be isolated
from experimental turnovers.” However, similar to the prediction accuracies observed for
Pt,/TiO, reported in Table S2 (SI), the calculated TOF for Pt,/FeO, (0.27 s7!) is very
close to experiment (0.165 s'). On the other hand, calculated TOF for Ir, /FeO, catalysts
is greatly underestimated. It is therefore more likely that the proposed reaction mechanism
(MvK) is not the one that yields the highest TOF. The ESM-based TOF analysis therefore
serves to identify incorrect mechanistic assignments in computational studies by means of
validating calculated TOF's with experimentally observed trends.

It is important to note that an implicit assumption underlying the comparison of catalytic
materials presented in Table 2 is that errors or uncertainties DF'T-based potential energies
used to compute TOF's are similar across all systems. The order of activities by support and
metal atom proposed above therefore may be sensitive to the underlying choice of theory.

These effects cannot be neglected because we find that a small increase in the energetic
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span of, say TERco, by 0.02 eV doubles the TOF at 298 K. This sensitivity drops with
increasing temperature, and the TOF increases by a factor of 1.5 with same increase in
energy at 700 K. Therefore while our analysis of the 13 proposed pathways identifies the
most viable mechanisms with a high level of confidence by using the same level of theory
and thermochemical approximations, we will require further computations at similar if not
identical levels of theory to identify the most active catalyst amongst those investigated in

the literature with the same level of confidence.

Conclusions

Our understanding of the structure, operando behavior, activity, and stability of atomically
dispersed catalysts is evolving rapidly. The energetic span model is a useful quantitative
tool for characterizing catalytic activity as it offers direct means to not only contrast the
viability of proposed mechanisms and validate with experiment, but also identify the most
active catalyst for a desired reaction. This work combines ESM with an extensive study of
CO oxidation mechanisms, AIMD studies of dynamical adsorbate effects, and experimental
observations to show that MvK is not always the preferred mechanism on reducible oxide
supports. Instead we find that a previously neglected possibility, the Eley-Rideal mechanism,
is the most plausible mechanism even though it does not yield the highest TOF of all the
pathways examined in this work. This finding is based on agreement of calculated TOFs with
experiment as well as the TDTS with the experimentally proposed rate-limiting step. The
highest TOF corresponds to a termolecular Eley-Rideal mechanism, which is ruled out mainly
because Pt is dynamically unstable in an intermediate state in which two CO molecules
are adsorbed at the active site. While the ER mechanism with dissociative adsorption of
O, (ERgqjss) 18 preferred at 298 K, the Langmuir-Hinshelwood mechanism becomes more
favorable at temperatures higher than 750 K. We also use ESM to calculate TOF values

and rate limiting states for several atomically dispersed catalysts reported in the literature
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and attempt to identify the most active metal and support materials for CO oxidation.
While the ESM provides a quantitative framework for comparing and validating proposed
mechanisms, our examination of the preferred mechanism of CO oxidation is by no means
complete. Owing to the diversity in site distributions achievable on these surfaces as well as
the fact that the active sites themselves can change in the course of a catalytic cycle, future
work in the field of atomically dispersed catalysts will involve the extensive examination of

site-averaged and site-optimized kinetics.
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