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Abstract

This work focuses on the impact of lateral interactions on the thermophysical properties of
adsorbates. We present different parameterizations for coverage-dependent enthalpy, entropy,
and heat capacity in a mean-field microkinetic model. These models are tested against two sys-
tems, CO/Pt(111) and CO/Co(0001), using two different funtionals. A detailed investigation
into how coverage influences the thermophysical properties of CO* is presented. Our analysis
of the repulsive interaction in adsorption energy suggests that coverage effects are mainly in-
direct (adsorbate—metal and surface relaxation) for lower coverages, but are both indirect and
direct (adsorbate—adsorbate) for higher coverages. We place a particular emphasis of studying
the impact of coverage on the vibrational partition function and how this affects the entropy of
adsorbates. Higher coverages typically lead to increased repulsive interactions, which should
further constrain the large-amplitude modes that contribute the most to the vibrational entropy.
In some cases, however, the opposite effect occurred; the vibrational entropy actually increased,
because surface crowding forced adsorbates to different binding locations that had lower fre-
quencies. However, our result highlighted cases where coverage-dependent entropy should be
included, such as for adsorbates with lateral vibrational modes and for systems at high temper-
atures. These methods for including coverage-dependent properties into mean-field microki-
netics in a thermodynamically consistent way are now available in the open-source software
Cantera.
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1 Introduction

Catalytic reactors for industrial processes, such as Fischer-Tropsch or methanol synthesis, typi-
cally operate at high pressures, which leads to a catalyst surface covered with adsorbed reaction
intermediates. Intensifying reactors for these processes or tailoring improved catalysts can be per-
formed with multiscale modeling [1,2], which requires accurate adsorption models that capture the
high-coverage phenomena. The Langmuir adsorption model for adsorbates on a solid surface is
a cornerstone of contemporary modeling in heterogeneous catalysis [3]. The model assumes that
a catalyst can be described as (i) a homogeneous flat surface composed of a single type of site,
(i1) where no more than a single monolayer of adsorbates can form, and (iii) the adsorbates do not
interact with one another — i.e. the adsorbed species behave ideally [3—8]. In this ideal model, an
adsorbate acts merely as a site blocker against other adsorbates, and it does not otherwise influence
the thermophysical properties of co-adsorbed species. Although all three assumptions are easily
falsifiable, the Langmuir model is nonetheless capable of semi-quantitative adsorption/desorption
behavior predictions, particularly in mean-field microkinetic (MKM) simulations.

The importance of including coverage dependence or lateral interactions was recognized early
on, and a detailed survey of this history is beyond the scope of the present work. Fowler and
Guggenheim pointed out in 1939 the ineffectiveness of the ideal assumption and approximated
the adsorbate interaction energy as a sum of pairwise contributions among nearest neighbors [4].
The following year, Temkin [5] proposed an adsorption model, the Temkin isotherm, in which
the heat of adsorption is linearly dependent on surface coverage. More recently, researchers have
advanced the physicochemical understanding of the coverage effects on transition metal surfaces.
Building upon pioneering work theorizing the source of lateral interactions [9-12], a series of in-
sightful studies has led to the elucidation of physics behind the coverage effects [13-21]. The
effects of coverage were observed experimentally both in adsorbate vibrational frequencies and
binding energy in the form of changes in spectroscopic measurements [12, 14,22,23] and adsorp-
tion/desorption dynamics [14, 19,23, 24], respectively. The lateral interactions also have been ob-
served experimentally through infrared spectroscopy (IR), low-energy electron diffraction (LEED),
temperature-programmed desorption (TPD), auger electron spectroscopy (AES), and x-ray photo-
electron spectroscopy (XPS) [12, 14,19,23-27].

The wealth of experimental evidence confirms a significant influence of coverage on a broad
range of thermophysical properties, such as adsorption energies, vibrational frequencies, binding
sites, and adlayer structures. Theoretical investigations have provided insightful explanations of
the origins of the coverage dependence. The compiled knowledge from theoretical work on the
coverage-dependent vibrational frequency [13, 15,28-30], binding energy [16, 18,27,31-37], and
site preference [16, 20, 28—-30] together with the experimental studies, allowed us to better un-
derstand coverage-dependent adsorption phenomenon. Furthermore, advances in computational
resources combined with more sophisticated electronic structure methods have enabled a substan-
tial improvement in the predictive power of catalytic models. Various studies have demonstrated
coverage-aware kinetic models to simulate (transient) reaction processes and predict catalyst ac-
tivities [31, 33-35, 37-42]. With such capabilities, the coverage-aware microkinetic models are
becoming an indispensable tool for accurate prediction in heterogeneous catalysis.

In the modeling community, the vast majority of the focus has been on the enthalpic contribution
to the free energy — either in terms of coverage-dependent binding energies or enthalpies of for-
mation for adsorbates or coverage-dependent activation energies for elementary reactions [43—47].
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The quantification of lateral interactions on adsorbate enthalpy range from a simpler mean-field
treatment using algebraic functions [33, 34,37, 38,48] to a more rigorous spatially-resolved treat-
ment using cluster expansion Hamiltonian [31, 32, 36, 38]. The effect of coverage on the entropy
of an adsorbate has received far less attention, even though the coverage dependence of vibra-
tional modes has been observed for decades [12—15,23]. Detailed experimental information on
low-frequency modes is difficult to obtain due to the detection limits, e.g. 200-4000 cm™* for elec-
tron energy loss spectroscopy (EELS) and 1400-4000 cm~* for IR [14]). Nonetheless, accurate
determination of these large-amplitude, low-frequency modes is critical to the overall free energy,
because these modes are responsible for the majority of the vibrational entropy. For example, the
lowest vibrational mode for CO adsorbed on Pt(111) lies around ~60 cm ™!, corresponding to frus-
trated translational motions [16]. At elevated temperatures, a single harmonic oscillator with a
frequency of 60 cm ™! makes a non-trivial contribution to the free energy, e.g. —0.14eV at 200 °C
and —0.25¢eV at 600 °C.

Despite the importance of lateral interactions in catalytic processes under industrial conditions,
the incorporation of coverage-dependent parameters in microkinetic mechanisms remains a per-
sistent challenge for the modeling community. Coverage dependence, if it is addressed at all, is
typically included as a linear correction to the activation energy in an Arrhenius expression of an
elementary rate constant, E, () = EY+> ", e;0;, where E, (0) is the coverage-dependent activation
energy, 0 is the array of surface site fractions, E? is the activation energy in the low-coverage limit,
and e; is the “correction” to the activation energy due to the coverage of species 7, which could be
positive or negative [49-52]. However, arguably the single most important impact of lateral interac-
tions is to the binding energy of adsorbates; consequently, a kinetic parameterization is an awkward
solution to a problem that is thermodynamic in nature. More importantly, though, this kinetic pa-
rameterization can lead to thermodynamic inconsistency, in which the state properties enthalpy and
entropy are no longer conserved [53, 54]. One aspect of this challenge is the absence of a com-
mon computational framework. CatMap, for example, includes features for coverage-dependent
binding energies (and thus enthalpies of adsorption) [55]. However, it’s primary focus is on the
steady-state simulations of catalyst surfaces and the evaluation of rate or selectivity maps when
combined with linear-scaling relationships. It is not intended to simulate reactor models or even
complex networks of reactors, especially for transient systems. At present, there is no agreed-upon
standard or formulation for coverage dependence in microkinetic mechanisms.

The present work addresses this gap by introducing a modeling framework for representing
coverage-dependent thermophysical properties, including both enthalpy and entropy. This frame-
work is implemented in Cantera [56], which is an open-source microkinetic modeling software
package for continuum-level simulations of reactor models and reactive flow. As part of the ef-
fort to demonstrate Cantera’s capabilities, a secondary aim of the present work is to evaluate the
effect of coverage on the vibrational entropy of adsorbates. Two model systems of importance to
many catalytic processes are used, CO adsorbed on Pt(111) (e.g. emission oxidation chemistry)
and Co(0001) (e.g. Fischer-Tropsch synthesis). First, we analyze the coverage-dependent shifts in
vibrational frequencies in all modes, including low-frequency modes. Our analysis provides a more
complete picture of the coverage-dependent vibrational frequency shifts on top of the prior exper-
imental investigations and how this relates to the entropy of adsorbates. Second, we compare this
change in entropy to the well-established coverage effect on the enthalpy of adsorbates in mean-
field microkinetic models. The combined analysis provides a holistic understanding of the impact
of vibrational entropic lateral interactions against the impact of enthalpic lateral interactions.
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2 Computational Methods

2.1 Electronic structure calculation

Geometry optimization, energy calculations, and vibrational analysis of CO/Pt(111) were con-
ducted using density functional theory (DFT). The QUANTUM ESPRESSO code [57] was used
in Atomic Simulation Environment (ASE) [58]. The PBE exchange-correlation functional [59]
was employed and Grimme’s D3 corrections [60] along with the three-body Axilrod—Teller—Muto
corrections [61, 62] were applied. Plane-wave kinetic energy cutoff was 60 Ry. A periodic unit
cell of 3 x 3 and four layers with an experimental lattice constant of 3.92 A [63] was adopted to
represent the Pt(111) surface. The bottom two layers were fixed, and a vacuum layer of 10.0 A was
applied above and underneath the Pt layers. A (4x4x1) k-point grid was used. Model structures
were optimized with a Quasi-Newton algorithm with a force convergence criteria of 0.05 eV/A.
CO™ diffusion barrier energy was calculated with the dynamic nudged elastic band (dyNEB) and
climbing image (CI) method [64—66], both with convergence criteria of 0.05 eV/A.

Spin-polarized electronic structure calculations for the CO/Co(0001) system were performed
with VASP [67, 68] using the BEEF-vdW [69] exchange-correlation functional. An optimized
lattice constant of @ = 2.50 A and ¢ = 4.06 A, which is in good agreement with the experimental
lattice constant [63], was used for the 3 x 3 unit cell that was sampled with a (5 x5 x 1) k-point grid.
The plane-wave kinetic energies were expanded to 40 Ry, applying a first-order Methfessel-Paxton
smearing with an electron temperature of 0.1eV.

Vibrational frequency and vibrational entropy computations were carried out with the harmonic
oscillator (HO) approximation. Vibrational frequencies of CO* were calculated from a Hessian
matrix using a finite-difference method [70] with a displacement magnitude of 0.01 A via ASE.
The surface atoms were fixed during the vibrational analysis, which is consistently done in the
field. However, new methods are emerging that account for the impact of surface phonons on
adsorption enthalpies and vibrational modes [71].

Based on the fact that CO* binds tightly, with a binding energy (< —1.8¢V on Pt(111)) and
a diffusion barrier greater than k7" on Pt(111) (see SI), the application of HO approximation is
reasonable. That said, the two lowest frequency modes, which corresponds to frustrated translation
parallel to the surface (or surface diffusion), are a source of some anharmonicity. There are methods
treating anharmonic modes more rigorously [72—75], but at present, those methods are designed for
anharmonicity in the low-coverage limit. Incorporating coverage dependence and anharmonicity is
beyond the scope of the present work, and we restrict our attention to the harmonic model, which
is commonly used in the literature for CO - .

2.2 CO adlayer configuration

The system energetics are strongly influenced by the distances between adsorbates and, thus, by
the specific adsorbate arrangement on the 3 x 3 slab for a given coverage in 1/9"-monolayer in-
crements. We utilized two approaches to generate different configurations for CO on Pt(111): a
simplistic configuration in which the same binding site is chosen, and a more accurate global min-
imum configuration. For the simplistic configuration, both atop site binding (atop-NN) and fcc
hollow site binding (fcc-NN) configurations were considered. These configurations were accom-
plished with minimal computational effort. The first CO* was placed on a vacant site on the Pt
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surface. Next, a subsequent adsorbate was placed on a nearest-neighboring (NN) site to the first
adsorbate. Once all the NN sites were occupied, the next NN sites were filled. The structures were
optimized after each adsorbate placement. One exception of such arrangement was made to keep
all adsorbates on atop sites for atop-NN 6/9 ML, where the center adsorbate is absent to prevent
any migration to other sites. Because of the well-known discrepancy between the experimentally
observed CO binding site (atop site) and the DFT-calculated lowest energy binding site (fcc hollow
site) [76], both sites were chosen to attain two different simplistic configuration models.

The global minimum configuration was calculated by a constrained minima hopping method [77,
78], as implemented in ASE. The method finds the global minimum structure using a combination
of molecular dynamics (MD) and DFT geometry optimization [77,79]. In the constrained min-
ima hopping, adsorbed molecules were allowed to move and find another minimum with fictitious
springs applied between adatom—surface atoms and among adsorbate atoms to prevent desorption
or bond dissociation during the MD subroutine. Also, to speed up the calculations, surface atoms
were fixed. The method parameters were: initial MD temperature (75) of 2000 K, initial acceptance
energy threshold (Egg o) of 2.5 eV, and spring constant of 10 eV/A2. The search for new minima
was terminated when the MD temperature was raised above 4000 K. As a result, a collection of
minima was found at each coverage, and the lowest energy configuration among the collection
of minima was selected as a global minimum configuration. A final geometry optimization was
performed on the lowest energy structures where the two top layers of the surface were relaxed.
The adlayer configuration of CO* on Co(0001) was obtained by using the same minima hopping
procedure.

2.3 Thermodynamic coverage-dependence parameterization

For a simple kinetic model with a small set of surface species, the direct computation of ther-
mophysical properties via statistical mechanics methods at each time step and coverage would be
tenable. However for a larger microkinetic model with multiple surface species that are relevant for
technical systems, such direct thermochemistry calculations can easily accumulate computational
burden. Instead, analytical forms of thermodynamic properties to reduce computational load are
desired. Thus, we describe our schemes to parameterize thermodynamic coverage dependence.
We have implemented a coverage-dependent thermochemistry module in Cantera. In Cantera, the
user provides an input file in the YAML format (an easy, human-readable syntax for representing
data) that contains the essential information: the names of the species, their thermophysical prop-
erties (typically represented as NASA polynomials, but other representations are possible), and
elementary rate constants in the forward direction (typically in Arrhenius format). The reverse rate
constant is computed internally assuming microscopic reversibility, £ = k™4 /K, by first comput-
ing the free energy of reaction and thence the equilibrium constant /. This approach ensures that
the mechanism is always thermodynamically consistent, even when coverage effects are included.
Coverage-dependent thermophysical properties are calculated according to Equations 4-11. The
coefficients in Equation 7-11 can now be included as input parameters in the mechanism YAML
file, thereby enabling the evaluation of coverage-dependent thermophysical properties via Cantera
for reactor simulations. Full details of the implementation are documented on the Cantera website
(https://www.cantera.org).

Our strategy is to consider the coverage effects as a correction to the low-coverage limit. For
example, the standard state enthalpy of formation at some non-zero coverage, A¢hg-(6x+), is equal
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to the standard state enthalpy of formation in the low-coverage limit, A¢hy jdeal plus a coverage

correction term, AA¢h3<™ (6x+). In our definition, a species in the low-coverage limit is identified
as an ideal species (i.e. non-interacting). Parameters with the superscript “ideal” are the low-
coverage values (here assumed to be 1/9" monolayer (ML) coverage), and those parameters with
superscript “cov’” are the correction values due to the coverage dependence. Lowercase symbols
are used to represent intensive properties. The corrections for the standard state (denoted with °,
evaluated at 1 bar and 298 K) enthalpy of formation and reference entropy, along with the correction
for heat capacity for an arbitrary adsorbate X* are formulated in Equations 1, 2, and 3, respectively:

AN (Ox+) = Arhge (Ox+) — Ash3% (Ox+ = 1/9 ML) (1)
A (0) = sy (Ox+) — s32%% (0x- = 1/9 ML) (2)
AGEN(T, 0x-) = ¢, (T, 0x-) — ¢ (T, 0x- = 1/9 ML) 3)

By combining these corrections with the heat capacity, we can express the enthalpy of formation
and entropy of an adsorbate at arbitrary temperatures and coverages:

T T

Ak (T, 0) = AghSided 4 / (Y AT+ ANRSEY (0) + [ A (T,0)dT (4
208 K PN 298K _
low—cov;rrage limit coverage?igpendence

o 1dea1 T C]o)i;ieal (T) o cov T ACZ;(C.«OV (T7 9)
N 298K , 298K ,
lOW-COV;I;gB limit coverage?igpendence
o (T0) = i34 (T) 4+ A (T, 0) ©)

The coverage dependencies of enthalpy of formation, entropy, and heat capacity were parame-
terized from DFT-derived quantities in this work. At different coverages, zero-point energy (ZPE)
corrected electronic energy and vibrational frequencies were calculated and then converted into
enthalpy of formation, entropy, and heat capacity using standard statistical-mechanics models for
harmonic oscillators. Enthalpies of formation were derived according to the approach outlined by
Blondal et al. [80]. This approach integrates the DFT data into the global thermochemical net-
work of the Active Thermochemical Tables (ATcT) using gas-phase CH,, H,, H,0, and the vacant
surface as the atomic reference basis set [81]. The calculated thermophysical quantities were ref-
erenced to those of the low-coverage limit, at 1/9'" ML, to get coverage dependence parameters as
described in Equations 1-3.
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The results were transformed from discrete values into a continuous form using different alge-
braic formulas. The differences relative to the low-coverage limit for the formation enthalpy and
entropy—Equations (1) and (2), respectively—were fitted with the four algebraic forms: linear,
piecewise linear, polynomial, and interpolative. The exact algebraic expressions are given in Equa-
tions 7-10, where f can be either AAshy:™ or Asy™. The first three forms have been adopted
frequently by previous studies [34, 38, 55], with the linear form being used most frequently [82].
For the polynomial form, we chose a 3"-order polynomial based on the balance between accuracy
and overfitting, which was observed by extraneous curvatures when the 4"-order polynomial was
used. We also employed an interpolative model that computes a value at a coverage of interest by
linearly interpolating between two adjacent data points, one at coverage directly lower than and
another at coverage directly greater than the coverage of interest. To the best of our knowledge, the
interpolative model is employed for the first time. Because the heat capacity depends on tempera-
ture and coverage, we employed a log-quadratic expression (Equation 11). Coefficients c¢;—cg were
fitted from the DFT-derived thermodynamic parameters.

)C():ZOV(H) = ¢10xx (7
0,cov _ C29X* 9X* < GSWitCh
X (0) - { 03(9X* _ @;(\Zitch) (C ‘gswnch) 9X > eswuch (8)
;fov(e) = Cﬁex*g -+ CSQX*2 + C49X* (9)
o,cov O*COV ehlgher O*COV Hlower o,cov
Xlk (0) — /X ( ) X ( )<0X* lower) + f (elower)’ (10)

ehlghef glower

elower < QX* < 9h1gher

A (T, 0) = [cn(T) + cg]Ox+> (11)

bx*

These new coverage-dependent thermochemistry features in Cantera were recently used by
our group for the CO, methanation [40], the oxidation of exhaust gas emissions from an internal
combustion engine [41, 83], and the non-oxidative dehydrogenation of C,H, [84]. However, only
the effect of coverage on the formation enthalpy was considered in these papers. Lastly, the method
is not restricted to self-interactions; rather, the user can create as many cross terms as necessary,
given available data.

2.4 Microkinetic modeling

The impact of coverage dependence on the thermophysical properties of adsorbed CO on Pt(111)
and Co(0001) was assessed in equilibrium calculations and in transient simulations using Cantera.
For equilibrium predictions, a CO adsorption isotherm was calculated with Equation (13):
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%+ CO(g) = CO* (12)

\/ Kypco~
Ooor = —L— 2 —— (13)
1+ \ KppCO*

where K, is the partial-pressure equilibrium constant, K, = K/p°, K is the true equilibrium con-
stant, and p° is the standard state reference pressure of 1 bar. Temperature-programmed desorption
(TPD) of CO was used for the transient simulations, using a TPD model from previous work [85].
TPD simulations with the single-crystal surfaces of Pt(111) and Co(0001) were performed with
a temperature ramp of 20 Kmin~! at ultra-high vacuum condition of 1 x 10~ bar. The catalyst
surface was initialized with a coverage of 0.6 ML at 300 K. Parameters for the TPD simulation are
taken from previous work; we assumed a catalyst surface area of 10.4m? g~! and a catalyst mass
of 0.04 g [85]. The catalyst was flushed with 50 mLy min~" of N, during the TPD.

3 Results and Discussion

3.1 Coverage dependence on the adsorption energy

The three configurations of CO* on Pt(111) obtained from the global minimum (global min) and the
two simplistic models with initial atop site binding (atop-NN) and with initial fcc hollow site bind-
ing (fcc-NN) are presented in Figure 1. The configurations are in roughly equidistant arrangements,
consistent with predictions from the previously reported CO* adlayer structures on transition met-
als [12,14,16,24]. This agreement implies that our global minima model is physically sound. The
global minimum adlayer model computed the lowest energy configuration for the entire range of
coverages by discovering a total of 382 unique different configurations. The most stable binding
site of CO from the global minima model is in the hollow site, whereas experiments show that
CO favors adsorption on atop sites. This discrepancy from DFT calculations is well-known and it
requires higher-level of theory calculations to predict the correct adsorption site [86].

The four sites in Pt(111) are composed of different numbers of Pt atoms: atop, bridge, fcc hol-
low and hcp hollow sites are 1-fold, 2-fold, 3-fold, and 3-fold sites, respectively, and they each
have a unique energy of adsorption, which can vary as much as 0.12 eV (Figure S3). Sequentially,
when a configuration’s average n-fold value falls below 2, it implies adsorbate configurations that
are primarily located on atop sites, and an average n-fold value above 2 means they are mostly
on hollow sites. As can be seen in Figure 2, the atop-NN and fcc-NN models stay in the atop-
site-dominant region and hollow-site-dominant region, respectively, throughout the entire range of
coverage. However, there indeed is a transition from adsorbates on mostly hollow sites to mostly
atop sites across ~0.5 ML coverage in the global minimum model. Previously, it was reported that
the preferred adsorbate arrangements at different coverages entailed site-to-site conversion, which
results in mixed-site occupation [16,20,24,29,30]. The phenomenon has been explained by com-
binatory effects from a balancing between inherent, low-coverage site preference and keeping the
furthest distance from each other to minimize through-space repulsion [20]. Another explanation
of the phenomena is provided by attractive dipolar interactions among opposite-signed atop site
bound adsorbates and bridge/hollow site bound adsorbates [30].
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Figure 1: CO*configurations on Pt(111) and Co(0001). Black lines indicate unit cell with periodic boundary
condition in xy-plane. Elements in the models are Pt (largest, light gray), Co(pink, large) carbon
(medium-sized, dark gray), and oxygen (smallest, red).
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Figure 2: Average n-fold of sites in three configuration models. Values of n-fold each site are atop: 1,
bridge: 2, and fcc/hep hollow: 3.

The adsorption configuration of CO on Co(0001) obtained from the global minima hopping
procedure shows the opposite trend compared to the adsorption on Pt(111). In the low coverage
limit, CO first occupies atop sites until a coverage of 3/9'" ML is reached. Then, the strong repulsive
interaction of CO leads to a destabilization, resulting in the occupation of mostly bridge and 3-
fold hollow sites, as seen by the increase in the n-fold value. CO occupies the hcp sites at a full
monolayer coverage. From DFT calculations using the revPBE functional, Gunasooriya et al. [87]
also observed that CO favors the atop sites until 1/3 ML coverage. Then, adsorption in higher
coordinated sites is preferred. However, their most stable configuration at the monolayer coverage
is in the bridge site. In our study, we performed relaxations with all CO adsorbates in bridge sites,
but the structure always relaxed to the hcp configuration.

The change in the enthalpy of adsorption with coverage for the three configuration models is
shown in Figure 1. The CO energy of adsorption was calculated via Equation 14 as an average
quantity per CO molecule where F is potential energy and n is the number of CO adsorbate.

. EPt+nCO* - EPt - ECO(g)
AECO" = t (14)

ads n

An increasing trend in the adsorption energy as a function of coverage is shown in Figure 3a for
Pt(111), indicative of repulsive coverage effects. Based on the shape of the curves, two different
regions can be observed: a lesser repulsion at lower coverages, and a greater repulsion at higher
coverages. The coverage effect for the low-coverage region is dominated by the adsorbate—surface
interaction and the surface relaxation effect, whereas the coverage effect in the high-coverage re-
gion is predominantly determined by adsorbate—adsorbate interactions. More specifically, there is
an onset of the lateral repulsion among CO* across ~ 0.5 ML, as indicated in Figure S2. There-
fore, the addition of lateral repulsion energy on top of the adsorbate—surface interaction and surface
relaxation effect is responsible for the increased coverage dependence for 6 > 0.5 ML.

Secondly, the calculated adsorption energies for Pt(111) confirm that the global minimum
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Figure 3: Change in the *CO energy of adsorption as a function of coverage on a) the three configuration
models on Pt(111) and b) Co(0001).

model found a lowest energy configuration, noted by the lowest adsorption energy at every cov-
erage. An interesting aspect is that the adsorption energies of the global minimum model appear
roughly to be a hybrid of those of the two simplistic models. In the low-coverage region (0 <
0.5 ML), adsorption energies of global minimum and fcc-NN models are close to each other. In
contrast, those of the global minimum and atop-NN energies are similar in the high-coverage region
(6 > 0.5 ML). As coverage increases, we can visually inspect that there is a transition from high-
coordination to low-coordination sites in the global minimum model. From this observation, one
can speculate this phenomenon is strongly correlated with site-specificity. We can further confirm
the site effect based on the global minimum model’s site occupancy by categorization with each
site’s n-fold value. Our model additionally confirmed the occupation of mixed sites as preferred
arrangements on Pt, and it confirms that these arrangements will result in lower energy than the
occupation of single sites.

The adsorption energy of CO on Co(0001) in Figure 3b also shows a strong repulsive interaction
at coverages larger than 4/9 ML. In contrast to Pt(111), CO exhibits attractive interactions at low
coverages and reaches a minimum in the binding energy at 1/3 ML, where CO binds more strongly
by 3kJmol . At 1/3 ML, CO forms a stable (\/§ X \/§)R30° structure, which has been observed
in other theoretical studies and experiments on single crystals [87-89]. From a Natural Bond Order
analysis, Gunasooriya et al. [87] concluded that a reduction of electron density in the anti-bonding
Co-C orbitals at 1/3 ML leads to the increase in binding energy. The calculated adsorption enthalpy
at 1/3 ML is 130 kJ mol ™, in good agreement with the experimental value of 128 kJ mol " [88].

3.2 Coverage dependence on vibrational modes

Our result allows an analysis of experimentally difficult-to-measure low-frequency modes. The six
vibrational modes of CO* are visualized in Figure 4. The arrows in Figure 4 aid in the visualization
of the modes that move a direction tangential to the surface plane and modes that move in a direction
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normal to the surface plane. These six modes were grouped into the four motions by combining
similar modes into one to facilitate an analysis. For horizontal motions (or motion in the plane
parallel to the surface), the “tilting” motion is where the C atom is relatively stationary and the O
atom is moving, while the “pendulum” motion is where the O atom is relatively stationary and the
C atom is moving. These four modes are due to the simultaneous frustrated translation (diffusion)
of the center of mass and frustrated rotation (libration) about the principal axes. The two vertical
motions consist of a desorption mode and an internal stretching mode, which are characterized by
changing bond length between Pt—CO and C—O, respectively.

(a)

H
.
H

tilting motion 1

C I ORCHONC

tilting motion 2

L
<

pendulum motion 1

)
&

is

pendulum motion 2

(b)

desorbing motion

-
<

V4
IL, . .
stretching motion

Figure 4: Vibrational modes of CO* on Pt(111) categorized as (a) horizontal motions moving parallel to
and (b) vertical motions moving perpendicular to the surface. Each row describes each mode.
Elements in the models are Pt (largest, light gray), carbon (medium-sized, dark gray), and oxygen
(smallest, red).

=
<

oo o0 [0) 0} (8] 9)

oo

The coverage dependence of the vibrational frequencies for both systems is shown in Figure 5
as average values over the number of CO*. By initially focusing our analysis on the atop-NN
model’s result of Pt(111) in Figure 5a, the site-specific effect can be subtracted since all CO* are
exclusively on atop sites. The changes in frequency from 1/9 ML to full coverage were +-152cm ™!,

+47cm™, —26cm~', and —45cm~! for tilting, pendulum, desorbing, and stretching motions, re-
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spectively. The first observable trend is that the tilting motion is affected most significantly. Similar
to the trend in the adsorption energy, both of the horizontal motion frequencies start to increase at
5/9 ML, which was precisely the same coverage at which adsorbate—adsorbate interaction (lateral
repulsion) become increasingly repulsive. This result suggests that the horizontal motion frequen-
cies are largely affected by the CO*—CO~* lateral repulsion, whereas the vertical motions are less
significantly influenced by the lateral repulsion. As a consequence of the increased lateral repul-
sion, the constricted movements in the horizontal direction increased their frequencies.

Secondly, the two vertical motion frequencies decrease with an increasing coverage, while hor-
izontal motion frequencies increases. According to the predictions with vibrational scaling re-
lations developed by Lansford et al. [90], the vertical motion vibrational frequency of adsorbed
CHy (X=0-3) on atop sites negatively scales with the adsorption energy (Wyerica> X —AFygs).-
Contrarily, the horizontal motion vibrational frequency was reported to be relatively constant with
adsorption energy. Our result is in agreement with the literature: as the adsorption energy increases
(i.e. weaker binding) with the increasing coverage, the frequency of vertical motion decreases.
However, the frequency of horizontal motion remains unchanged—regardless of the increased ad-
sorption energy—until the lateral repulsion becomes significant.

Physically, these results make intuitive sense. As the surface becomes increasingly covered, the
frustrated translation parallel to the surface becomes increasingly constrained, leading to smaller-
amplitude motion and, thus, larger vibrational frequencies with less entropic contribution. Con-
versely, the weakened binding energy at higher coverages leads to a larger amplitude motion nor-
mal to the surface (desorption), thereby lowering the frequency. The trends from the fcc-NN model
were consistent with those of atop-NN: relatively mildly affected vertical motions vibrational fre-
quencies and a more noticeable coverage effect in horizontal motions in the higher coverage region.

The global minimum model has an additional effect from the mixed-site occupancy. Like the
adsorption energy, vibrational frequencies have a site-dependency, as illustrated in Figure Se. CO*
adsorbed on atop site has a lower tilting motion frequency, but it has higher pendulum, desorbing,
and stretching motion frequencies. Therefore, as the dominant occupancy changes from mainly
hollow sites to mainly atop sites, it entails a monotonic increase in pendulum, desorbing, and
stretching frequencies. However, the tilting motion frequency showed a decreasing trend in the
low-coverage region and an increasing trend in the high-coverage region. This trend is a result
of the compound effect of the initial frequency downshift due to the site conversion (hollow site
bound CO* — atop site bound CO*) followed by the frequency upshift due to the lateral repulsion
at higher coverages.

Previous investigations hypothesized different explanations for the coverage effect on vibration
frequency shifts. The C—O stretching mode was most widely studied since its frequency was in
the measurable range by IR spectra. The linearly increasing trend in stretching motion vibrational
frequency has long been thought to be due to either intermolecular interaction [13,15] or adsorbate—
metal interaction [9, 12]. Instead, our result suggests that the increasing stretching frequency trend
stems from the site conversion from a more hollow site to a more atop site with increasing coverage.
On the other hand, for the horizontal motion, we propose that both site conversion and lateral
repulsion induce the frequency change.

The vibrational modes of the tilting motion initially decrease for CO adsorbed on Co(0001) in
the (v/3 x \/§)R30° structure at 1/3 ML coverage. At higher coverages, the vibrational modes
follow the trend from Pt(111); the modes increase as the motion becomes restricted by the co-
adsorbates. Pendulum and desorbing modes remain relatively constant until a coverage of 5/9 ML,
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Figure 5: Average vibrational frequencies of four vibrational motions of CO* as a function of coverage for
Pt(111) with the configurations from a) atop-NN, b) fcc-NN, and c¢) global minima hopping. d)
Average vibrational frequencies for CO on Co(0001). e) Average vibrational frequencies of CO*
at four binding sites of Pt(111) at # = 1/9 ML. CO* coverage-dependent entropy evaluated at the
standard state of 298.15 K and 1 bar on f) Pt(111) and g) Co(0001). Entropies are with respect to
the value in the low-coverage limit.
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but then also increase with coverage. The change in the C-O stretching frequency can be correlated
with the adsorption site. Up to 1/3 ML, CO is exclusively adsorbed on atop sites and the stretching
frequency remains constant. At 4/9 ML CO, moves to sites with higher-coordination numbers and
the stretching mode decreases by 100 wave numbers. The occupation of bridge and 3-fold hollow
sites leads to a decrease of the stretching mode, which is also confirmed by the results on Pt(111).

The vibrational frequencies obtained from DFT were used in partition functions for harmonic
oscillators, from which the vibrational entropy was obtained, both for the low-coverage limit and for
the coverage-dependent correction. Coverage influences the entropy of adsorbed CO on Pt(111) and
Co(0001) derived from the structures of the global minimum method similarly (see Figure 5f,g).
First, the entropy increases, which is a consequence of the decreasing low-frequency tilting modes
up to a coverage of 4/9 ML for Pt(111) and 1/3 ML for Co(0001). The entropy decreases by
10 Jmol K~ on Pt(111) at 1 ML CO coverage, whereas on Co(0001) the entropy decreases by
25 Jmol " KL

Although the present work is focused on the impact of coverage on normal modes, the vibra-
tional partition function is not the only source of entropy for an adsorbate. The various possible
configurations of adsorbates on a lattice also contribute to the overall entropy. In the case of ideal
(non-interacting) adsorbates, the partial molar configurational entropy is given by the well-known
formula 5.onh, = —kBlnﬁ (see SI for a derivation) [4,7,72,91-95]. An underlying assumption in
this derivation is that all the combinatorial ways of arranging adsorbates result in the same energy.
When lateral interactions are considered, however, this assumption is no longer applicable; the en-
ergy will vary—often considerably—with different arrangements. When the energies are not equal,
the configurational partition function should be composed of both degeneracies and Boltzmann fac-
tors [7]. The demanding task of linking the configurational degeneracy and the energetics makes
accurate quantification of the configurational contribution challenging [96]. Furthermore, the in-
homogeneity of sites present even on simple metallic surfaces will bring in an additional layer of
complexity. A more proper quantification of configurational entropy under non-ideal conditions
will be the subject of forthcoming work. However, in the present study, we neglect the configura-
tional contribution, but we acknowledge that it is certainly a crucial aspect to improve upon in the
future.

3.3 Effect of coverage-dependent thermochemistry on equilibrium and tran-
sient prediction

Inclusion of coverage-dependent thermodynamic parameters via analytical expressions, as opposed
to evaluating thermochemistry on the fly during the kinetic modeling, has two benefits. First, it is
computationally more efficient. Second, this approach helps to alleviate the patchiness of the dis-
crete data due to the finite unit cell size and achieves more smooth and continuous profiles in
MKM. We focus only on the results obtained from the global minima hopping for Pt(111) and
Co(0001) for the microkinetic modeling. The coverage dependence was parameterized with con-
tinuous forms with the four algebraic models, as illustrated in Figure 6a, and the parameters for
each model are listed in the SI. For the coverage-dependent heat capacity, which has an additional
temperature dependence, a log-quadratic model (Equation 11) was fitted as shown in Figure S6.
The parameterized properties for atop-NN and fcc-NN are provided in SI.

Equilibrium simulations were conducted with the coverage-dependent thermodynamic proper-
ties. Adsorption isotherms for CO adsorption on Pt(111) at three different temperatures are shown
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Figure 6: a) Fitted algebraic equations of the CO* coverage-dependent change in enthalpy of formation and
change in entropy on Pt(111) calculated with the global minimum configuration results. b) CO
adsorption isotherms with four dependency models fitted on global minimum result at 600 K,
900 K, and 1200 K. The red solid curve in b, ¢ shows an idealized case assuming no coverage
dependence.

in Figure 6b. Additional transient simulations for the CO oxidation in a batch reactor are provided in
the SI. For all the tested temperatures, especially for higher temperatures, the coverage-dependent
models resulted in noticeably different isotherms from the ideal-adsorbate model (i.e. no coverage
effect model). Among them, we considered the interpolative model isotherm as the most accurate
standard—at a minimum they are exact at the nine discrete coverages. The linear model isotherm is
furthest away from the interpolative model isotherm. This discrepancy is due to the oversimplifica-
tion of the coverage dependence as shown by a conspicuous over/under predicting in Figure 6. The
piecewise linear and polynomial model isotherms simulate the interpolative isotherm much more
closely. However, jagged features in piecewise linear and interpolative models (Figure 6a) prop-
agated to their isotherms at 1200 K. The jagged features become apparent at 1200 K because the
coverage changes from 0 to 0.5, whereas it remains relatively constant for the lower temperatures.
Due to the relatively constant coverage at low temperatures, the coverage-dependence polynomial
is in the linear part of the interpolative model resulting to the absence of kinks. Although our piece-
wise linear isotherm is subtly kinked, the piecewise linear model was reported by Bajpai et al. [38]
to render discontinuous predictions. Therefore, the polynomial model is recommended based on
its good balance between accuracy and smooth, continuous profile.
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3.4 Impact of coverage-dependent vibrational entropy

The previous results demonstrated that the lateral interactions have a substantial impact on the ther-
mophysical properties of adsorbates and, thence, the free energies of the system. In this section, we
aim to disentangle the enthalpic and entropic contributions to the coverage-dependent free energy.
Figure 7 shows van’t Hoff diagrams of the equilibrium constant of the CO adsorption on Pt(111)
and Co(0001). For the CO/Pt(111) system, the lateral interactions are only repulsive, increasing the
free energy of formation and decreasing the equilibrium constant. A coverage-dependent entropy
has only modest effects on the equilibrium constant (see Figure 7a,b).

The results are different for CO adsorbed on Co(0001) in Figure 7c. Due to the attractive
interactions at a coverage of 1/3 ML, the equilibrium constant first increases with increasing cov-
erage before the repulsive interactions become dominating. The impact of entropy is much more
pronounced. An omission of coverage dependence leads to an equilibrium constant that deviates
by orders of magnitude at high coverages. The importance of accurately quantifying the attrac-
tive interactions at medium coverages becomes apparent when comparing the relative equilibrium
constants in Figure 7d. The formation of the stabilized (\/§ X \/§)R30°—CO islands increases the
adsorption equilibrium constant by a factor of 3—7, depending on the temperature when coverage
effects for the enthalpy and entropy are considered. Without the inclusion of a coverage-dependent
entropy, K, increases only by a factor 1.5-2.2. The inclusion of the entropy effects for the accu-
rate modeling of the CO coverage on Co(0001) is crucial since the *CO coverage controls the chain
growth in the Fischer-Tropsch process [97].

The adsorption isotherms for on Pt(111) and the transient simulations in Figure 6 included both
enthalpic and entropic contributions. In an effort to compare the relative magnitude, we include
only one effect at a time, either coverage-dependent enthalpy or coverage-dependent entropy, and
evaluated the results independently. Due to the aforementioned desired features of the polynomial
dependency model, it was used exclusively for the analysis in this section.

In Figure 8, the decoupled effects in equilibrium prediction are shown. Each coverage effect
was quantified as a deviation from the ideal model. For all temperatures, the effect of enthalpic
coverage dependence was greater relative to the effect of entropic coverage dependence, up to
about 4 times. Aside from the relatively low entropic contribution, it could be seen that the effect
can be important at high temperatures, as expected with the —7'S term in the free energy evaluation.

Figure 9 shows the result from the transient simulations of the TPD profiles. Instead of showing
the differences, two different curves were plotted along with the ideal model, with only enthalpic
coverage effects and with both effects. The TPD profiles from Pt(111) and Co(0001) demonstrate
that the enthalpic coverage effect is substantially more impactful, shown by not only the deviation
from the ideal assumption profile but also by its proximity to the profile with both effects. Including
a coverage-dependent enthalpy shifts the onset of desorption and the peak to lower temperatures for
the Pt(111) facet. While the onset is also shifted to lower temperatures for Co(0001), the maximum
desorption rate is observed at higher temperatures compared to the ideal case. This shift to higher
temperatures clearly displays the stabilizing interactions of CO on Co(0001) in the form of the
(v/3 x v/3) R30° structure. Additionally, the significance of a coverage-dependent entropy is more
pronounced for Co(0001) than for Pt(111).
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Evaluation of the impact of coverage-dependent entropy on the equilibrium constant for the ad-
sorption of CO. a) Van’t Hoff diagram for the adsorption on Pt(111) at various coverages. b)
Equilibrium constant normalized to the equilibrium constant in the low coverage limit for Pt(111).
¢) Van’t Hoff diagram for the adsorption on Co(111) at various coverages. b) Equilibrium constant
normalized to the equilibrium constant in the low coverage limit for Co(111). The dashed line are
the results with only a coverage-dependent enthalpy and the solid line contains the results with
coverage-dependent enthalpy and entropy.

3.5 Discussion

The conclusion that enthalpic effects are more important than entropic effects is hardly surprising.
Nevertheless, the present work provides some useful context in the consideration of coverage-
dependent entropy. The impact of lateral interactions on vibrational entropy is expected to be
important for large-amplitude, low-frequency normal modes, such as those that describe the frus-
trated diffusion and libration parallel to the surface. The impact is expected to be dependent on both
the binding energy and the binding site. As the surface coverage increases, repulsive interactions
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Figure 8: Contributions of enthalpic and entropic coverage effects on the adsorption isotherm of CO on
Pt(111) illustrated as the deviation from the ideal at 600 K, 900 K, and 1200 K and 1 bar.

should lead to a crowding effect that should reduce the area available for large-amplitude motion,
thereby increasing the vibrational frequency and thus decreasing the entropy. In some instances,
however, the opposite effect occurred; the increased crowding caused a shift to other binding sites
with lower frequency modes, thereby increasing the vibrational entropy. Hence, the vibrational
entropy for loosely bound adsorbates could be highly dependent on coverage. Similarly, for an
adsorbate with a strong dipole moment such as SO, [98], the coverage effect on lateral motion
frequencies is anticipated to be much greater. Additionally, it will also be necessary to include
cross interactions in the form of higher-order terms into the coverage-dependence thermochemistry
model to achieve a more accurate description of the enthalpy and entropy at high coverages [34,99],
which is the subject of future work.

More generally, the present work provides a better conceptual understanding of the interplay
between lateral interactions and entropy. Based upon the present work, we conclude that the sig-
nificance of coverage-dependent entropy is constrained by thermodynamics at both low and high
temperatures. At low temperatures, the surface is completely saturated and coverage effects are
critical. However, at low-temperature conditions, the free energy is dominated by enthalpy, and
entropic considerations are generally negligible. Conversely, at high temperatures, entropic effects
can be the dominant term for the free energy, but the coverage is expected to be low because the
dominant driving force is desorption. Accordingly, there is a narrow window in which the tem-
perature is high enough that entropic effects are important, but low enough that the surface is still
crowded. The limits of this window will be system specific.

Finally, we wish to emphasize that these conclusions were possible only because of the easy pa-
rameterization of coverage-dependent thermophysical properties in Cantera. The ability to include
coverage-dependent binding energies in a systematic, robust method that does not violate ther-
modynamic consistency has proven itself indispensable for mean-field models in computational
heterogeneous catalysis [40,41, 83, 84].
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Figure 9: CO temperature-programmed desorption profile from a) Pt(111) with the corresponding coverage
profiles in b) and ¢) Co(0001) with the corresponding coverage profiles in d). Conditions: T =
300K, O©+cp,0 =0.6 ML

4 Conclusions

A novel procedure for quantifying the impact of lateral interactions on the thermophysical proper-
ties of adsorbates is presented. The procedure includes four different models to parameterize the
contribution of coverage dependence on the enthalpy, entropy, and heat capacity of adsorbates. It
was observed that, of the four different models, the polynomial model was superior to the others in
that it results in a smooth function that nonetheless captures the non-linear response of enthalpy and
entropy to surface crowding. These new coverage-dependent functions were tested on two systems:
CO/Pt(111) and CO/Co(0001). A two-slope trend was observed for coverage-dependent adsorp-
tion energy. Our analysis implies this two-step coverage effect is a result of a transition from solely
indirect adsorbate—metal interaction and surface relaxation effect for the lower coverages to com-
bined indirect and direct adsorbate—adsorbate interactions for the higher coverages. The change in
vibrational entropy as a function of coverage was rationalized in terms of changes to low-frequency
modes. Depending upon the specific adsorbate, its binding energy, and its preferred binding site,
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the vibrational entropy can either increase or decrease with increasing coverage at lower coverages,
but at higher coverages, the increase in repulsive interactions leads to a net reduction in entropy.
The impact of coverage on enthalpy was more significant than the impact of coverage on entropy.
Using basic thermodynamic arguments, we conclude that coverage-dependent entropic effects are
confined to a narrow temperature regime. These coverage-dependent models are now available in
Cantera. The resulting microkinetic mechanisms are thermodynamically consistent.
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