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Abstract. Conventional catalyst design has enhanced reactivity and product selectivity through control
of surface thermochemistry by tunable surface composition and the surrounding environment (e.g., pore
structure). In this work, the prospect for electric field towards controlling product selectivity and reaction
networks on the Pt(111) surface was evaluated with periodic density functional theory (DFT)
calculations in concert with machine learning (ML) algorithms. Linear scaling relationships (LSRs) for
adsorption energies of surface species in electric field were shown to: (i) be distinct as compared to zero-
field LSRs across metals, and (ii) linearly correlate with adsorption energies of H* rather than the binding
element. The slope of LSRs linearly correlated with the zero-field dipole moment. A random forest ML
regression algorithm predicted field-dependent adsorption energies with a mean absolute error (0.12 eV)
comparable to DFT. Overall, this study identifies the path forward for electric field-assisted catalysis,
specifically towards catalyst poisoning, product selectivity, and control of reaction pathways.

Introduction. Adsorption and related transition
state energies govern the promotion and selectivity
of chemical reactions in heterogeneous catalysis.*
For important reactions related to energy and
chemical synthesis, adsorption energies on
transition metal surfaces have been useful
predictors of catalytic performance for both thermal
and electrochemical systems.>’ The surface
energies of simple hydrocarbons and oxygenates
correlate with the activity and selectivity for many
reactions important to energy, materials, and
sustainability.> #° As such, prediction and control
of adsorption energies provides an opportunity
towards optimization and control of catalytic

systems.
Conventional approaches to improve the
capability of heterogeneous catalysts have

historically achieved success through the design
and optimization of catalyst composition and
structure of active sites.'®* However, the limit of
performance of static active sites such as the peak

of the Balandin-Sabatier ‘volcano’ has prompted a
new focus on integrating secondary methods of
stimulating reactions in concert with catalysis.'®
Static promotion methods involving plasma,
electric and magnetic fields, and mechanical stress
have emerged as methods to manipulate reaction
rates and product selectivity by altering surface
adsorption energies and the energy landscape of
reactions.

In our previous work, we have alternatively
suggested that a catalyst oscillating between
distinct thermodynamic states with sufficiently
high frequency and amplitude should overcome the
Balandin-Sabatier maximum associated with static
systems.*®*® For a general gas-phase reaction of A
to B, variation of the adsorption energies of general
surface species A* and B* dynamically alters the
catalyst surface coverage with time. Oscillation of
the surface adsorption energy manipulates the heat
of reaction and activation energy barrier for the
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reversible surface reaction of A* to B*, described
by a Bransted-Evans-Polanyi (BEP) relationship.®
As such, the time-averaged catalytic activity can be
enhanced above the Sabatier maximum as the
catalytic system switches between rate-limiting
steps, as demonstrated by a recent experimental
work on the electro-oxidation of formic acid to
carbon dioxide and hydrogen.?® Recently, this
potentiodynamic operation was utilized for
selective enhancement of electrosynthesis of
adiponitrile (main precursor to Nylon-66) by
~325%  from acrylonitrile  compared to
potentiostatic operation, in favor of competing
production of propionitrile?

The adsorption energies of adsorbates need to
uniquely vary for a dynamic system to provide
enhanced reactivity under the same dynamic
stimuli.}™*®  Materials design approaches that
involve the optimization of catalyst composition
have not yet been shown experimentally to assist
with overcoming the Sabatier maximum, as the
adsorption energies of key surface intermediates are
typically bound to the same periodic linear scaling
relationships.”™ 2> Understanding adsorption
energy changes under electronic modification is
crucial for the development of secondary promotion
methods including the selection of external stimuli
(e.g., applied voltage or light). Electric fields are
known to affect surface chemistry.® 2* Intrinsic
local electrostatic fields created by promoters and
co-adsorbed ions strongly affect adsorption
energies and reaction rates in heterogeneous
catalytic systems.?*?® Interfacial and oriented
external electric fields significantly affect product
selectivity, including enantioselectivity  for
intramolecular carbene reactions catalyzed by Ru
porphyrins and Diels-Alder cycloadditions of
cyclopentadiene.?®*

External electric fields also significantly affect
the chemisorption of molecules on metal
surfaces.?® 3! In these systems, adsorbates, with or
without an intrinsic dipole moment in the gas or
liquid phase, interact with metal surfaces to
exchange charge density to create adsorbate-
surface dipoles. The interaction of these dipoles
with electric fields can have profound impact on the
adsorption and reaction on the catalyst surface.* %
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3238 Detailed understanding of the fundamental
electronic effects and prediction of the adsorbate
binding energy changes with electric field is crucial
for the development and prediction of these
promotional effects towards reactivity and
selectivity of catalytic processes. In addition, while
the development of universal scaling relationships
that capture the periodic trends among metals have
received considerable interest,* 37 these scaling
relationships under electric fields are not well
understood.

Linear scaling methods are limited in their
scope and applicability, as new parameters are to be
determined for each reaction family.®® Recent
developments in machine learning (ML) have led to
the development of algorithms for extracting
relationships in  multidimensional  systems.*®
Specifically, with the availability of large data sets,
ML tools have enabled the use of complex
mathematical models towards evaluation of
complex patterns.** With the possibility of
compositional and configurational degrees of
freedom available for adsorbates to bind to metals,
the chemical space for exploration of the adsorption
process on metals is large.”> Density functional
theory (DFT) calculations for adsorbate interaction
on metals often utilizes multiple iteration steps,
with each step requiring single point energy
calculations, which is repeated for every adsorption
site, and every adsorbate. As such, DFT
calculations are computationally expensive, while
lower cost ML tools have an important role to play
to predict and explore the chemical landscape for
adsorption.

In this work, periodic DFT calculations were
conducted to evaluate the influence of a uniform
electric field on the adsorption energy changes of
adsorbates on Pt(111). Pt is a versatile industrial
catalyst, used for hydrotreating, hydrogenation of
olefins, and cracking of paraffins.** The current
study was performed on the  most
thermodynamically stable Pt facet, Pt(111).%2
Surface adsorbates were selected based on their
relevance to a broad range of important chemical
transformations catalyzed by Pt including ammonia
synthesis, methanol decomposition, formaldehyde
and formic acid synthesis, and other reforming and

Shetty, et al.

Page 2



decomposition reactions. In addition, the atomic
halides fluorine and chlorine, sulfur, and thiol were
considered to extend the understanding beyond
oxygenated hydrocarbons. First, the fundamental
electronic effects corresponding to the adsorbate-
surface interactions under an electric field have
been identified, and scaling relationships were
developed to correlate field-dependent adsorption
and reaction energies. Adsorption energies were
then predicted from ML regression algorithms and
compared with DFT calculated adsorption energies.
These molecular insights then provided insights
into chemical reactions including mitigation of
catalyst poison and coke formation, tuning of
product selectivity, and rate acceleration.

Methods.  Density functional theory (DFT)
calculations.  Spin-polarized  periodic DFT
calculations were performed with MedeA VASP
using the ab-initio total-energy and molecular
dynamics package VASP 5.4.4 (Vienna ab-initio
simulation package) developed at the “Institut fur
Materialphysik” of the University at Vienna.** The
generalized gradient (GGA) corrected
Perdew—Burke—Ernzerhof ~ (PBE)**  exchange
correlation functional was used with the projector
augmented wave (PAW) method™ to describe atom
cores, and the plane wave basis-set was expanded
to a kinetic energy maximum of 400 eV for Kohn-
Sham orbitals, in line with previously reported
values.®* “ The dispersion interactions were
modeled using DFT-D3 method with no damping.*’
Conjugate-gradient algorithm was adopted to relax
the ions to their ground state. Geometries were
considered optimized when electronic energy
changes were below 10° eV, and the ionic forces
below 0.02 eV A™. A Gaussian smearing profile
with a smearing parameter of 0.05 eV was imposed
at the Fermi level, and energies were extrapolated
to zero smearing.

First, bulk fcc Pt was optimized, and the lattice
constant was found to be 3.9672 A, as compared to
an experimental value 3.9239 A* (within 1.1% of
experimental value). The Pt(111) surface was
modeled using a 2 x 2 supercell with four Pt layers
and 13.8 A of vacuum, giving a coverage of %
monolayer (Figure Sla), in line with previous
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studies.?* % The middle two layers of Pt were fixed,
and the top and bottom layers were allowed to relax.
A 10 x 10 x 10 Monkhorst-Pack k-point mesh was
used to sample the Brillouin zone for bulk lattice
and 6 x 6 x 1 for the vacuum slab. k-point mesh
from 6 x 6 x 1 and 10 x 10 x 1 were tested for the
adsorption energy for CO* at the atop site. The
energy values were within ~0.1 eV (within the
errors of DFT) justifying the choice of k-point mesh
of 6 x 6 x 1. The adsorbates were modeled as gas
phase molecules in a 15 A x 15 A x 15 A box.
Molecules were adsorbed on four types of sites on
the (111) surface; atop, fcc and hcp hollow sites,
and bridge sites (Figure S1b). Atop sites are named
as they are located directly atop a Pt atom, while
bridge sites lie at the intersection of two
neighboring Pt atoms. Threefold hollow hcp sites
are located directly above a subsurface Pt atom
while threefold hollow fcc sites lie at the
intersection with no Pt atom directly below (Figure
S1b).

An external electric field perpendicular to the
slab was imposed using the method proposed by
Neugebauer and Scheffler.*® In this method, an
electric field was generated without the addition of
any external charge and the inclusion of an artificial
dipole layer that polarizes the top and bottom layer
with opposite charges, and an electric field of
opposite sign in the vacuum slab (Figure Sic). A
positive field corresponded to depletion of electrons
on the adsorbate side of the Pt slab. To determine
the effect of the electric field on the binding energy
of adsorbates that arrive outside the electric field,
the adsorbate energies were calculated without
electric fields, and the energies of the bare slab and
slab with adsorbates were calculated in the presence
of applied electric field,

AEy = Ept_aas — Ept—siab — Eads 1

where Ept.ads, Eptsiab and Eags are the energies for the
Pt slab with adsorbed molecules, bare slab, and gas-
phase adsorbates, respectively. The adsorption
energies were calculated between electric field
values of +1.0 V/ A for most adsorbates. Electric
field strength of 1.0 /A has been estimated for an
electrode potential of 3 V,2* proximate cations
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inside zeolite cavities.? and the vicinity (within ~ 5
A) of alkali metal ions such as K* on metal
surfaces.®

The change in adsorption energy with varying
electric field is governed by the direction and
magnitude of metal-adsorbate charge polarization,
characterized by a zero-field surface-dipole
moment, Wo. The energy change of adsorption
energies on interaction with applied electric field is
given by equation 2 below,*

AE = —poF (2)

where 1, is the adsorbate dipole moment under zero
electric field, and F is the value of the external
applied electric field. The surface-adsorbate dipole
moment changes with applied electric field which
introduces a second-order correction to the
interaction of the adsorbate with electric field, *

du=adF 3

where o is the adsorbate polarizability at the metal
surface. The adsorbate polarizability parameter, a,
is unique to each adsorbate-surface combination.®
Taken together, the change in adsorption energy
can then be represented as,

AE = —pioF — S aF? (4)

The calculations performed for CO* at atop
and fcc sites on a 4 x 4 supercell (1/16 monolayer)
showed similar trends in values of dipole moments,
and polarizabilities (Table S1). In order to test the
effect of other GGA functionals, CO* adsorption
energy, surface-adsorbate dipole moments, and
polarizability values were evaluated for the RPBE
exchange correlation functional® (reported to be
more accurate than PBE)*. The trends in the
adsorption  energy, surface-adsorbate dipole
moments, and polarizability for CO* at atop and fcc
sites were in good agreement with PBE (Table S2).
The calculated values of the dipole moments,
polarizability, and adsorption energies in this study
for O*, H*, C*, N*, NHs*, NHy*, NH*, CHs*,
CHy*, CH*, CO*, NO*, and OH* were in good

Chem

1.6, and Mavrikakis

agreement with Deshlahra et a
and coworkers.*?

Charge density calculations were performed as
single point calculations on the optimized zero-field
geometry. The charge density difference (pairr) was
calculated as the difference between the charge
density of the vacuum slab with the adsorbate and
the charge density of the adsorbate and the slab
alone. The isosurfaces of pdirr were plotted with the

aid of VESTA software package.>

Pdiff = Ppt-ads — Ppt—siab — Pads (D)

The work function of the surface was calculated as
the difference between the fermi level and
maximum energy in vacuum of the periodic
supercell.

Machine learning. Machine learning was
conducted using the Explorer application in the
Weka v3.8.4 software. The following method was
conducted for two versions of the data set: (i) an
initial version that omitted physisorbed diatomic
adsorbates Oz and N2 and (ii) another version with
the complete data set. Adsorption energies and all
other attributes were normalized to a zero-to-one
scale to facilitate algorithm training. Normalization
involved rescaling all attributes to zero-to-one
without changing the distribution of each attribute
(i.e. we did not force the data to take on a normal
distribution). The considered attributes were
elemental composition of the adsorbate given in the
subscripts  for  the generic  adsorbate
CxHyO;N:ClyFcSq, coordination number of the
adsorption site (one for atop, two for bridge and 3
for fcc and hcp hollow sites), electronegativity of
the binding element, valence of the binding
adsorbate, charge density per Pt under electric field,
and the strength of the electric field. Attributes for
the model were selected using the Correlation
Attribute Evaluator on the full data set; this method
calculated Pearson’s correlation between each
attribute and the target (normalized adsorption
energy here). A cutoff of £ 0.20 was selected to
remove insignificant attributes from the model. The
charge on Pt and electric field strength were
included to capture electric field effects on
adsorption energy.
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Table 1. Adsorption energy, zero-field adsorption energy, zero-field dipole moment and polarizability for atomic
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and molecular adsorbates, and surface intermediates on the Pt(111) surface (feasible adsorption sites only).

Adsorbates Adssirt;;tlon é \E/O) (Ei) o (eA?V?)  Adsorbates Ads;)il;ztlon é \E/D) Ho (eA) o (cA2V?)
Atomic adsorbates
Atop -5.07 0.010 0.100 Atop -3.31 -0.133 0.060
Cc* Fcc -7.25 0.004 0.022 o* Fcc -4.58 -0.014 0.015
Hep -7.09 0.003 0.014 Hep -4.15 -0.009 0.0004
Atop -2.76 0.031 0.017 Atop -3.19 0.002 0.190
H* Fcc -2.79 0.012 0.003 S* Fcc -5.32 0.098 0.075
Hcp -2.71 0.010 0.005 Hcp -5.12 0.099 0.088
Bridge -2.76 0.012 0.005 Atop -3.21 -0.227 0.005
N* Atop -2.58 -0.084 0.081 F* Fcc -2.88 -0.120 0.040
Fcc -4.88 -0.016 0.014 Hep -2.74 -0.164 0.041
Hep -4.60 -0.008 0.022 Cl* Atop -2.74 -0.119 0.151
Fcc -2.79 0.060 0.118
hcp -2.64 0.029 0.145
Molecular adsorbates

Atop -1.89 0.040 0.140 Atop -1.13 0.161 0.246
co* Fcc -1.98 -0.133 0.083 NO* Fcc -2.01 -0.056 0.111
Hep -1.97 -0.134 0.101 hep -1.85 -0.035 0.128

Bridge -1.92 -0.107 0.143
Oy Atop -0.47 -0.064 0.159 No* Atop -0.32 0.068 0.171
Fcc 0.14 -0.105 0.173 Fcc -0.11 0.021 0.156
Hcp 0.19 -0.078 0.140 Hcp -0.11 0.019 0.138
COy* Atop -0.26 0.020 0.161 H,O* Atop -0.44 0.098 0.236
Bridge -0.27 0.025 0.155 Bridge -0.19 0.038 0.120
NHz* Atop -0.97 0.454 0.191 CH3;0H* Atop -0.53 0.200 0.379
HCOOH* Atop 060 0257  0.273 CH,0** AAtt‘(’)%' -0.71 0.066 0.145

Surface intermediates

OH* Atop -1.57 0.123 0.117 SH* Atop -1.03 0.136 0.209
Fcc -2.11 0.278 0.118 Fcc -2.66 0.309 0.139
Bridge -2.43 0.188 0.082 Hep -2.46 0.291 0.158
Bridge -3.17 0.169 0.102
CH* Atop -4.11 0.298 0.135 CHy* Bridge -5.04 0.150 0.076
Fcc -6.94 0.137 0.059 CHs* Atop -2.26 0.121 0.110

Hep -6.81 0.153 0.072
NH* Atop -1.62 0.254 0.110 NHy* Atop -2.09 0.103 0.176
Fcc -4.19 0.214 0.004 Bridge -2.48 0.315 0.090

Hep -3.78 0.253 0.048
COH* Atop -1.97 0.822 0.257 CHOH* Atop -3.16 0.597 0.088
Fcc -3.84 0.471 0.177 Bridge -3.44 0.392 0.171
Hcp -4.80 0.186 0.146 CH,0OH* Atop -2.36 0.112 0.239
CH30* Atop -1.85 0.108 0.206 CHO* Atop -2.70 0.024 0.197
Bridge -1.67 0.223 0.188 Fcc -2.55 0.072 0.105
hcp -2.46 0.078 0.108
HCOO** Atop-atop -2.59 0.186 0.200 COOH* Atop -2.78 -0.133 0.233

Several machine learning regression algorithms
were tested and compared using three metrics: (i)
correlation coefficient, (ii) mean absolute error
(MAE), and (iii) root mean squared error (RMSE),
given in Table S3. All algorithm training was
conducted using default settings for each algorithm
and 10-fold cross validation over the full data set.
Algorithms tested include the baseline ZeroR
algorithm,  Linear  Regression,  Multilayer
Perceptron, SMO regression, 1Bk which is a k-
nearest neighbor algorithm, Decision Stump,
Random Forest, Random Tree, and REP Tree.

Random Forest had the highest performance in all
three metrics with the dataset that omitted O, and
N2, this model is discussed further in
Supplementary Note 1.

Results and Discussion.

Adsorbate binding energy, favorable binding
sites, and influence of electric field. Initial
computations studied the nature of adsorbates and
binding sites on the formation of surface-adsorbate
dipoles, including the adsorption energy, zero-field
dipole moments, and polarizability of atomic and
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Figure 1. Surface dipoles and charge redistribution on adsorption on the Pt(111) surface. (a) Cartoon of the
surface dipole on a metal surface, (b) variation of adsorption energy with varying electric field for adsorbates F*,
CH*, COH*, NH3s* and N2* on Pt(111) surface, and (c) charge density difference of the adsorbates mentioned in (b)
in side and top view for the representative adsorbates on Pt(111) surface. The regions corresponding to yellow and
blue color correspond to electron enrichment and depletion, respectively.

molecular adsorbates, along with reaction
intermediates at the different adsorption sites
(Table 1) on Pt(111) surface. For atomic
adsorbates, except F*, all adsorbates preferred the
fcc hollow site under zero electric field consistent
with previous reports,® * likely due to effective
overlap of the 1s for H* and 2py and 2py orbitals for
the other adsorbates (3px and 3py for adsorbed
sulfur, S*) at these higher coordinated sites with
metal dy, and dy, orbitals. F* likely requires
effective overlap of its 2p, orbital with that of the
d;2 orbitals at the atop Pt site for a strong sigma
overlap. The zero-field dipole moments become
more negative with the increased electronegativity
of the adsorbate and the lower 2p energy levels
from C* to F* that polarizes the surface-adsorbate
bond from C* to F*.>

All molecular adsorbates, except CO* and
NO*, prefer to adsorb at the atop site, consistent

with previous reports (CO.* at atop and bridge sites
are nearly isoenergetic).?® ** %° Homonuclear
adsorbates N>* and O,*, as well as CO,* and H,O*,
exhibit weak binding (physisorption, < 0.3 eV) and
low dipole moments. Other molecular adsorbates
(NHsz*, CH30H*, HCOOH*, and CH,0**) show
higher positive dipole moments and adsorption
energies (more negative) due to strong
chemisorption and charge transfer from the
adsorbates to the metal. In general for surface
intermediates, all adsorbates except COOH*
exhibit positive dipole moments (Table 1, detailed
geometry given in ESI, Figures S10 and S11). The
relationship of the adsorbate electronic structure to
the adsorption site and observed dipole moment is
further described in Supplementary Note 2
(Supporting Information).

While the interaction of surface-adsorbate
dipoles with external electric field have been
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Figure 2. Adsorption energy scaling relationships for monovalent adsorbates on the Pt(111) surface and
comparison with periodic scaling relationships. (a) Adsorption scaling relationships for adsorption energy
variations under electric field for monovalent surface adsorbates CHs*, NH,*, SH* and F* with respect to OH* on
atop sites on the Pt(111) surface (R? > 0.9), and (b) adsorption scaling relationship slopes with electric fields as
compared to metals on NHy*, SH*, and F* with respect to OH*.2 Adsorption energies of CHs* and OH* are not
expected to correlate on metals. Electric field varied between + 1.0 V/A.

studied for individual chemistries,*® 3" a general
understanding of external field influence on
adsorption is desired. The interaction of an
adsorbate with the Pt(111) surface creates a
surface-adsorbate dipole (Figure 1a) on the order of
0.1 to 1.0 eA (Table 1). The adsorption energies of
a few common atomic/molecular adsorbates and
surface intermediates at the atop site for the Pt(111)
surface under electric fields were evaluated as
shown in Figure 1b.

In general, for all of the considered adsorbates
except N, the adsorption energy varied by more
than ~0.5 eV in the range of varying electric field
(+1.0 V/A). Additionally, all adsorbates except F*
exhibited positive dipole moments. The charge
density differences in Figure 1c reveal the
underlying reasons for the observed dipole
moments for the considered adsorbates. For F*, the
electron enrichment is concentrated on F, resulting
from F being the most electronegative element. For
other adsorbates, the electron enrichment instead
occurs on the Pt surface (especially for the atop Pt
site). The maximum variation is observed for NHs*
and COH*, as expected from equation 4 due to their
large dipole moments (Figure 1b and 1c). Overall,
it is shown that the adsorption energy of adsorbates

can be significantly tuned under strong electric
fields.

The adsorption of weakly bound species, and
several atomic adsorbates (H*, C*, N*, O*, S* and
CI*) can be enhanced in electric fields by as much
as ~0.1 eV. However, as shown by Frisbie and
coworkers, electrocatalytic  activity towards
hydrogen evolution was enhanced by a factor of
four with a modulation of H* adsorption energy by
only ~0.015 eV on monolayer MoS; catalyst,
showing immense promise towards rate
enhancement by even a small variation of the
surface thermochemistry of atomic and weakly
bound species.® Other molecular adsorbates
(NHs*, CHsOH*, HCOOH*, CO*, NO* and
CH,0**) have higher positive dipole moments and
adsorption energies. Therefore, their adsorption
energies can be significantly adjusted as compared
to molecules that exhibit weak binding. In addition,
the most energetically favorable site can change
under electric field due to the different values of
zero-field dipole moments and polarizability across
the binding sites. For example, CO* at an fcc site
has the strongest adsorption at zero field, but the
strongest adsorption site changes to the atop site at
1.0 V/A (Figure S2).
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Importantly, surface-adsorbate dipole
moments are not correlated to the intrinsic gas-
phase dipole moments of the molecules and surface
intermediates, as shown in Figure S3. This suggests
that the electronic structure of the adsorbates and
the interaction with the metal surface is more
crucial than the presence of intrinsic dipole
moments in the adsorbates. We also note that there
are no clear trends in the polarizability, a, of the
adsorbates. As such, the gas-phase dipole moments
of the adsorbates do not describe the surface-
adsorbate  dipole moments, and detailed
computations are necessary for estimating the
surface-adsorbate dipole moments and electric-
field dependent adsorption energies.

Linear scaling relationships (LSRs) under
electric field. A key factor in catalytic materials
design is understanding the variation of adsorbate
adsorption energies across metal surfaces and
adsorbing atoms.>3 3% %8 | SRs are employed to
describe the variations in adsorption energies across
adsorbates that bond through a particular atom? %
%8 (e.g. AEagschx* ~ AEagsc+). While these studies
help to provide a general framework to understand
adsorption through a particular atom and
differences in surface binding between different
atom types, it is yet to be determined whether such
studies can provide similar insights under electric
field. The emerging question is the existence of
LSRs for adsorption energies on metals in electric
fields, and whether these exhibit the same periodic
trends of existing scaling relations. To this end, the
adsorption energies were calculated for monovalent
adsorbates (OH*, CHs*, NHy*, SH*, and F*) at
atop sites as depicted in Figure 2a. The LSRs
effectively describe the adsorption energy changes
for these molecules over the range of considered
electric field strength (R? > 0.9). More importantly,
these relationships are distinct from periodic trends
observed across metals. In particular, the scaling
slopes given by yxwonc (given in AEagsxx =
yx*oH*AEads o=, Where X* is the adsorbate) for
NHy*, SH*, and F* with respect to OH* are 0.72,
0.47, and 1.13, respectively, as compared to 0.90,
1.16, and -1.72 on Pt(111) under electric fields
(Figure 2b).> Furthermore, these relationships
appear to vary for different promotion methods

Chem
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Figure 3. Scaling relationships for adsorption energy
variations under electric field for (a) NHy* vs N*, (b)
NH,* vs H*, (c) CHy* vs C*, and (d) CHx* vs H* on
Pt(111) surface. Electric field varied between + 1.0
V/A. NHs* and CHs* were at the atop site, CH,* and
NHy* were at the bridge site, and CH* and NH* were at
the fcc site. All the sites are the strongest binding site,
as seen in Table 1.

(Figures S8 and S9). For example, yNHz*NH*
(AEads,NHs* = YNHS*/NH**AEads,NH*) under electric field
on the Pt(111) surface is 1.83 as compared to 0.17
across metals (Figure S8).1"* Taken together, the
scaling relationships under electric fields appear to
be distinct as compared to periodic trends and
change with the promotional methods.

The periodic trends, specifically scaling slopes
(y) for surface intermediates, have been hitherto
shown with respect to adsorption energies of the
binding element (for example,
Yerxsic*AEagsc+).  In varying electric field, the
adsorption energies of CHyx* and NHx* fragments
were plotted with respect to the adsorption energies

AEagschxr =
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Figure 4. Scaling slopes for CH,O,* (CHOH*,
CH,0OH*, CH3;O*, and HCOO**) adsorbates with
respect to CO* at fcc site, OH* at atop site, and CHO at
atop site on the Pt(111) surface under electric field and
across metals.%® 6061 Electric field varied between + 1.0
VIA.

of C* and N* at atop sites (Figure 3a and 3c,
respectively). These intermediates do not linearly
correlate with adsorption energies of C* or N*,
likely due to the large polarizability values of C*
and N* at atop sites, leading to stronger second
order corrections that weaken the linear correlations
in electric field (for example, ac+/Ho,c+ = 10 AV?,
on</Ho,n+ = -1.0 AV2). In addition, these slopes are
different than the LSRs observed across metals.*’
Specifically, CHs;*, CHy*, and CH* have slopes
(yerxwicx) 0f 3.11, 3.23, and 0.33, respectively, with
C* under electric field and 0.25, 0.50, and 0.75,
respectively, across metals.®® As H* (atop) shows
lower polarizability values as compared to C* and
N* at atop sites (0.017 eA?V?as compared to 0.100
eA?Vv2 and 0.081 eA?V2, respectively), the CHy*
and NH.* fragments linearly correlate with the
adsorption energy of H* (ychxwm* OF YnHx+/H=*) @S
shown in Figure 3b and 3d. We note that H*
adsorption energies at fcc, hcp, and bridge sites
linearly correlate with H* adsorption energies at the
atop site (Figure S4). Therefore, while the H* at the
atop site is considered in Figure 4b and 4d, the
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linearity of the scaling relationship is independent
of the adsorption site of H*.

To further illustrate the differences in the slopes
of the LSRs with electric field on the Pt(111)
surface and across metals (zero-field), the
adsorption energies of CHxOy adsorbates (CHOH*,
CH,OH*, CH30*, and HCOO**) were correlated
with CO* on the fcc site (ychxoyxicox), and OH*
(Ychxoy+on=) and CHO™ (ychxoy+/cHox) ON atop sites,
as shown in Figure 4.5 5061 AJ| adsorbates except
ycoon+cox Show different slopes with electric field
as compared to across metals (zero-field).
Specifically, both YCHOH*/CO* and YcH20H*/co* ale
negative (-4.37 and -2.07, respectively) with
electric field, as compared to positive values (0.59
and 1.01, respectively) across metals. The negative
values are a result of the binding properties of CO*
on the fcc site of Pt(111). Similar to COOH* (atop),
CO* (fcc) also has a negative dipole moment, due
to electron back donation to the m* antibonding
orbitals, causing weaker binding on Pt(111) under
positive electric field (see Supplementary Note 2
and Figure S2). Additionally, vychsowon+ and
yHcoo=+on= are 0.70 and 1.47 with electric field, and
1.08 and 0.84 across metals. Taken together, the
slopes of the LSRs appear to be distinct under
electric field on Pt(111) and across metals, as
shown earlier for monovalent adsorbates (Figure
3b).

The prospect for LSRs with H* (atop) on the
Pt(111) surface was tested for several surface
species. Adsorbates common to methane steam
reforming corresponding to CHxO,* (CH3;OH*,
CH30*, CH,0*, CH,OH*, COH*, CHOH*, and
COH*) linearly correlated with the adsorption
energy of H*, as shown in Figure 5a (R > 0.8). As
the magnitude of the scaling slopes with respect to
H* are linked to the magnitude of the adsorbate
zero-field dipole moment (lo), we plotted the
scaling slopes (Yadsh*awop) With respect to the
corresponding o for the adsorbates on all sites of
Pt(111) (Figure 5b). This shows a strong linear
correlation (R? ~ 0.99 and normalized mean
absolute error, NMAE ~ 0.009). The slope of the
scaling relationship is consistent with the simplified
derivation between scaling slopes and po given
below, with small second-order corrections from
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Figure 5. (a) Correlation of adsorption energy of CH,O,* fragments at Pt atop sites (except COHyccpent™) With
adsorption energy of H* at atop sites on the Pt(111) surface (R2 > 0.8). Electric field varied between + 1.0 eV/A. (b)
Scaling relationships for scaling slope referred to Figure 2 with varying zero-field dipole moment (Normalized mean
absolute error, NMAE = 0.009). Detailed data provided in Table S4. (c) Surface-adsorbate dipole moment with
varying work function of the Pt(111) surface with adsorbates under zero electric field (NMAE = 0.029 in the positive
dipole moment region and 0.10 in the negative dipole moment region). Detailed data provided in Table S5.

polarizability. The electric-field-dependent  dependent adsorption energy, specifically the first-
adsorption energy variation captured in the slopes  order correction with the calculation of zero-field
YadsH*aop (€Quation 6) follows from the energy  dipole moment of the adsorbates. Therefore, for
variation of individual adsorbates and H* (atop), as  adsorbates with low polarizability on the Pt(111)
given in equation 4, surface, i.e., sulfur S* (except atop), fluorine F*,

and all hydrogenated adsorbates (see Table S4), the

AEa s - - -
Yads/Hvatop = 35 dt = c_omputatlon of Woqas _enables _the e_stlmatlo_n of
. arer o field-dependent adsorption energies with the aid of
“Hoads” 7 5%ads - (6) figure 5b. We note that the work-function of the
~Ho HratopF ~ 3% H-atopF surface due to the charge transfer between the

adsorbate and the catalyst surface is also linearly
For external electric fields, the polarizability of H correlated with the zero-field dipole moments

at the atop site will lead to small corrections (~12%  (rjgure 5¢) for all adsorbates. Interestingly, the
at a maximum electric field of +1.0 V/A). ok function variation with surface-adsorbate
Therefore, equation 6 above can be further  gipole moments has different slopes of -0.90 + 0.03

simplified, and -4.61 = 0.57 in the region of positive and

X , negative dipole moments, respectively (details can

v _ “MoaasF ~3@adsF ) be found in Supplementary Note 4). Taken
ads/Hxatop _ F .

Ho,H+atop together, field-dependent changes on Pt(111) can

o be estimated with field-independent parameters (Lo

Yads/H+atop = uou:,ad: + “Tds (8) of adsorbate, and H* at atop site in figure 5b and

H+atop

work-function in figure 5c¢) of the surface-adsorbate
interaction.

To explore the possibility of establishing LSRs
across metals with electric field, the zero-field
_1 surface-adsorbate  dipole moments  and
slope of the curve given by (Mou-atop) - This polarizability of a few common adsorbates were
relationship enables the estimation of field-  compared across Pt(111) and Ni(111) surfaces.

Figure 5b between yy.q¢0p and Ko g4 holds for
adsorbates with low polarizability values. This can
be rationalized from equation 8 above with the
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Figure 6. Comparison of surface-adsorbate (a) dipole
moment and (b) polarizability values of common
adsorbates on Pt(111) from current work and Ni(111)
from McEwen and coworkers.1® 2

Importantly, both the values of zero-field surface-
adsorbate dipole moments and polarizability vary
across metals as shown in Figure 6a and 6b.%% %
Further, we evaluated developing LSRs with H* on
a Ni(111) surface using data from McEwen and
coworkers'® 462 (details in Supplementary Note 3).
Such a relationship with H* (atop) does not show a
linear correlation (Figure S6 and S7) on the Ni(111)
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surface due to the large polarizability value of H*
on the Ni(111) surface (on = 0.062 eA?V? as
compared to pon = 0.01 eA). Taken together, the
LSRs that exist on Pt(111) surface for zero-field
dipole moments and scaling slopes (y) do not exist
on Ni(111) surface. A deeper investigation is
required to investigate such relations on individual
metals.

Machine learning (ML) of adsorption energy
with electric field. The LSR between all adsorbates
and H* (atop) in Figure 5b demonstrates the
prospect for capturing trends under electric fields
across this data set of adsorbates. Moving forward
to other metals and adsorbates, a goal will be to
construct predictive models that allow us to
estimate adsorption energy without expensive DFT
calculation. ML is one technique that provides the
capability to build predictive models for large
datasets with unknown mechanistic connections
between input and output variables.®® There are
several examples that demonstrate potential uses
and the usefulness of ML in catalysis and material
design.®® Random Forest and Neural Network
algorithms have shown promise in their ability to
predict DFT adsorption energies from first
principles and material properties (i.e. crystallinity)
from synthesis conditions.®* ** In this work, a
predictive model was developed for adsorption
energy by accounting for adsorbate composition,
adsorption geometry, and electric field parameters
as input variables in the model.

After evaluating several machine learning
algorithms (Table S3), a Random Forest regression
algorithm exhibited the highest performance in the
prediction of adsorption energies (given below).
The Random Forest structure is shown as a scheme
in Figure 7A, and our model consisted of 100
decision trees. Each tree included a set of
guantitative decisions; an example of these
decisions is shown in the Figure 7A inset. Attribute
selection was performed to assess attributes with
high correlation to adsorption energy and determine
which attributes to use in the model; the results are
displayed in Figure 7B. The degree of unsaturation
(-0.79), coordination number of the binding site (-
0.49), and carbon composition (-0.47) were all
significantly negatively correlated with adsorption
energy. These trends intuitively make sense,
because, for example, increased coordination
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Figure 7. Random Forest regression model for prediction of adsorption energy under electric field on Pt(111). (A)
Scheme of the Random Forest algorithm, this Random Forest consists of 100 decision trees and one is shown here.
An example of some decisions within each tree is shown in the inset. (B) Attribute selection for machine learning.
The bar values correspond to Pearson’s correlation between each attribute and the adsorption energy. (C) Parity plot
between DFT (x-axis) and Random Forest (y-axis) calculated adsorption energies [eV]. Adsorbates are classified
based on their chemical composition as hydrocarbons (red), oxygenates (orange), nitrogenous (yellow), sulfur (green),
and halogens (turquoise). The parity line is shown for comparison.

number is expected to lead to greater overlap
between adsorbate and metal orbitals which leads
to stronger binding (more negative adsorption
energies).”* Finally, DFT and Random Forest
calculated adsorption energies were compared to
assess the ML model, and a parity plot is depicted
in Figure 7C. The correlation coefficient for the
Random Forest was 0.99, and the model had an
MAE of 0.12 eV and an RMSE of 0.21 eV. The
MAE and RMSE are comparable to the typical error
(~0.1-0.2 eV) for DFT calculations.® The
adsorbates were classified based on their chemical
composition, and it is apparent from Figure 7C that
oxygenated species are most difficult for the model
to predict.

Electric-field assisted catalysis. Despite
platinum (Pt) being an attractive industrial catalyst,
as illustrated in Figure 8, the Pt(111) surface shows
weak associative adsorption (physisorption) of
some molecular adsorbates, including homonuclear
diatomic molecules such as N2 and O; (Figure 8a),
and weak activation, as seen from the positive
energy for dissociative adsorption of Nz In
contrast, CO and halides (F, and Cl,) are known to
poison the catalyst surface (adsorption energy > -
1.8 eV).*"®8 For reactions efficiently catalyzed on
Pt (for example, HCOOH and NHjs oxidation),?® the
substrates are chemisorbed (adsorption energy of ~

-0.6 eV for HCOOH, and ~ -1.0 eV for NHs, see
Table 1).

It is desirable for Pt to change its catalytic
behavior to resemble other metals. For gas-phase
CO; hydrogenation on the (111) surface of Pt, Ni,
and Ir, the stability of adsorbed HCOO** and CO*
varies across these metals (Figure 8b). While
HCOO** is energetically favorable to form by ~0.3
eV as compared to CO* on Pt(111) surface, CO* is
more favorable to form by ~0.6 eV than HCOO**
on the Ni(111) surface. The higher energy of CO*
on the Pt(111) surface, is consistent with the high
selectivity of CO(g) on Pt®  Furthermore,
methanation activity on Ni is consistent with the
higher stability of CO* on the Ni(111) surface
promoting the CO* hydrogenation pathway.% On
the Ir(111) surface, CO* and HCOO** formation
are comparably strong (within ~0.1 eV) and does
not show a propensity towards desorption of either
CO(g) or HCOOH(g). In addition, for HCOOH(g)
decomposition (Figure 8c), while COOH* is
energetically stable over HCOO** by ~0.54 eV on
Pt(111) surface, HCOO** is more stable than
COOH* by ~1 eV on Cu(111) surface. On Ir(111)
surface, HCOO** and COOH* are nearly
isoenergetic.

The emerging question now arises for how an
electric field can be used to modulate stability of
surface species, selectivity, and reaction network
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Figure 8. Influence of surface thermochemistry on surface poisoning, reaction networks, and product
selectivity. (a) Adsorption energy of molecules that are weakly adsorbed (N2, Oz, and CO,), chemisorbed (NHs,
HCOOH, CH30OH), and poisons (CO and F2) on the Pt(111) surface. (b) Reaction pathway for CO, conversion on

Pt(111), Ir(111), and Ni(111) surfaces towards CO* and HCOO**.

(c) Reaction pathway of HCOOH(g)

decomposition towards CO»(g) and Hz(g) on Cu(111), Ir(111), and Pt(111) surfaces. The data in (a) is from current
work, while the data in (b) and (c) are based on data from Mavrikakis and coworkers.”

that is otherwise typically achieved by changing
metals. To this end, we first evaluated the influence
of electric field on the adsorption energy of CO*
and F* (Figure 9a). The adsorption energy can be
reduced by ~0.1 eV and ~0.23 eV for CO* and F*,
respectively, at 1.0 V/A as compared to zero
electric field (0.27 and 0.47 eV at 1.0 V/A
compared to -1.0 V/A, respectively). Therefore,
electric field can be employed to partially reduce
the coverage of poisons. Next, we considered the
formation of coke from the dehydrogenation of
CH* intermediate, formed during methane steam
reforming (Figure 9b). On application of 1.0 eV/A
electric field, the reaction energy increased to ~0.2
eV compared to ~ -0.1 eV in zero electric field. The
reaction activation energies are correlated with the

reaction energy changes via the BEP relationship.?
Therefore, the rates of coke formation will also be
reduced on the Pt (111) surface with a positive
electric field. Taken together, electric field can
potentially be used to enhance catalysts by limiting
the adsorption of poisons and mitigating coke
formation on the catalyst surface.

As another example, the field-dependent
thermochemistry of CO- hydrogenation (Figure 9c
and d) was investigated next. CO, hydrogenation
can be considered to follow reverse water-gas-shift,
and CO* hydrogenation pathways mediated by the
adsorbed CO* and formate (HCOO**) pathway.*
COy* and H* are adsorbed with a total energy of
~0.49 eV. From this state, CO,* can either undergo
C-O bond cleavage to form CO* and O*, or
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Figure 9. Electric field influence on reaction networks on the Pt(111) surface. (a) Adsorption energy of CO* and
F* with varying electric field at the site with strongest binding (fcc for CO*, and atop for F*). (b) Energy of reaction
for coke formation from a CH* fragment in electric field on the Pt(111) surface via C-H dissociation. (c) Pathways
for gas-phase CO; hydrogenation direct C-O cleavage to form CO* and hydrogenation to form HCOO** intermediate.
The plot indicates that the product selectivity can be changed by tuning the electric field value between 1.0 and -1.0
V/A as shown from the lower energy of HCOO** as compared to CO*, O*, and H* at 1.0 eV/A and the lower energy
of CO*, O*, and H* as compared to HCOO** at -1.0 V/A. (d) Linear scaling of the heat of reaction with respect to
varying electric field for elementary steps towards CO* and HCOO** formation from CO,*. The slopes of the
correlation under electric field is the sum of dipole moments of products subtracted by the sum of dipole moments of
reactants. All energy values provided in eV. (e) Pathways for gas-phase formic acid decomposition to CO, and H,
through the HCOO** and COOH* intermediates. The plot shows that the relative stability can be varied by ~0.8 eV

between + 1.0 V/A.

undergo hydrogenation to form HCOO**. The
HCOO** intermediate can be stabilized by ~0.3 eV
relative to CO* at 1.0 /A, while CO* is stabilized
relative to HCOO** by ~0.3 eV at -1.0 V/A. As the
formate pathway can lead to formation of formic
acid, methanol, and other hydrocarbons, this
pathway can potentially be promoted at 1.0 V/A.
The formation of CO* can be promoted at -1.0 V/A
(similar to zero field), potentially promoting the
methanation pathway, or formation of C,. products,
as observed on Cu catalyst. This is due to HCOO**
and co* exhibiting opposite
strengthening/weakening effects under electric

field (Ho values of 0.186 eA and -0.133 eA,
respectively). This example shows the prospect for
electric field towards modulation of reaction
pathways on Pt. In addition, the energy of the
elementary reaction of HCOO**, or CO* and O*
formation from COy* linearly correlates with
electric fields, with a slope given by the dipole
moment of CO.* and H* subtracted from the sum
of dipole moments of HCOO* or CO*, O* and H*,
respectively (0.15 and -0.13). In general, therefore,
the field dependent reaction energies and activation
energies through BEP relationships can be
estimated from the zero-field dipole moments of
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reacting species. The field-dependent selectivity
and reaction pathways of catalyst surfaces, can be
determined, provided they are controlled by the
thermodynamic  distribution of intermediate,
reactant, and product species.

The influence of adsorption energy modulation
under electric field can also be potentially used to
modulate reaction pathways, as illustrated for
HCOOH(g) decomposition to CO,(g) and Hz(g) on
the Pt(111) surface (Figure 9e). Under zero electric
field, adsorbed HCOOH* can dehydrogenate to
form COOH* or HCOO**, with the COOH*
energetically more favorable by ~0.54 eV as
compared to HCOO**. While the relative stability
of COOH* can be further enhanced to ~0.94 eV at
-1.0 eV/A, the two species (HCOO** and COOH*)
become nearly isoenergetic (within 0.13 eV) at 1.0
eV/A, as seen on the Ir(111) surface with zero field
(Figure 8c). With the modulation of the stability of
COOH* and HCOO**, factors including the rate
limiting step, activation energies of elementary
steps, the surface composition of the reaction
intermediates, and the reaction rates can change
with electric field.

As illustrated in Figure 8 and 9, while changing
metals can help to control reaction pathways and
tune product selectivity, electric field is a
prospective tool to fine-tune adsorption energies on
the same catalyst surface that can be otherwise only
be achieved through changing the catalyst material
or modifying its composition. While the influence
of electric fields to enhance molecular activation,
reaction rates, product selectivity, and catalyst
stability’® has been demonstrated, this study
provides the foundation for evaluation and
prediction of electric field effects on Pt for a wide
variety of reactions and motivates future study
towards evaluation of these effects across metals
and alloys.

Conclusions.  Periodic DFT calculations were
conducted to evaluate the modulation of surface
thermochemistry for several common atomic and
molecular adsorbates, and surface intermediates
relevant for a wide range of organic transformations
with electric field on the Pt(111) surface. First, the
adsorption energy changes along with the zero-field
dipole moment and polarizability of the surface-
adsorbate dipoles were computed to estimate the
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prospect of the modulation of surface
thermochemistry of these adsorbates. Linear
scaling relationships (LSRs) were developed for
adsorbate adsorption energy with respect to
adsorption energy of H* at atop sites (R*> 0.9) with
electric field on Pt(111) surface. These E-field
LSRs on the Pt(111) surface also varied as
compared to zero-field LSRs across metals for the
same adsorbates. Specifically, (a) the slopes of the
LSRs were distinct with electric field on the Pt(111)
surface compared across metals, and (b) the
adsorption energies of adsorbates on Pt(111)
linearly correlated with H* adsorption energies
rather than the adsorption energy of the binding
element. The LSRs for scaling slopes (yH=awop) OF
work-function with zero-field dipole moment
enabled the estimation of field-dependent
adsorption energy with the aid of field independent
parameters (zero-field dipole moment of adsorbate,
and H* at atop site or work-function). Random
Forest algorithms predicted the DFT-computed
adsorption energies of all adsorbates except N, and
O, within a mean absolute error (MAE) of 0.12 eV.
Finally, the prospect for utilizing electric field was
also investigated towards desorption of poisons,
mitigation of surface coke, and control of product
selectivity and reaction networks under electric
field on the Pt(111) surface. Overall, this study
provides a foundation for future experimental and
computational exploration including machine
learning approaches for utilizing electric fields for
catalysis, specifically towards effective catalyst
poisoning, product selectivity, and control of
reaction pathways.
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