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Thermophysical properties of adsorbates and gas-phase species define the free energy landscape of
heterogeneously catalyzed processes and are pivotal for an atomistic understanding of the catalyst
performance. These thermophysical properties, such as the free energy or the enthalpy, are typically
derived from density functional theory (DFT) calculations. Enthalpies are species-interdependent
properties that are only meaningful when referenced to other species. The widespread use of DFT has
led to a proliferation of new energetic data in the literature and databases. However, there is a lack of
consistency in how DFT data is referenced and how the associated enthalpies or free energies are
stored and reported, leading to challenges in reproducing or utilizing the results of prior work.
Additionally, DFT suffers from exchange—correlation errors that often require corrections to align the
data with other global thermochemical networks, which are not always clearly documented or
explained. In this review, we introduce a set of consistent terminology and definitions, review existing
approaches, and unify the techniques using the framework of linear algebra. This set of terminology and
tools facilitates the correction and alignment of energies between different data formats and sources,
promoting the sharing and reuse of ab initio data. Standardization of thermochemistry concepts in
computational heterogeneous catalysis reduces computational cost and enhances fundamental under-
standing of catalytic processes, which will accelerate the computational design of optimally performing
catalysts.

(1) Explain the difference between formation and reaction energies

(2) Understand the role of relative quantities in thermochemistry

(3) Calculate enthalpies from DFT data with different reference sets

(4) Combine DFT data with gas-phase enthalpies of formation

(5) Evaluate different referencing approaches for adsorbate enthalpies (of formation)

1 Introduction

the field of heterogeneous catalysis by providing an effective
approach to predict energetic properties."® This quantum-

Density functional theory (DFT) has emerged as a crucial tool in
computational chemistry over the last decades, revolutionizing
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mechanical (QM) modeling method offers insight into surface
chemistry and catalysis.””® First-principles-based multiscale
modeling provides the bridge between experiments and theory
that enables optimizations of catalysts and reactors.”* The
DFT developments combined with advances in computational
power have led to a surge of large-scale open-source databases,
such as the Materials Project,' the Open Catalyst Project (OCP),"*™*
the Novel Materials Discovery Laboratory (NoMaD),'*'® Cata-
lysis Hub,"® Automatic FLOW for Materials Discovery (AFLOW),>°
CatApp,* and the Open Quantum Material Database (OQMD).>>**
These databases have enabled the proliferation of energetic data,

This journal is © The Royal Society of Chemistry 2025


https://orcid.org/0000-0003-0158-9147
https://orcid.org/0000-0002-2857-6963
https://orcid.org/0000-0003-2855-9482
https://orcid.org/0000-0002-8218-0249
https://orcid.org/0000-0002-2212-0172
https://orcid.org/0000-0001-8311-9581
http://crossmark.crossref.org/dialog/?doi=10.1039/d4cs00768a&domain=pdf&date_stamp=2024-11-29
https://doi.org/10.1039/d4cs00768a
https://doi.org/10.1039/d4cs00768a
https://rsc.li/chem-soc-rev
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cs00768a
https://pubs.rsc.org/en/journals/journal/CS
https://pubs.rsc.org/en/journals/journal/CS?issueid=CS054002

Open Access Article. Published on 29 november 2024. Downloaded on 18.02.2026 02.29.09.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Tutorial Review

which has allowed a deeper understanding of catalytic processes at
the atomic level.

Although these databases provide a vast amount of com-
puted information, the absence of standardized data formats
and naming conventions poses a challenge for researchers. The
databases typically do not contain the raw DFT energies of the
structures but rather the derived quantities such as thermo-
physical properties and activation barriers. In principle, these
derived quantities are more general and transferable than raw
DFT energies. However, the processes used to derive them and
the terminology used to describe them can lead to inconsis-
tencies between different studies.** This challenge is further
compounded by the variety of DFT codes and the different levels
of theory used to generate the data.>*>® Due to computational cost,
most large-scale databases are based on DFT calculations with
the generalized gradient (GGA) approximation. Such DFT codes
include The Vienna ab initio simulation package (VASP)>"?®
Quantum ESPRESSO,***° NWChem,*’ GPAW,*” Jaguar,*® and
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SPARC,** each of which has its own features, functionalities,
and specializations. The atomic simulation environment
(ASE)* or Python materials genomics (pymatgen)*® have helped
standardize the interfaces to these codes, but numerical differ-
ences persist due to differences in exchange-correlation (xc)
functionals, settings (e.g. plane-wave cutoff energy, k-point
sampling) and pseudopotentials.”® For metal oxides and mag-
netic systems, this is further complicated by the spin state
optimization and Hubbard correction (DFT+U),*”*® while elec-
trochemical systems are affected by the potential and solvent
model.**** Advanced techniques such as quantum Monte
Carlo, the random phase approximation, or time-dependent
DFT can improve physical accuracy but also introduce addi-
tional sources of numerical error and ambiguity.**™°
Consequently, it is challenging to efficiently access,

compare, integrate, and analyze this data because different
studies and databases often present their findings in different
formats.

2551733 Wweb applications for surface chemistry such as
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CatApp>" and Catalysis-Hub'® aim to provide systematic data
for activation energies of elementary surface reactions and
binding energies from a variety of studies. Yet, the broader
challenge of standardizing data across various platforms and
integrating existing gas-phase databases remains. The rise of
machine learning (ML) in heterogeneous catalysis research has
been facilitated by the availability of these databases and the
development of cutting-edge approaches to handle the data,
leading to the discovery of optimized catalysts.>*>” However,
the inconsistencies between datasets impedes the seamless
data integration and (re)use, which hinders the development
of better ML models.**>"**7% These discrepancies underscore
the need for standardized practices and benchmarks in DFT
calculations to ensure consistency and reproducibility across
studies.®>®> Due to all of the reasons above, it is common for
every investigator of a catalytic reaction to perform electronic
structure calculations for all species with a consistent set of
DFT settings to obtain meaningful results. Given the millions of
calculations present in emerging DFT energy databases,'*'*
it is imperative that researchers find ways to leverage and reuse
existing DFT data whenever possible.

Beyond the challenges posed by non-standardized data
formats and different DFT methods, another critical issue that
must be addressed is the potential inconsistency between
experimental and ab initio data. Understanding catalytic pro-
cesses relies on microkinetic modeling based on DFT-derived
energetics.”'*® However, the uncertainties in the energetics
lead to discrepancies between theory and experiment, which
impact the applicability and reliability of the multiscale
model.®**%* Discrepancies can arise from various factors, such
as incorrect active site models,’® missing pathways in the
mechanism, inadequate consideration of surface environment
under reaction conditions,®” and intrinsic errors in the DFT xc
functional.®® DFT suffers from relatively large physical errors
arising primarily from the xc approximation, which yields
adsorption energies errors of ~20 kJ mol *.°® While DFT has
been instrumental in studying catalytic materials, intrinsic
parametric errors translate to uncertainties in reaction rates
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of multiple orders of magnitude in multiscale models.®*”"
Error cancellation improves the reliability of trends calculated
with DFT, but the errors are still too large for quantitative
predictions of reaction rates for individual materials with first-
principles-based kinetic models in most cases.

The relatively mature field of gas-phase chemistry has made
significant progress in establishing common references and
protocols for aligning thermochemical data from various
sources. Together with highly accurate electronic structure
methods, this has led to the development of databases with
highly accurate thermochemical properties, i.e. enthalpies of
formation (A¢H) such as the NIST Chemistry Webbook,”*
JANAF,” or the Active Thermochemical Tables (ATcT).”*”” The
accuracy and consistency of the gas-phase thermochemical data
are the cornerstone of quantitative predictions of reaction rates,
which bridge the gap between theoretical predictions and experi-
mental observations. When a gas-phase microkinetic model is
developed, it is possible to simply use tabulated values and append
only the thermophysical properties of missing species.

Drawing inspiration from the approaches the gas-phase
community uses for aligning thermochemical states offers
a promising route for standardizing approaches in the hetero-
geneous catalysis community. However, heterogeneous cataly-
sis has distinct challenges, as outlined above. Errors in
electronic structure methods for heterogeneous systems at
the GGA-level are larger,”® and there is no clear hierarchy of
methods that can be universally applied across different
systems.®>”*#® Furthermore, the energies of adsorbates are
intricately linked to the surface chemistry, making them highly
dependent on the specific catalyst surface, adsorbate coverage,
and reaction conditions.*" " Given the intricate nature of
heterogeneous catalysis, a more nuanced strategy is necessary
to standardize methodologies, emphasizing the urgency and
importance of this task.

In this review, we first define a consistent notation of
thermochemical quantities that the heterogeneous catalysis
community can use in the future and provide a bridge to the
gas-phase thermochemical frameworks. The structure of this
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review ensures that the methods of deriving thermophysical
properties from QM calculations are integrated into the general
thermochemistry framework to provide a clear learning pathway.
We review the available approaches to derive thermochemical
properties of adsorbates from ab initio data using our introduced
standardized notation that can be condensed into a simple set
of linear algebra equations. These linear algebra tools provide a
straightforward method for combining data from numerous
sources, integrating experiments with ab initio data, converting
between different formats, identifying and minimizing incon-
sistencies, and guaranteeing that the combined dataset is
complete and consistent. The various approaches are used to
calculate the thermophysical parameters for a case study to
showcase differences and similarities. We restrict the discus-
sion to heterogeneous catalysis for gas/solid systems for sim-
plicity, although extensions to solution-phase chemistry*® and
electrochemistry**®> are expected to be relatively straight-
forward. Our aim is not to promote any single method but
rather to unify thermochemistry concepts, notations, and ter-
minology to demonstrate the differences, benefits, and draw-
backs of available techniques while providing an approachable
introduction to a topic often perplexing to novice researchers in
the field. We hope that this review will serve as a valuable
resource for navigating this complex topic and facilitate the
improved use of the wealth of existing data to analyze and
understand heterogeneous catalysis.

2 Overview of computational
thermodynamics

This review aims to be self-contained and thus we begin with a
brief overview of the relevant thermochemical properties and
relationships. When working with thermochemical data related
to heterogeneous catalysis or any other system, it is imperative
to recognize that any thermochemically meaningful quantity
will be a relative quantity that satisfies a mass balance. Here,
we focus on chemical processes occurring at a fixed tempera-
ture and pressure; hence, we use Gibbs free energy AG as the
relevant thermochemical potential. Thermodynamic equilibrium
governs the maximum achievable conversion and selectivity for a
chemical conversion process. The equilibrium constant K for a
reaction is calculated from the Gibbs free energy change A.G at a
temperature T'

K(T) = exp( RT

A,G is the sum of the products of the free energies of formation
A¢G; of species i and their stoichiometric coefficient v;

ArG = i I/,'AfG[(T) (2)
i=1

Thus, it is crucial to accurately know the thermochemical quan-
tities of species participating in the reactions to make quantitative
predictions with kinetic models. In microkinetic models (gas-
phase or surface reaction mechanism), thermophysical properties

This journal is © The Royal Society of Chemistry 2025
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of all species and intermediates are required to determine the
equilibrium constants of the elementary steps. Commonly, an
elementary reaction is specified in the forward direction with rate
constant kg,q and the rate constant for the reverse direction k.., is
determined from the concentration equilibrium constant K,

Ktw
krey = [t<cd (3)

which ensures microscopic reversibility and thermodynamic con-
sistency. The free reaction energy is related to the enthalpy A.H
and entropy A,S of reaction:

AG(T) = AH(T) — TAS(T) (@)

The reaction enthalpy is calculated from the enthalpy of
formation A¢H;(T), also known as the heat of formation, of
the species,

N
AH(T) = Z vil\e Hi(T) (5)
py

where A¢H{(T) is a critical thermochemical quantity since it
captures the majority of the influence of chemical bonds. The
enthalpy of formation is a relative quantity, meaning it is
always defined relative to other species or reference states,
whereas entropy and heat capacity are properties of an indivi-
dual species. Defining a set of reference species is necessary to
obtain a set of internally consistent A¢H for all species. The
thermodynamic community has defined the elements in their
standard configuration as the standard reference species,*® so
the enthalpy of formation of a species is defined as a formation
reaction from the elements in their most stable form at a
constant temperature. For example, for C,Hg

ArH
Zc(graphite) +3H; = CyHg (6)

where the reference species are graphite and H,. Accordingly,
the A¢H of the standard reference species are 0 since it is a null
reaction. Experimental A¢H can only be obtained directly for a
limited set of species such as H,O (oxidation of H,) and CO,
(oxidation of graphitic C). In nearly all other cases, A¢H are
derived from other measured reaction enthalpies, using the fact
that the enthalpy is a state variable. Hess’s law states that A¢H
of a species is invariant to the reaction through which it is
formed. This law can be exploited since it is relatively easy to
measure the combustion enthalpy of C,Hg in a bomb calori-
meter.

A, Heombust.

CHg+3.50, “— 2C0, + 3H,0 7)

Alternatively, this reaction can be written as:

2CO; + 3H,0 — 3.50, — C,Hg¢ (8)
~——

target

references

where the reference species to form our target species are
located on the reactant side. If A¢H of O,, CO,, and H,O are
known (AfHo2 =0 kJ mol™*, A¢Hco, and A¢Hy o can directly be
measured), it is simple to back out A¢Hc,n, with the measured

Chem. Soc. Rev., 2025, 54, 560-589 | 563
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IUPAC

anchors Achsz Target
C+H, » C,Hg
lknown exp. ,
AH CO,+H,0+0; N\ Hcombust.
"

Fig. 1 Thermochemical cycle to determine the AHc, i from the experi-
mentally measured combustion enthalpy and the known enthalpies of
formation of the reference species.

A Hcombust..
I :
AfHCZH(, — ArHcombust, _ Z l/,'AfH,' (9)
———— 4
target Nl

references

where v; is the stoichiometric coefficient of species i (e.g:, vco, =
—2, Vo, = 3.5 in eqn (8)). Fig. 1 shows the thermodynamic cycle
to determine A¢Hg p, .

However, A¢H of many species have never been measured
and probably will never be measured, especially for highly
reactive species such as radicals and other short-lived inter-
mediates. Consequently, QM methods are used instead to
compute A¢H of species that cannot be measured. In all
equations, we use the general QM instead of DFT since all
methods can be used with any level of theory of electronic
structure data. QM methods can provide only electronic ener-
gies of individual species that are internally referenced to the
QM reference frame of the software, which can then be used to
compute the reaction enthalpies and finally deduce A¢H. To
determine A¢H of a target molecule P from an electronic
structure method, we form a hypothetical reaction from a set
of reference species A, B, and C with known A¢H.

aA +bB +cC - P (10)
The first step is to compute the reaction enthalpy using the
zero-point corrected QM energies (E;).

N
AHM = Ep +Z viE;

(11)
target #P
references
with A, H®, we can now back out A¢H of the target:
N
ArHp(0 K) = A, HM — > " 1At Hi(0 K) (12)
— i#P
target
references
N N
ArHp(0K) = E; + l/l'E,'— I/,‘AH,'OK 13
Hp(OK) = Eo +3 v — S vibcHi(0K)  (13)

target target =P =P

references references

eqn (12) is identical to eqn (9); the only difference is the source
of the reaction enthalpy. Since the reaction is hypothetical,
it is possible to use any stoichiometrically balanced reaction.
QM calculations are performed at a temperature of 0 K, so A¢H
derived from the QM reaction enthalpy are at 0 K, too. They can
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be converted to A¢H at 298 K by applying temperature
corrections.®” In principle, all the approaches described in this
work are mathematically identical to eqn (13); they only differ
in the choice of reference species and the value of A¢H of the
reference species.

2.1 Anchors, references, and thermochemical networks

Enthalpies are always derived from a set of reference species, so
without a common set of references, the values of enthalpies
are meaningless. When building microkinetic models, we are
not only interested in the enthalpies or Gibbs free energies of a
single species but rather the entire reaction pathway or mecha-
nism. In heterogeneous catalysis, this includes the adsorption
of gas-phase reactants, a series of surface reaction steps, and
the desorption of gas-phase products. Thus, it is necessary to
align the enthalpies of all species to the same set of reference
species, which creates a thermochemical network. In this work,
we introduce the term anchor species as a special case of these
reference species that form the basis of a thermochemical
network. The introduction of this term helps to resolve ambi-
guity in approaches where multiple or non-standard references
are used. As we will show, the anchor species of a thermo-
chemical network will have a relative enthalpy of zero within
their own reference frame. In contrast, reference species may
have zero or non-zero values.

The gas-phase thermodynamic community has defined the
enthalpies of formation A¢H (see eqn (6)), which use the
elements in their most stable configuration as the reference
thermochemical species.®® By referencing all species to the
standard set of anchor species (i.e. the elements in their IUPAC
standard states®®), it is possible to integrate data from multiple
sources, e.g., experimental and theoretical determinations with
various degrees of accuracy, into a global thermochemical
network. There are many highly accurate QM methods available
for gas-phase molecules (e.g., W4,*® HEAT,*® focal point,”® and
ANLO0®") that are capable of computing reaction enthalpies with
an accuracy of +1 kJ mol '. With these accurate reaction
enthalpies, the gas-phase chemistry community has estab-
lished standard methods to convert the electronic energies
from QM into highly accurate A¢H in thermochemical networks,
which can be created in two ways: sequential or using the Active
Thermochemical Tables approach.”””°> We briefly describe these
two different approaches in this review, but the reader is referred
to ref. 87, 92 and 93 for a complete description.

In the sequential approach, a single species is added by
referencing it to species already in the thermochemical net-
work. These species can be the elements in their standard
states (anchors) or species that are connected to the elements,
i.e. their AjH is known (references). The expansion of the
thermochemical network is most commonly done one species
at a time, which introduces a few issues. Foremost, it requires
the constructor of the sequential compilation to choose at the
onset which species to add and in which order. Imagine that
there are two species with similar quality thermochemical
determinations (e.g. two different reaction enthalpies forming
the target from references) that relate both to the existing

This journal is © The Royal Society of Chemistry 2025
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compilation. The constructor of a sequential compilation must
arbitrarily choose which to add first, artificially diminishing the
impact that the second has on all subsequent determinations.
Once a species is added, values for its enthalpy and partition
function are adopted, and all additional species that include
a reference to that species, even indirectly, depend explicitly
upon the previous values. The choice of partition function
determines how a species thermochemical information is con-
verted to the reference temperature of 298.15 K under standard
conditions at which the thermochemical network is solved.
Thus, partition functions can limit the accuracy as many
determinations occur at temperatures far from the reference
temperature. The third issue is bias because constructors have
to weigh all the available information when choosing what
values to recommend for a given reaction enthalpy. Frequently,
the constructors adopts a single “best” determination to add a
new species to the network, discarding the remaining informa-
tion. Importantly, new information that becomes available after
a value has been adopted cannot be included without redoing
the entire compilation of the network, which is the largest
problem with the sequential compilation. By the time a sequen-
tial network is compiled there is likely better or contradictory
information that cannot be included without introducing
inconsistencies. Examples of these sequential thermochemi-
cal networks are the JANAF tables” or the NIST Chemistry
WebBook.”*

The dynamic ATcT’®”7%® approach overcomes the pitfalls
of the adopt-and-freeze sequential approach. At the time of
compilation of the thermochemical network, a set of partition
functions is chosen for each species. The entire thermochemi-
cal network is constructed by fitting trial A¢H to that network
using a weighted least squares regression.”® All determinations
within the network are then checked against the trial solution
using the “worst offenders’ algorithm. The determination that
is least consistent with the trial A¢H has their uncertainty
increased marginally. This procedure is repeated until the
entire thermochemical network consists of A¢H with uncertain-
ties that are internally consistent. The ATcT approach uses all
data available at the time of solution and can be painlessly
updated with new information, including additional ab initio or
experimental data, new species, or improved partition func-
tions for species. Thus, the ATcT incorporates all available data
from experimental and theoretical into a single thermochemical
network. This approach can determine A¢H with an astonishing
sub kJ mol " accuracy. The current version of the ATCT contains
3000 gas-phase species,”® and it can easily be accessed at https:/
atct.anl.gov/. Our current study uses the ATcT database as the
global thermochemical network. Accordingly, we will use the
terms ATcT or global thermochemical network interchangeably
in the remainder of this paper.

In computational catalysis it is more common to create a
self-consistent local thermochemical network. A local thermo-
chemical network may be anchored to any valid set of anchor
species. These anchor species can be part of the reaction mecha-
nism or additional species not present in the mechanism, and
they can even be abstracted into elemental chemical potentials.

This journal is © The Royal Society of Chemistry 2025
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In the context of ab initio thermodynamics, we can think of these
reference species as being in a reservoir that is in equilibrium
with our target species (adsorbate, gas-phase, or surface).®* The
reactions to form the target from the reference species can take or
donate these references to the reservoir as an isothermal and
isobaric process.” This work details the numerous approaches to
construct these local networks and the approaches that integrate
the formation enthalpies of adsorbates into the global thermo-
chemical network by anchoring the species to the standard
reference set according to the IUPAC definition.

2.2 Thermochemistry in heterogeneous catalysis

The gas-phase thermochemical data from the global thermo-
chemical network is relevant for catalysis because it determines
the overall thermochemical equilibrium of a catalyzed gas-
phase reaction. However, no A¢H of adsorbates are included
in the ATcT, except *H on Pt(111). The lack of adsorbates in
these databases is due to the structural complexity of the active
site motifs, finite coverage effects, the accuracy of electronic
structure calculations for adsorbates, and the limited availabil-
ity of accurate experimental values. The A¢H of the adsorbate
depends on the active site (e.g., metal (oxide) facet), which
drastically increases the space of possible species to integrate
into a thermochemical network. Additionally, the atomic-scale
structure of surfaces may vary even for a single facet, resulting
in multiple possible binding sites with distinct A¢H.

The accuracy of electronic structure calculations for gas/
solid catalysis is typically limited to DFT because of the prohi-
bitive computational cost of more advanced methods. Well-
endorff et al.®® benchmarked predicted reaction energies for
the adsorption of gas-phase molecules on transition metals
with a range of different xc functionals with known experi-
mental values’® and obtained the best results for the BEEF-vdW
functional with uncertainties of £30 k] mol™* (mean absolute
error compared to the benchmark dataset).®® Some studies
employed higher levels of theory such as combinations of
GGA and meta-GGA functionals,””®® embedding techni-
ques,”®'*' random-phase approximation (RPA),*>'*7'% com-
posite DFT/MP2/CCSD(T) methods,'®” " CCSD(T),**""" and
Quantum Monte Carlo*”*** to derive more accurate adsorption
enthalpies. A review of beyond DFT methods is provided by
Sauer.''® However, even with high-level methods, heteroge-
neous systems typically require pseudopotentials and other
numerical approximations, leading to lower accuracy than
what can be achieved for gas-phase systems. Another source
of parametric uncertainty is the partition function used to
compute the entropy and heat capacity, which are often
approximated by assuming an ideal gas, harmonic oscillator,
or hindered translator/rotor.""*"*® The errors are typically
smaller than errors in enthalpy but can still be substantial,
as shown by more advanced techniques that account for
anharmonicity.**”

Experimental adsorption and reaction enthalpies can be
significantly more accurate than DFT data. Adsorption enthal-
pies can be derived from temperature-programmed desorption
(TPD) spectra or measured using single-crystal adsorption
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AfHCH4*=‘85 kJ/mOI

C+ 2H, + % P CH,*

ATCT exp.

Hy +

X
AHey,=-70 kI/mol A Hags=-15 kI/mol

Fig. 2 Thermodynamic cycle to compute the formation enthalpy of CH4*
on Pt(111) from the experimental enthalpy of adsorption at 63 K.

calorimetry (SCAC). An excellent review on SCAC is provided by
Campbell."*® Determining A¢H of the adsorbates anchored to
the global thermochemical network from experimental adsorp-
tion enthalpies is straightforward. For associative adsorption,
the adsorbate is directly referenced to the gas-phase precursor;
for example, the adsorption enthalpy of CH, on Pt(111) was
measured by Tait et al."*' via TPD:

CH, +* —» CH,* AH(63 K) = —15 k] mol !

Assuming that A¢Hpy(14) is zero (a common assumption that
we will discuss later), A¢Hcu,» can be calculated directly with
A¢Hcy, from the ATcT database in the thermochemical cycle in
Fig. 2. Temperature corrections have to be applied to convert
between the experimental and the reference temperature.
However, many species dissociate easily once adsorbed or do
not have a stable gas-phase precursor, requiring specialized
precursors to measure their adsorption energy. For example,
Karp and coworkers'**'?* used CH;l as a precursor to deter-
mine A¢H«cn,

CHL, + 2* — *CH; +*I  AH(320 K) = —212 kJ mol *
and measured a reaction enthalpy for the dissociative adsorp-
tion on Pt(111) of —212 kJ mol™" with SCAC.'** A¢H.cy, can
then be derived using a thermodynamic cycle as displayed
in Fig. 3.

The experimental determination of the accurate A¢H of
adsorbates is challenging since single-crystal adsorption calori-
meters are expensive and intricate systems. Creating single
crystals and ensuring no transformation during the operation
is challenging. Additionally, A¢H of the co-adsorbates have to be
known with high accuracy,'* and coverage effects caused by
self- or cross-interaction can distort the measurement.'**'**
Another challenge for more complex adsorbates is finding
suitable gas-phase precursors and preventing unwanted

AH=-197 kJ/mol *CHs
C+3/2H, +1/2 1, + % > +
D H=AHocpy DM *1

AH=-53 kJ/mol-144 kJ/mol

exp.
CH3I + %
AHa4s=-212 kI/mol
Fig. 3 Thermodynamic cycle to determine the A¢Hxcri, on Pt(111) adapted
from ref. 123. A¢H+ (—144 kJ mol™) was obtained from a different
experiment. The figure is adapted from Karp et al.*?®

AHey=14.6 kI/mol

566 | Chem. Soc. Rev, 2025, 54, 560-589

View Article Online

Tutorial Review

dissociation of the adsorbate. Due to all these factors, only a
few dozen experimental adsorption enthalpies exist for a lim-
ited number of systems, summarized by Silbaugh and
Campbell.”® Consequently, it is fair to assume that most
adsorbate A¢H will never be experimentally determined, and
they have to be derived from QM data instead.

3 Definition of terms and variables

All pertinent definitions and associated notation are collected
and concisely summarized in this section. We follow existing
definitions and notations from the gas-phase chemistry litera-
ture where possible. Throughout this work, we assume that all
thermochemical quantities are evaluated at 0 K and in the low-
coverage limit, consistent with computational chemistry meth-
ods. For simplicity and readability, we drop the temperature in
the equations below and only indicate if a quantity is evaluated
at a different temperature. However, the definitions hold at all
temperatures, and all mathematical relationships are valid as
long as all quantities are evaluated at a consistent temperature.
We only discuss the application of the methods to derive the
enthalpies of adsorbates, which are (local) minima on the
potential energy surface. The enthalpies of the adsorbates can
be used to parameterize microkinetic models typically in the
form of NASA polynomials, which requires the inclusion of
entropy and heat capacity of the adsorbates.'>® Additionally,
the construction of the microkinetic models requires transition
state calculations to elucidate the rate constants of the elemen-
tary steps of the reaction mechanism. Transition states, which
are first-order saddle points, are outside the scope of this review
since they require a different treatment to evaluate the rate
constants, although we note that some of the reviewed methods
are applied to transition states to develop microkinetic models.
We also note that the existing computational catalysis literature
may use different terms and contains many ambiguities. Thus,
the definitions and notation below are inconsistent with some
prior studies in computational catalysis, but are largely con-
sistent with the gas-phase literature. Table 1 summarizes all the
quantities used in this review. We provide a notation for a
single species whenever possible and a linear algebra notation
for a set of species (e.g., full mechanism). The general notation
uses a A for all relative quantities, with the subscript on the A
indicating whether it is a formation f or reaction enthalpy r. The
subscript on the H indicates the identity of the species, while
the superscript on the H denotes the method used. We intro-
duce another subscript A on the A that indicates whether the
enthalpy is relative to a non-standard set of anchor species. For
example “ApH-co where A = [CH,4, H,0, H,, Pt(111)]” would
fully specify an enthalpy of *CO adsorbed on Pt(111) anchored
to the DFT energies of CH,, H,O, and H, and Pt(111).
By definition, AjH of the anchor species A are zero in this local
thermochemical network. The specification of the subscript
on the A is critical when reporting enthalpies of adsorbed
species relative to non-standard anchors since, as shown later,
the absolute values of the enthalpies vary widely with different

This journal is © The Royal Society of Chemistry 2025
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Table 1 Definition of terms and variables. We drop the T for simplicity in the manuscript and only mention it if the temperature is relevant

Symbol Definition

E; . . . 1
Zero-point corrected electronic (DFT) energy of a species i, E; = Epgr,; + Ezpv,;, where Ezpyg; = Zihl’i

i

A¢H{(T) Enthalpy of formation of a species i at temperature T anchored to the global thermochemical network (here ATcT)

AH{(T) Enthalpy of a species i at temperature T relative to the anchor species A in a local thermochemical network

A:H; ,a5(T) Enthalpy of adsorption (or enthalpy of the adsorption reaction) of species 7 at temperature T

AH(T) Reaction enthalpy of a stoichiometrically balanced reaction (gas-phase, surface, and adsorption reaction) calculated from enthalpies
(of formation). This quantity is free of any anchor/reference species.

AHM Enthalpy of reaction j calculated only from DFT energies (A, HM = 3" 1;E))

v Stoichiometry vectors with stoichiometry coefficients v; of each species i in a reaction

M Stoichiometry matrix that encompasses a set of stoichiometry vectors (species x references)

N Elemental composition matrix of a set of species (species x elements)

E Fragment composition matrix of a set of species (species x fragments, e.g., bond types)

H¢(T) Vector of enthalpies of formation at temperature T

H\(T) Vector of enthalpies relative to the defined anchor species A at temperature T

HF(T) Vector of enthalpies of formation of the reference species R at temperature 7'

H/(T) Vector of reaction enthalpies at temperature T

E Vector of zero-point corrected DFT energies

E* or E¥  Vector of zero-point corrected DFT energies of the anchor species 4 or reference species

Anchor Anchor species are a special case of reference species because they form the foundation of a thermochemical network. The IUPAC
standard states of each element are the anchor species for ATcT, NIST, and other global thermochemical networks, but anchor species
can be arbitrarily defined for any local thermochemical network. The enthalpy of formation of an anchor species is always 0 because
referencing it to itself creates a null reaction.

Reference A species that is used to determine the reference chemical potential. We assume that the enthalpy of formation of a reference species

is known, e.g, from the ATcT (global thermochemical network). The enthalpy of formation of the reference species is relative to the

energy of an anchor species or other reference species.

anchor species. In this work, we reserve the name of formation
enthalpies to its agreed upon definition by the chemistry
community. Only enthalpies that are relative to the standard
IUPAC anchors, either directly or indirectly, and, thus, are
appended to the global thermochemical network are called
enthalpies of formation.

4 Types of tasks in thermochemistry

The case study clarifies that diverse and often inconsistent
datasets are prevalent in heterogeneous catalysis. Here, we seek
to classify the various tasks that are often performed to make it
more convenient to work with these quantities and correct or
combine the values consistently. All tasks aim to construct a
consistent thermochemical network that can be used to com-
pute reaction energies that will be used as inputs to micro-
kinetic models or other analyses. We broadly classify these into
tasks of “comparison and conversion”, which involve only
arbitrary modifications of data such that all relative quantities
within a dataset remain unchanged, and approaches for ‘“com-
bining and correcting” energies, which involve changes to
relative quantities within a dataset. The first class of tasks aims
to create a local thermochemical network with anchors that do
not correspond to the standard states, whereas the latter class
of tasks integrates the data into a global thermochemical
network with the standard anchors that facilitates combining
data from multiple sources (gas-phase species, experimental
data, etc.). The tasks for combining and correcting require
decisions and compromises for selecting or combining

This journal is © The Royal Society of Chemistry 2025

inconsistent data. Different decisions and compromises may
yield different reaction energies. It is further possible to divide
the approaches into two categories. Most described methods
use an atomic reference basis set, where a single reference/
anchor species is selected for every element. The basis set
terminology was first introduced by Mhadeshwar et al."*® for
computational catalysis. Another approach has recently
emerged that uses a molecular fragment reference basis set,
where a reference species is defined for a particular feature of
the target, e.g., bond type.

This work aims to provide a standardized way of considering
the various compromises involved with each approach and
provide researchers with convenient mathematical tools for
implementing them. Fig. 4 summarizes the different appro-
aches graphically. All methods are discussed assuming C,H,0,
molecules and adsorbates, but it is straightforward to extend
the methods to an arbitrary number of chemical elements
(e.g., N or S) by adding additional reference species. Examples
of all methods are provided in tutorial Jupyter Notebooks
included in the ESI,{ and in ref. 127.

4.1 Case study

We choose the oxidative dehydrogenation of ethane on Pt(111)
using the mild oxidant CO, as a case study to test the different
approaches to compute the enthalpies (of formation) of the
species in a reaction mechanism and to construct the thermo-
chemical networks.

C,Hg + CO, = C,H, + CO + H,O AH(0 K) = 169.7 k] mol !

Chem. Soc. Rev,, 2025, 54, 560-589 | 567
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Fig. 4 Overview of the different methods to convert a DFT dataset to enthalpies of formation and construct a global or local thermochemical network.
The methods can be grouped into atomic reference basis sets that conserve surface reaction energies from DFT and molecular fragment reference basis
sets that exploit error cancellation. The methods can use only DFT energies, apply direct corrections to DFT energies, and consider experimental gas-

phase species or adsorbate data.

This reaction is of interest to convert the large amounts of C,Hg
in shale gas to C,H, while at the same time reducing the
greenhouse gas CO, to valuable CO. Pt and Pt-based alloys
are promising catalysts for this reaction.'*®*?° The considered
mechanism is based on the pathways discussed by Jalid

et al.,t*°

reaction mechanism.

and we only consider one possible path of the complex

*CH,CH, + 2% = *CH,*CH, + *H

CO,* +* == *CO + *O

*H+%O;\*OH+%

*OH + *H = H,0* + *

C,Hg + ¥ = C,Hg*

CO, + * = CO,*

C,H* + * = *CH,CH; + *H

568 | Chem. Soc. Rev.,, 2025, 54, 560-589

H,0*

*CO

= H,0 +*

= CO+*

*CH,*CH, = C,H, + 2%
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We do not claim to provide new insights into this intricate
reaction system, nor do we assume that the presented mecha-
nism is complete. The case study serves purely as a demonstra-
tion purpose. Pt(111) was chosen as a model surface as it has a
large amount of experimental data for A¢H of adsorbates.’®
The * indicates that the species is bound to the surface. If it is
on the left-hand side of an atom, it indicates that the species is
bound to the surface through this atom (e.g., *OH). If it is on
the right-hand side, it indicates that the species is physisorbed
(e.g., H,O%). The DFT data used in this study is published in ref.
131. DFT calculations were performed with Quantum Espresso
using the BEEF-vdW xc functional®® on a (3 x 3) slab, which
corresponds to a coverage of 1/9th monolayer. The reader is
referred to ref. 131 for further details. Additionally, the RPBE'**
xc functional was employed to provide context on how to
compare different functionals. Energetic data for the relevant
species is summarized in Table S1 (ESIt).

Some methods construct the thermochemical network using
only the species that are part of this mechanism and derive a
set of internally consistent A¢H. However, in other methods, it
is necessary to introduce a set of additional gas-phase or
adsorbed species to determine A¢H of the target species using
hypothetical reactions and not the elementary reactions in
the mechanism. These approaches connect the target to the
existing global thermochemical network. In Table 2, we list
all gas-phase species (either part of the mechanism or in a
hypothetical reaction) and their A¢H taken from the ATcT
database (version 1.130°%77). We also assume that Pt(111)
represents bulk Pt, which is why A¢Hp(111) is always 0 kJ mol ™.
Technically, assuming that Pt(111) is bulk Pt is not in agree-
ment with the IUPAC standard states since there is an enthalpy
of formation to form Pt(111) from bulk Pt (proportional to the
surface energy of Pt(111)). However, assuming the active site as
a reference is the standard procedure in determining adsorp-
tion enthalpies from experiments or theory.”® We note that in
cases where multiple active sites are present, additional con-
sideration is required to determine whether the difference
in energies between active sites should be accounted for or
not. Having multiple active sites with A¢H of zero is not
thermodynamically consistent but may be appropriate if the
relative concentrations of active sites are known or if surfaces
are not assumed to be in equilibrium. Consistent with standard
practice in heterogeneous catalysis theory, we also ignore the

Table 2 Enthalpies of formation of the gas-phase species at 0 K from the
Active Thermochemical Tables (ATcT), version 1.130.”%°3 The vacant
site * is Pt(111) in our case study

Species  A¢H(0 K) (k] mol™")  Uncertainty (k] mol™")  Source

* 0 Exact Assumption
H, 0 Exact ATcT

O, 0 Exact ATcT

CH, —66.549 +0.044 ATcT

C,Hg —68.38 +0.12 ATcT

H,0 —238.902 +0.022 ATcT

CO —113.8 +0.026 ATcT

CO, —393.11 +0.015 ATcT

C,H, 60.89 +0.11 ATCT

This journal is © The Royal Society of Chemistry 2025
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impact of phonons on the adsorption enthalpies, as ways of
calculating the interaction of adsorbates and phonons are just
emerging."**

4.2 Tasks for comparison and conversion of datasets

DFT total energies are anchored to a consistent zero energy,
typically related to the vacuum level energy. However, the
specifics will depend on the DFT code used, the xc functional,
the pseudopotentials, and numerical settings. Nonetheless, the
enthalpy H(T, p) of a species (gas-phase or adsorbed) can be
defined directly from a total DFT energy (Epgr) by including
the zero-point vibrational energy (Ezpyg) and a temperature
correction 3HI™™(T, p), which is based on the partition func-
tions of the species.

H{(T, p) = Eprr,; + Ezvpr,i + 5Hzf'inite(T, D) (14)
= E;+ 8H""(T, p) (15)
—_——

=0at0K

For simplicity, we assume throughout this work that DFT
energies E; have already been zero-point corrected, and we
assume a temperature of 0 K so that the finite-temperature
correction can be neglected. The quantity H{T, p) does not have
a A as it is not an enthalpy of formation defined in a formation
reaction; instead, it is defined based on the relative energies of
the (valence) electrons. It is often more common in the catalysis
literature to work with the Gibbs free energy G(T, p), which is
similarly defined as:

Gi(T,p) = Ei + 5G™(T, p) (16)
—_———

=0at0K

We reiterate that in this work, we are only evaluating the
state variables at 0 K since the focus of this review is solely
on species-interdependent enthalpic contributions to the Gibbs
free energy (of formation). The temperature corrections
SHIMC(T) or 3GT™°(T) to evaluate H,(T) or G(T) at a finite
temperature T are derived from the partition functions of the
adsorbates assuming a harmonic oscillator model or using
more advanced methods that account for anharmonicity.**™"*®
However, at 0 K,

Gi(O K) = Hl{O K) = El'. (17)
The review focuses only on enthalpies and free energies
of adsorbates in the low-coverage limit. Lateral adsorbate-
adsorbate interactions are typically repulsive at higher cov-
erages, leading to a destabilization of the adsorbates which
affects their thermophysical properties.'*® The enthalpy or free
energy at a higher coverage can be determined by applying a
correction factor to the low-coverage limit value, which is
frequently derived from the change in the binding energy of
the adsorbates with increasing coverage.”>"*® All DFT energies
from a consistent set of calculations create a local thermoche-
mical network anchored to the same QM zero of energy. This
local thermochemical network can be used to determine the
relative quantities of interest for the researcher to evaluate the

Chem. Soc. Rev., 2025, 54, 560-589 | 569


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cs00768a

Open Access Article. Published on 29 november 2024. Downloaded on 18.02.2026 02.29.09.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

137-139 It can

energetics of possible pathways of a mechanism.
also be used to develop microkinetic models for complex
reactions over intricate active site motifs. For example, Foppa
et al.'*° constructed a microkinetic model with this method for
the dry reforming of methane over a Ni nanoparticle on a Al,O;
support.

However, using the DFT reference energy frame is incon-
venient when comparing data from different sources, codes,
and different levels of fidelity because the internal reference
may change by tens or hundreds of eV depending on the code,
pseudopotentials, or numerical settings selected. Therefore,
converting the QM energies from the original internal electro-
nic reference frame to an atomic reference basis set allows for
easier data evaluation and comparison.

4.2.1 Referencing QM energies to elemental chemical
potentials. A straightforward method to create a local thermo-
chemical network of consistent AyH from the computed DFT
energies is provided by the framework of ab initio thermo-
dynamics.®*® In this framework, we formulate a reaction in
which the target species is formed from the constituent ele-
ments to calculate AyH or the relative Gibbs free energy,

ncC + nyH + noO + n, * MP

where P is a generic C,H,0, gas-phase species or a C,H,0,*
adsorbate. We will start the derivations with the relative Gibbs
free energy, which is more common in the ab initio thermo-
dynamics literature. The Gibbs free energy G; of a species is
defined as:

G{T, p) = G{0 K, p) + 8GI™(T, p) (18)

Gi(T’ p) =E; + BGlﬁnite[Tv p) (19)

When defining our atomic reference basis set A as the DFT
energies of the elements in the reaction above, we can simply
determine the Gibbs free energy A,G in this reference frame
from the reaction free energy.

AAG(T7 p) = AI’G[Ti p) (20)
Nelements
AAG(T,p) = Go(T,p) = > mGi(T,p) (21)
N N e’

k

target target

references

The Gibbs free energy of the elements Gy is equal to the
elemental chemical potential u(T, p), which is more commonly
used in the literature.

Nclcmcnls
AAG(T,p) = Gp(T, p) — nei (T, p) (22)
—_—— N— — P
target target S —

references

n is the number of atoms of the element k in species i
(identical to the stoichiometric coefficient in the reaction
above). Since we focus only on a temperature of 0 K, we can
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use eqn (17) to reduce eqn (21) to

Nelements

AAG(OK) = ApH = Ep — gLy (23)

k

In this ab initio thermodynamics framework, A,H of the
target is anchored to the chemical potentials of the elements i,
which we need to determine. Theoretically, it is possible to use
the DFT energies of the elements as the chemical potentials.
However, it is impractical to reliably determine the chemical
potentials (or electronic energies) of the standard states of the
elements with DFT. For example, the graphite formation energy
is sensitive to vdW forces, which are not accurately accounted
for in many functionals, and the O, energy requires an accurate
treatment of the triplet spin state of oxygen, which is difficult at
the DFT level of theory and depends on the spin state. Total
atomization energies offer a convenient alternative in principle,
but in practice, they suffer from similar issues. Treatment of
bare atoms in DFT is generally inaccurate due to unpaired
electrons. Also, it requires careful convergence of spin states
that can cause ambiguity in the results due to potentially large
numerical errors. Calculating accurate atomization energies
demands the highest level of theory and presents the most
demanding calculations. To avoid these challenges, we can
derive the chemical potentials of the elements via two different
approaches: (i) by hand-picking closed-shell reference species
that are supposedly more accurate and use them to calculate
the chemical potentials in a sequential approach, or (ii) by
formulating a linear algebra problem that can be solved via
linear regression, avoiding explicitly defined reference species.
The first approach is described in this section, and the second
is described in Section 4.2.3.

In principle, the choice of reference species is arbitrary, but
there are some constraints. Reference species have to be chosen
so that there is a species for every element. For example, we can
use A = [CH,, H,O, H,] as closed-shell anchor species to
determine the chemical potentials. It is assumed that these
reference species are available in thermodynamic reservoirs.’*
These reservoirs are connected with the unit cell of the target
molecule/adsorbate/structure, and the reference species can be
drawn from the reservoirs or vanish in them without affecting
the pressure or temperature of the target.”> The chemical
potentials are then derived, assuming a thermoneutral reaction
to form the element from the closed-shell reference species.

CH, — 2H, —» C

The chemical potential ¢ is then calculated from the DFT
energies and other yf are derived similarly.

,Ué = ECH4 - 2EH2 (24)
,ué =Eu,0 — En, (25)
pify = 0.5Ey, (26)

We have now abstracted the DFT energies of the chosen
anchor species into the elemental chemical potential. We can
also assume that the Pt(111) slab is one entity and define the

This journal is © The Royal Society of Chemistry 2025
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chemical potential of this reference as the DFT energy of
the surface site u® = Epy(111)- ApHp referenced to the anchors
A = [CH,4, H,0, H,, Pt(111)] is then defined as:

Nelements A
AaHp = Ep — Ny Ly, (27)
—— T
target target ,

references

It immediately follows that ApH; = 0. The linear algebra
notation of eqn (27) is,

HA:E—

|74

T (28)

where N is the elemental composition matrix (number of
molecules x number of elements) of the target species.

Elements

C H O «

2 6 0 07 GCoHg

26 0 1| GH; (29)

Iz
I

Species

A Jupyter notebook that applies this method with an exten-
sive description is provided in the ESLf with the same title
as this section and also in PDF format on page 10 of the ESL ¥
The extension of this method to other heteroatoms (e.g. N or
halogens) requires additional elemental anchors and the
chemical potentials can be similarly derived from closed-shell
gas-phase species as in eqn (24) (by using e.g. NH3). For a set of
reference species to determine the chemical potentials, it is
also possible to determine the chemical potentials by using the
inverse of the elemental composition matrix of the anchors.
WA = NA-TEA

(30)

For simplicity, we integrated the entire slab directly into the
elemental composition matrix, which is convenient when deter-
mining only AjH of adsorbate and gas-phase species. It is
possible to parameterize a microkinetic model with the derived
AuH from this method.'*" However, the chemical potential of
the slab can also be broken down into every atom, which is
useful when investigating mixed transition metal, metal oxide,
or metal carbide surfaces and supported metal catalysts.”>'*>74°
Explicitly defining the chemical potentials of all atoms is often
used to derive surface free energies 7.%

Nelements

1
yp(T,p,... 74 Gp(T,p,...)— mew(Top,..)| (31)

) =3 d

The surface free energies can be used to construct phase
diagrams and compare the stability of materials for catalytic
and electrocatalytic systems under specific reaction condi-
tions, > 141467150 However, they may also be related to specific
reaction conditions such as temperatures, environment,
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applied potentials, or pH. In the cases where the chemical
potential is evaluated at different temperatures than 0 K, it is
necessary to work with the Gibbs free energy of formation in
eqn (21) and consider finite temperature and other corrections.
An example is the computational hydrogen electrode (CHE),
which also uses the concept of elemental chemical potentials.*>' >3
For electrocatalytic systems, an additional reference potential is
required for the proton-electron pair, defined as the reversible
hydrogen electrode (RHE).

H +e = IH,

The proton-electron pair chemical potential is then defined via

e t e = 0.50y — eU (32)

e+t = 0.5(Ew, + 3GI) — eU (33)
where U is the applied potential and e the elementary positive
charge. The chemical potential of H,, yy,, is the sum of the
electronic energy Ey, and the finite free energy corrections
8GR, With this definition of the chemical potential of the
proton-electron pair, it is possible to evaluate, e.g., the surface
morphology or stability of alloys at different applied potentials.

It is important to note that the numerical values of the A\H
will vary drastically depending on the choice of anchor species
used to derive the chemical potentials of the elements.
Consequently, directly combining energetic data with different
anchors is erroneous. To illustrate this variation, we chose
three different sets of anchors corresponding to closed-shell
molecules to determine the chemical potentials, which are
A = [CH,, H,0, H,, Pt(111)], B = [CO, H,O, H,, Pt(111)], and
C = [C;H,, CO, H,, Pt(111)].

Fig. 5 shows the calculated enthalpy profiles using the
different anchor species for the oxidative C,Hs dehydrogena-
tion. Indeed, it can be seen that AyH for the species are very
different as seen by the offsets between the profiles on the
y-axis. Thus, a naive comparison of energies from A\H and AgH
would result in a large discrepancy. However, the relative
enthalpy differences between the adsorbates, i.e. the reaction
enthalpies, which are ultimately the quantity that matters in
microkinetic models, are identical. This is easily seen by setting
the starting point in the enthalpy diagram to 0, which results in
the collapse of the three different profiles. Thus, the reaction
enthalpies predicted from DFT are always conserved, leading to
identical predictions of a microkinetic model, regardless of the
reference/anchor basis set.

For pedagogical purposes, we show explicitly that the reac-
tion enthalpies are independent of the chosen references for
any atomic reference basis set, i.e. when there is a single
chemical potential for each chemical element. A relative reac-
tion enthalpy can be calculated using A,H derived from the
chemical potentials, which is written as:

N
AI-H = ZViAAHi (34)
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Nproducts Nreactants
= Z viAaH; — ViAaH,; (35)
i i
Nproducts K
i keproducts
(36)

Nreactants K
_ Z 12 (Ef+ Z I’l/“u/‘/:‘)

i kereactants

Nreactants

ViE;

N, products
= E l/l'E i

i i

N, products A Nreactants A
+ Z 14 E Nyl — E Vi E Ny e

i keproducts i kereactants
(37)
Nproducts Nreactants
= E Z/,'E i 1% iE i (3 8)

i i

Therefore, for every stoichiometrically balanced reaction, it is
evident that ke products and kereactants will be equivalent and
> mepd will cancel, making the choice of pi arbitrary. This
k

invariance proves that as long as a dataset is anchored to the
same set of atomic reference species, it is internally consistent
and the relative quantities required for microkinetic models
will be identical regardless of the anchors selected. The follow-
ing techniques for comparison and conversion of enthalpies
of formation exploit this invariance, selecting “convenient” u¢
that allow for comparison of energies under different thermo-
dynamic scenarios or between different levels of theory and for
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conversion of energies between relative and absolute reference
states.

4.2.2 Referencing QM data to a set of anchor species.
In the previous approach, we created a local thermochemical
network where A H are referenced to the elemental chemical
potentials derived from a set of anchor species A. Here, we
show that it is possible to cut the ‘“middleman” of elemental
potentials and use the anchor species directly to compute AjH
(see page 18 of the ESIt). As demonstrated above, the choice of
reference species is in principle arbitrary, but there are some
constraints that must be followed. One reference species must
be chosen for every element to form an atomic basis set. As we
will see in this section, the stoichiometry of anchor species
must also not be linearly dependent. Common choices for the
sets of reference species in computational catalysis are typically
gas-phase molecules like CO, H,, H,0"™*'* or, CH,, H,,
H,0."%'%7 A vacant metal slab, e.g., Pt(111), has to be added
for adsorbed species. The construction of local thermochemical
networks is frequently used in the literature, although anchor
species often vary between studies and are not always explicitly
stated. Referencing a single target species directly to a set of
anchor species works as follows: we construct a hypothetical
reaction to form the target (either gas-phase species or adsor-
bate) from the set of anchor species, i.e., CH4, H,O, H,, and
Pt(111).

AnH

VCH4CH4 + l/Honzo + VH2H2 —+ vy * AP
Additional anchor species are required for other hetero-
atoms, e.g. NH; for N. When using the DFT values of the

reference species as the anchor, it follows that A,H of the
target referenced to this set of anchor species is equal to
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the reaction enthalpy of the reaction above.

AprHp = A,—HQM (39)
——

target

We can compute this reaction enthalpy from the electronic
energies.

N
AHM = Ep + Z viE;

i#target

40
(40)
target

references

To determine ApHp, we can now substitute A.H in eqn (39)
with eqn (40).

N
AprHp = ArHQM =FEp+ ZZ/[E,' (41)

i#P

The subscript A is the set of anchor species, in this case,
A = [CH4, H,0, H,, Pt(111)]. ApH of our chosen anchor species
are 0 because it is a null reaction to form the anchor species
from themselves. Eqn (41) converts the zero-point corrected
DFT energy of a single species into A,H referenced to the set of
anchor species, A. This problem can also be cast as a linear
algebra problem for a set of species, typically the entire reaction
mechanism. The linear algebra notation using the definitions
in Table 1 is as follows:

H, =E+ME"

=

(42)

where E is the vector of the zero-point corrected DFT energies,
M is an m x n stoichiometry matrix with m anchor species and
n reactions to form the target from the anchors (not to be
confused with the elementary reactions in the mechanism),
and E* is the vector of the DFT energies of the anchor species.
The stoichiometry matrix M can be constructed by hand, but
it is also possible to use linear algebra to determine this from
the elemental composition matrix N. N an m x n matrix,
but consists of the elemental composition of each species
and is, thus, easier to construct and more general since it is
independent of the anchor set. We have to construct an
elemental matrix for the anchor species N* to determine M.

Elements
C H O =«
1 4 00 CH,4
(43)

0200 H,
NA = Species
- 0210 H,O

0 0 0 1 Pt(111)

To convert between the elemental composition matrix N
of the species to the stoichiometry matrix M that forms the
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species from the anchor basis set, we can use the inverse of the
elemental matrix of the reference species NA~!.

References
CH; H, H,O Pt(111)
-2 1 0 0 CyHg
-2 1 0 -1 CH¢*
M= 7&/3‘_1 = Species
(44)

Note that this places an explicit constraint on any possible
anchor set: the composition matrix N* must be invertible. This
method of referencing DFT energies to a set of anchor species
with their DFT values is commonly used. It is suitable for
investigating a catalyst for a specific process,"**'°® it can be
used to screen across the material space,'”*'®"'%* coverage
effects on the thermophysical parameters can be included,*>*
it has been combined with uncertainty quantification,”®'¢®
and it has also been applied to investigate electrocatalytic
systems."®® Since the method is identical to the elemental
chemical potentials, it is also possible to directly combine
it with the CHE model to calculate free energies at applied
potentials.’®” This method is also the default for calculating
AAH in the open-source CatMap'®® software package, although
the notation and nomenclature used in the CatMap package
and manuscript are different from the more consistent ones
used in this work.

4.2.3 Referencing QM data to least-squares elemental
chemical potentials. For a typical DFT dataset, there is a myriad
of possible anchor species to calculate the chemical potentials.
For example, we can calculate po with different reference
anchors, A = [H,0, H,] and B = [CO, CO,] through

18 = En,o — En, = —55799 kJ mol (45)

W = Eco, ~ Eco=—55878 kg mol * (46)

Clearly, different anchor species will lead to different values
of the chemical potentials for the elements, which in turn
affects the relative enthalpies as shown in Fig. 5. However,
as demonstrated by eqn (34), the reaction enthalpies of any
stoichiometrically balanced reaction will be conserved in an
atomic reference basis set. Instead of manually selecting the
anchor species to determine the chemical potentials of the
elements in a sequential approach, it is possible to exploit
the invariance and select convenient numerical values for the
chemical potentials. In particular, it is often convenient to
select chemical potentials that minimize the (sum of squared)
errors between relative enthalpies computed using different
codes, levels of fidelity, or reference sets. As we will show, this
can be achieved using linear algebra and least-squares regression
and avoids the need to specify any explicit chemical species as
anchors.
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To calculate the least-squares anchor elemental potentials,
we take the elemental composition matrix N that contains all
the formation reactions of the target species from the consti-
tuent elements to derive the chemical potentials. Rather than
selecting a set of explicit anchor species with defined stoichio-
metries, we seek the set of chemical potentials that minimizes
the squared magnitude of the resulting relative enthalpies. The
linear algebra formulation offers a convenient way to perform
the minimization of squared relative enthalpies magnitudes,
which is closely related to the least-squares regression problem
and is given in eqn (47).

W5 = (N'N) NE-NE (47)

The least-squares regression result can also be written as the
product of the pseudo-inverse of the elemental composition
matrix g* and the energy vector E. Calculation of A;gH is then
performed by replacing the chemical potentials in eqn (47) with
the expression in eqn (28), leading to

His=E-Nu®=E-NN'E (48)
where we use the LS symbol to denote a “least-squares’ anchor
set that does not explicitly depend on specific molecular anchor
species, but rather implicitly depends on the entire set of target
species included (i.e. the species in the rows of N). The Python
implementation of this method can be found on page 26 of
the ESL.{

The least-squares anchor set is particularly advantageous for
comparing energies from different sources or approximations.
When using specific molecular species as anchors A, any error
associated with the species will propagate through A H of the
entire dataset. To illustrate this, Fig. 6a compares the relative
enthalpies of species in the oxidative dehydrogenation of
ethane for two different xc functionals, RPBE and BEEF-vdW.
Relative enthalpies are computed using the elemental chemical
potential approach with two different reference anchor sets and
the least-squares anchor. Using the molecular anchors, the
deviation between the two functionals varies widely depending
on the choice of anchor species. Naive comparisons could lead
to very different conclusions about the relative performance of
these two xc functionals. On the other hand, using the entire
reaction mechanism to determine the anchor chemical poten-
tials by minimizing the sum of squared errors removes the
arbitrary dependence on the choice of anchor species. When
using these fitted chemical potentials, the scatter and, accord-
ingly, the deviation between the xc functionals are significantly
smaller. This behavior is also displayed in Fig. 6b, where A;gH
derived from the RPBE and BEEF-vdW functional give similar
results with only small deviations. Determining the chemical
potentials via linear regression does not make the DFT ener-
getics more accurate; all reaction energies will be unaffected, as
shown in eqn (34). However, it makes the energetic data from
different xc functionals more comparable, as seen in Fig. 6b.

Using the least-squares chemical potentials as an anchor is
similar to determining atomization energy corrections (AEC)
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Fig. 6 (a) Comparison of the difference between the enthalpies of for-

mation from the BEEF-vdW and RPBE functional using different sets of
references to determine the elemental chemical potentials: least-squares
regression, CH4/H2/H,0, and C,Hg/H,/CO. The mean absolute deviation
(MAD) is reported in the legend. (b) Aligning the two DFT datasets for the
test case with different xc-functionals using linear regression to determine
the elemental chemical potentials.

often employed in the gas-phase community.'®® Known experi-
mental atomization energies for species are used to determine
the correction factors for the DFT energies. In a more generic
way, this can be formulated as determining corrections to a set
of energies to align them with known energies of higher
fidelity. In the case of two DFT datasets obtained from
two different functionals, we can either compare the relative
enthalpies or determine atomic correction factors to align the
energies of, e.g., the RPBE functional with the BEEF energy
values. In fact, it can be shown that the least-squares anchor is
also the anchor set that minimizes the sum of squared devia-
tion between two different datasets obtained from different
sources. Thus, the minimum sum of squares chemical poten-
tials can also be used directly to align data from different
sources, e.g., from different functionals such as BEEF-vdW
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and RPBE or different levels of theory.

ERPBE _ ERPBE | N N+ (EBEEF-vdW _ gRPBE) (49)
where ERPBE are the aligned energies of the RPBE functional
to the BEEF-vdW functional. Eqn (49) allows to align the data
from various sources to the same QM zero-of-energy, which
is useful in data science and machine learning for providing
an unbiased error between different levels of theory.”®'”° The
method is mathematically similar to the A-ML approach, where
the thermochemical quantity from one level of theory can be
mapped onto another level of theory.'”" Here, we present how
to do this using least-squares regression to determine elemen-
tal chemical potentials. However, the least-squares regression
can be replaced with a machine learning model to regress other
structural features using e.g. a LASSO (least absolute shrinkage
and selection operator) optimization."”>'”* The downside of
this approach is that the anchor chemical potentials will depend
implicitly on all the species present in the dataset and technically
need to be re-computed any time the network is expanded, similar
to the ATcT.”’

4.3 Approaches for correcting and combining datasets in
atomic reference basis sets

The approaches presented above are convenient for converting
energies into various frameworks such as ab initio thermo-
dynamics and assist in comparing different energy sets while
ensuring that all relative quantities for any reaction are con-
served. Thus, using these approaches, all microkinetic models
will be identical regardless of the choice of anchor species.
However, the resulting reaction enthalpies may not be consis-
tent with accurately known enthalpies of the overall gas-phase
reaction from global thermochemical networks, such as the
ATcT. For example, a reaction enthalpy of 191.2 k] mol ' is
calculated for C,H¢ dehydrogenation with CO, at 0 K using
BEEF-vdW. This reaction enthalpy is identical for all previously
described approaches. However, this value is in stark disagree-
ment with the known reaction enthalpy of 169.7 k] mol™"
determined from the accurate A¢H of the ATcT database. The
difference results in an equilibrium constant K for the ODH
reaction that is off by a factor of ~20 for a typical reaction
temperature of 873 K as shown in Fig. 7. Therefore, the
methods for comparison and conversion do not lead to micro-
kinetic models that are thermodynamically consistent with the
known A¢H of gas-phase species. The methods described above
are commonly used techniques for manipulating DFT energies
in computational catalysis, and lay the foundation for subse-
quent approaches that enable datasets that are more consistent
with known thermochemical information.

The error in the gas-phase reaction energies is typically
caused by the inaccuracy of common GGA xc functionals, which
are on the order of 30 to 50 kJ] mol '.°®* When computing the
reaction enthalpy of surface reactions from DFT energies, it is
often assumed that error cancellation improves the accuracy.”
However, the degree of error cancellation can vary widely,
depending on the specific reaction."®" Thus, we hope for error
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the enthalpies of reaction calculated from the ATcT database, the refer-
encing approach, and the referencing approach with corrections. We
assumed the same reaction entropy for all different cases. (b) Ratio of
the equilibrium constants from the computational chemistry methods
compared to the exact equilibrium constant derived from the ATcT. Note
that the inverse ratio of the referencing approach is shown.

cancellation for surface reaction energies, but it is not guaran-
teed that surface reaction energies are accurate.”* Additionally,
DFT calculations perform poorly for gas-phase species due to the
approximate treatment of electron exchange and correlation.'”*
The most commonly used xc functionals in heterogeneous
catalysis, such as BEEF-vdW and RPBE, are semi-empirical.
They are specifically selected to predict experimental adsorp-
tion enthalpies, which reduces accuracy for gas-phase reaction
energies."*”

Combining thermochemical data from various sources
(typically of very different fidelity) is necessary to achieve better
agreement with experimental gas-phase reaction enthalpies or
more accurate A¢H of the adsorbates. This combination of data
leads to changes in relative quantities in the thermochemical
network that either implicitly or explicitly “correct” reaction
enthalpies to be more consistent with higher-fidelity data.
Schemes are available that apply these corrections to a few
species, many species, or sometimes all species in the thermo-
chemical network. Here, we classify approaches as ‘‘direct”
correction schemes, where individual DFT energies are expli-
citly corrected, and “indirect” correction schemes, where
corrections are made implicitly through error cancellation
reactions. The direct methods tend to be simpler because they
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apply fewer corrections and can be understood intuitively, but
they typically do not exactly reproduce all known quantities.
In contrast, indirect methods are generally capable of reprodu-
cing known quantities exactly, but they do so at the expense of
greater complexity and less transparency.

4.3.1 Corrections to the DFT energies of gas-phase species.
It is possible to improve the accuracy of the overall reaction
enthalpy by adjusting the DFT energies of individual gas-phase
species. Correction factors include atomic energy corrections
(AEC), bond additivity corrections (BAC), or corrections to
fragments or specific molecules.'®>'’> AECs and BACs are
standard correction methods in the gas-phase community
but are less frequently used in catalysis. In computational
catalysis, correction factors have mainly been applied to
specific molecules.

The most prominent introduction of molecular corrections
in heterogeneous catalysis is the correction of the O, molecule,
first introduced by Nerskov et al. to explain the origin of the
overpotential for oxygen reduction."”" They recognized that the
high-spin ground state of O, is poorly described with DFT,
leading to large errors of ~70 kJ mol™" in the water splitting/
formation reaction. To avoid this issue, they used the experi-
mental reaction energy for water formation 1/20, + H, — H,0
(equal to AfHHZO) to avoid calculating O, with DFT, leading to
the widely used ““O, correction” that ensures the correct
enthalpy of the water formation reaction.'*7¢7178

COIT

on" = 2(Ew,0 — En, + ArHp,o) (50)

where A¢Hyy o = —238.9 kJ mol " (AT¢T”®). Another widely used
correction to DFT energies of gas-phase species for catalytic
systems was proposed by Peterson et al'®* for the electro-
chemical reduction of CO, on Cu(211). The authors applied a
statistical sensitivity analysis to identify correction factors that
align the reaction enthalpies from DFT with the experimental
values. To determine these correction factors, they compared
the DFT-derived reaction enthalpies of 21 hand-picked gas-
phase reactions involving CO,, CO, H,, and H,0O with experi-
mental values from the NIST database. Perturbing the energy of
CO, and all species with an OCO backbone by 43.4 k] mol ™" for
the RPBE functional led to a minimum deviation between the
experimental and DFT values. However, the agreement with all
test reactions is not exact, and a discrepancy of ~6 kJ mol ™"
remained. In the same study, very different correction factors
were necessary when using the PBE functional, highlighting the
functional dependence of these corrections. In a follow-up
study, Studt et al'”® repeated the same analysis using the
BEEF-vdW functional in GPAW, and they obtained the closest
agreement when perturbing the CO, as well as the H, energy
by 31.8 k] mol™" and 8.7 k] mol™". In a different study by
Studt et al.,**° a slightly different correction value for CO, of
39.6 k] mol™' was obtained using QuantumEspresso while
the H, correction remained 8.7 k] mol . This discrepancy in
correction factors highlights the slight differences between
different electronic structure codes and numerical settings,
making it challenging to generalize correction factors.
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Following these pioneering studies, a range of corrections
for the gas-phase energies were proposed in the literature for
nitrogen-containing species,®>'’® 0,,'®* CO, CO, and other
species depending on the xc-functional.”®'827'8% Urrego-Ortiz

et al.*®

reviewed the gas-phase errors and corrections of DFT
calculations for computational catalysis.

Fig. 8 shows the enthalpy diagram with the applied correc-
tions to CO, and H, of 31.8 k] mol ' and 8.7 k] mol " for the
BEEF-vdW functional,'”® respectively. The derivation of the A\H
follows the equations described in Section 4.2.2, with correc-
tions added to the DFT gas-phase energies of CO, and H,O.
Notably, the reaction enthalpies will be the same regardless
of whether corrections are added before or after anchoring
the thermochemical network; however, if corrected species
are used as anchors, then the correction will be distributed
throughout the network, and the individual A,H will depend on
whether the correction was applied before or after anchoring.
Thus, it is recommended that corrected species should not be
used as anchors to avoid ambiguity about which species have
been “corrected”. Using these standard corrections, the overall
reaction enthalpy with the gas-phase corrections is 159.4 k] mol %,
which still deviates from the experimental value by 10 kJ mol™".
This error leads to an equilibrium constant that deviates by a
factor of ~4 from the exact value (see Fig. 7b). Compared to the
“non-corrected” free energy diagram constructed directly from
DFT energies, the only change is for the adsorption enthalpy
of CO,, which is increased by 31.8 k] mol ', making CO,* more
stable. Since H, desorption does not appear in this reaction
mechanism, the H, correction cancels out, and all other DFT
reaction enthalpies are conserved. In general, the approach
changes only the reaction energies for the adsorption/desorption
steps where corrected molecules are involved.

Instead of applying corrections to specific molecules, it is
possible to determine correction factors for bond types. The
OCO correction of Peterson et al.'>* is a simple example, but
more sophisticated approaches are possible. The usage of
bond-additivity corrections to improve the accuracy of low
level of theory methods is a well-established procedure in the

250

[ Referencing to DFT anchors
[ Referencing to DFT anchors w corrections

200 st CH2CH2
e, (S
I co Hz0
[
H;0
—~ 150 P
a i
T i
2 i
E 100 i
X !
i
>
o — —
5 50 F N Jr— 2 CHY [CH,CH,
2 Y— feHicH, 2o | *co
c N \ /€O vom | | H:0°
2 CHsCH] + "CH,CH, =i \ i
co, C'l’:."z Co; | "CHiCH, \ !
g - co; o
-50 | 2'H CHzH:
H0°
-100 -

Fig. 8 Enthalpy diagram with the relative enthalpies derived from the
corrected DFT energies of CO, (+31.8 kJ mol™) and H, (+8.7 kJ mol™)
using referencing approach compared with the AxH from the uncorrected
DFT energies. The enthalpy diagrams are aligned to CyHg* + CO,* to
demonstrate that the adsorption enthalpy of CO, was corrected.
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gas-phase community.”>"®® Bond-additivity corrections are
increasingly used in catalysis. Christensen et al.'® identified
that the error is not associated with the OCO backbone but
rather with the C—=0 bond. They obtained a slightly better
agreement with the experimental reaction enthalpies when
applying corrections of 9.7 k] mol™" to H, and 14.5 k] mol ™"
for the C—=O0 bond. Additional bond-additivity correction factors
were obtained for a range of functionals by Granda-Marulanda
et al”® for CO,, CO, -CH,, -OH, C=0, and (C=O0)0. These
fragments were hand-picked by experts, which requires
chemical intuition and experience. Alternatively, it is possible
to use machine-learning techniques like LASSO regression to
determine the subgraphs that lead to the best results.'”*'8®
Bond-additivity correction factors for N-containing molecules
were determined by Urrego-Ortiz et al.'® using an automated
procedure. It has also been shown that the correction factors
are correlated across the DFT xc functionals.®"7%18%187,190,191
For example, Urrego-Ortiz et al'®® demonstrated that the
correction factor for H,O, and O, exhibits a linear correlation
for a range of xc functionals. Christensen et al.'®”"*°! observed a
linear relation of gas-phase reaction enthalpies when evaluat-
ing the ensemble of energies spanned by the BEEF-vdW func-
tional. These correlations suggest that it is possible to construct
correction factors that reduce dependence on the chosen xc
functional," although such schemes will increase the com-
plexity of the bond correction approach. Overall, these correc-
tion schemes provide chemically intuitive ways to understand
the corrections, and in the simplest cases are very straight-
forward to apply. The usage of tabulated correction factors in
the literature for specific molecules or bond-types can signifi-
cantly improve the agreement of the overall gas-phase thermo-
dynamics with the accurate thermodynamic data from the
global thermochemical network. However, to achieve the best
or even exact agreement, it is necessary to determine the
correction factors in every self-consistent DFT study.

4.3.2 Deriving enthalpies of formation of adsorbates using
gas-phase reference species. It is possible to combine the A¢H
of the adsorbates with the known global thermochemical net-
work of gas-phase reactions to achieve reaction enthalpies of
gas-phase reactions that are in exact agreement with the known
A¢H from the ATcT. The approach to reference the DFT energies
to the ATcT is similar to the approach described in Section 4.2.2
(see ESI,t page 36). Assuming an atomic reference basis set
with CH,4, H,0, H,, and Pt(111), we can again create a reaction
to form the target from the references.

ven,CHy + i, 0HO + vy Hy + 0% — P

In Section 4.2.2, we assumed that these species are our
anchors from which all other species are formed. Using the
DFT energies of these species as the anchor values, it followed
that the A,H of CH,4, H,0, H,, and Pt(111) in the anchor frame
A are 0 because it is a null reaction. In the global thermo-
chemical network, A¢H of these species are referenced to the
IUPAC anchor species in their standard state. Thus, A¢H of
the reference species have known values as listed in Table 2.
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AH
C + Hz + 02 + * > CaObHc»<
ATCT QM
AfH CH4+H2+H20+* ArHQM

Fig. 9 Thermodynamic cycle to determine the A¢H of the species con-
nected to the global thermochemical network.

To utilize the tabulated A¢H of the gas-phase species from the
global network, we have to reference the DFT data to the IUPAC
anchors, which we do through our chosen reference species in the
atomic basis set, shown in the thermochemical cycle in Fig. 9.

From the thermochemical cycle, it can be easily seen that
A¢Hp in the TUPAC anchor frame is the sum of the A¢H of the
reference species and the reaction enthalpy to form the target
from the references.

N
AcHp: = A,HM — Z vil\eH;
i#P

(51)

N N
AfHP* = Ep* +ZViEi —Zl/,’AfH,‘
i#P i#P

(52)
target target

references references

We can also formulate this in a linear algebra notation leading
to the following equation:

H; =E+MER — M H} (53)

H; =E+M(E® - Hf) (54)
Including the slab into the matrix of stoichiometric coeffi-
cients leads to an equation that is similar to eqn (42), with an
additional term —M ﬂ?, which references enthalpies of for-
mation to the ATcT thermochemical network. As shown pre-
viously in Section 4.2.2, M can conveniently be determined

from N and N® via eqn (44). An alternative derivation of this

l. ,192

approach was developed by Blondal et a which relies on an

adsorption reaction of the target species.
P+* = P*

where the adsorption enthalpy is derived from the DFT energies
and A¢H- = 0 k] mol " by assertion as discussed in Section 4.1.
Thus, the only unknown to solve is A¢H of the gas-phase
precursor of the adsorbate. Many gas-phase precursors are
unstable and, therefore, not tabulated in the ATcT. An isogyric
reaction®”'®? to form the species from CH,, H,O, and H, is
used to estimate A¢H of the precursor, which is similar to the
ANLO approach.’ A¢H of the gas-phase precursor also provides
the reference to an existing thermochemical network as illu-
strated in Fig. 10. We derive the approach in detail in the
Section 3 of the ESIf and show how it is mathematically
equivalent to eqn (54).

The method depends on the DFT energies of the reference
species, in this case CH,, H,O, and H,. The approach is
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Fig. 10 Schematic illustration of referencing the DFT data to the global
thermochemical network (here ATcT) using gas-phase reference species.

typically used with this reference species set since it is equiva-
lent to an isogyric reaction.”>'®®> However, other reference sets
could be selected, in which case the final A¢H of the resulting
reaction network and the resulting adsorption enthalpies
will vary slightly depending on the selected reference species.
For example, it is possible to use the least-squares anchor set
introduced in Section 4.2.3 to combine data from two thermo-
chemical networks without explicitly selecting molecular references.
In this case, all adsorption/desorption energies would be cor-
rected by some amount, but on average, the squared difference
between the DFT-derived and ATcT enthalpies of formation
would be minimized.

Referencing the DFT energies to the existing ATcT database
through the reference species allows us to integrate the available
accurate A¢H of gas-phase species, which always ensures thermo-
dynamically consistent mechanism. By using the highly accurate
A¢H of the gas-phase species from the ATcT instead of the DFT
values, we implicitly correct all DFT-derived adsorption/desorption
reaction energies except for those of the reference species (see
Fig. 11). The adsorption enthalpies of the references match the DFT
energies (see ESIt). All reaction enthalpies of the surface reactions
from DFT are still conserved and identical to those of the referen-
cing approach. This method also reduces the computational

300

[ Referencing to DFT anchors
250 [ Referencing to gas-phase AH
[ Referencing to exp. adsorbate AiH

200
150 | i H0"
100 | =—

50 \

enthalpy (kJmol~1)

—
Jom—" cH;cH} CHCH,
CH;CH, U273 i "Cco

0, \ e co
CH3CH3 . — [ 1
O Co, o e — 2% \
CHJCH: CHaCH] CHaCH3 T \
3CH; M "oy "CHiCH, I—
co, co; o ; “CHE
-50 | 2°H Ct‘éguz

H,0"

\ .
“oH | ! H0
£ 1
H 1
1

-100+-

Fig. 11 Enthalpy diagram with the enthalpies of formation derived with the
standard referencing approach, using the gas-phase A¢H as references, and
using experimental enthalpies of formation of adsorbates as reference. The
enthalpy diagrams are aligned to C,Hg* + CO,* to demonstrate the changes in
the adsorption enthalpies, while all surface reaction enthalpies are conserved.
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workload, as it is no longer necessary to compute the energies
of gas-phase species other than the references.

This approach has been widely employed by Vlachos and
co-workers'** ™7 to convert DFT energies to A:H referenced to
the global thermochemical network. Vorotnikov et al.** used
the method to construct a database of adsorbates for furan
chemistry on Pd(111). Further, they used eqn (52) to determine
the A¢H of all gas-phase species (that are not the references)
with the G4 level of theory rather than using ATcT values. This
application illustrates an alternative use of the approach where
gas-phase species and adsorbates are computed with different
levels of theory but can be combined in a single thermochemi-
cal network since both are referenced to the same global
network. Integrating the accurate A¢H of gas-phase species
and the A¢H of adsorbates derived from DFT in a global
thermochemical network is crucial when building coupled
homogeneous/heterogeneous reaction mechanisms'®* or for
open-ended mechanism exploration with automated mecha-
nism generation software,®>”13%19%199 gome of the authors
have used the method for the microkinetic modeling of the
transient CO, methanation on Ni(111)”> or the temperature-
programmed desorption of CO,.>*°

It is also possible to derive elemental chemical potentials
from this approach that are conveniently referenced to the
global thermochemical network. Using the actual A¢H of the
reference species basically results in the correction of the DFT-
derived elemental chemical potentials to match the experi-
mental A¢H of the reference species via

fic = (Ecn, — 2Ey) + (A¢Hcn, — 2A¢Hy) (55)
Ho = (EHZO + EHZ) + (AfHHZO - AfHHZ) (56)
pir = 0.5Ey, + 0.5A¢Hyy, (57)

tx = Epqa1ny + AtHpaa1) (58)

With these corrected elemental chemical potentials, the method des-
cribed in Section 4.2.1 can be used to derive A:H of the adsorbates,
which can be combined with accurate A¢H of gas-phase species from
the ATcT to achieve thermodynamic consistency.

4.3.3 Deriving enthalpies of formation of adsorbate con-
nected to the global thermochemical network through adsor-
bates. Blaylock et al.”°*°*> developed a similar approach, where
they also used an expression similar to eqn (54). Instead of gas-
phase reference species, they used adsorbates as reference
species for the atomic reference basis set. They determined
A¢H of *H, *O, and *CO on Ni(111) from experimentally
measured adsorption enthalpies.>**° In combination with
the known A¢H of the gas-phase precursors (H,, O,, CO) from a
global thermochemical network like ATcT, we can derive A¢H of
the reference adsorbates using the thermochemical cycle in
Fig. 2. A¢H of the adsorbed reference species are referenced to
the global thermochemical network, and all other adsorbates

are then referenced to these reference species according to
ve*H + 1+0*0 + 1xgo*CO + 1% — P* (59)

which is illustrated in the thermochemical cycle in Fig. 12.
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The method to determine A¢Hp~ is straightforward and
similar to the method in Section 4.3.2 and can be found in
the ESIf on page 45. A¢Hp. is calculated from the reaction
enthalpy to form the target from the references from DFT and
the sum of the A¢H of the references.

N
Apr* = AI-HQM — Z l/,'AfH,'

(60)
i#P
N N
ArHps = Ep- + Z viE; — Z vil\eH; (61)
e —~ i#P i#P
get target
references references
In linear algebra form this reads as
H; = E + M(E® — Hf) (62)

This is mathematically identical to the prior approach
(eqn (54)), with the difference being that the enthalpies of
adsorbed species, rather than gas-phase species, are used as
references. For the construction of the stoichiometry matrix M,
we refer the reader to Section 4.2.2. Since the approach con-
nects the DFT data with the ATcT, it is possible to replace all
DFT energies of gas-phase species with accurate A¢H form the
ATcT to achieve thermodynamic consistency. The resulting
enthalpy diagram using this approach is shown in Fig. 12.
Similar to the previous method, this approach does not affect
the reaction enthalpies of surface steps since it uses an atomic
reference basis set. However, all adsorption/desorption reaction
enthalpies are changed except for the reference species. In the
previous approach, the adsorption enthalpies of CH,, H,, and H,O
were fixed at the DFT values. The difference in this approach is
that the adsorption enthalpies of CO, H,, and O, correspond now
to experimental values (see Fig. 13). This adjustment leads to
noticeable changes in the adsorption enthalpies of some species.
The biggest change occurs for the adsorption of CO,, which
changes from strongly exothermic to mildly endothermic. Typi-
cally, CO, binds only weakly through physisorption on the Pt(111)
surface.”°® Using gas-phase reference A¢H indicates that the CO,
binds strongly to the surface in disagreement with experiments.
Mhadeshwar et al."*® also describe the use of the experimental A¢H
of adsorbates as a basis set to reference the DFT energies to the
global thermochemical network, thereby ensuring thermodynamic
consistency of the reaction mechanism with known adsorption
enthalpies.

AH
C+Hy +0, + % » C.OpH*
ATcT €O op *CO QM

Hz . > *H oM
AH 0, AHgs *Q AH
%

Fig. 12 Thermodynamic cycle for the connection of the DFT energies
to the global thermochemical network via experimentally determined
enthalpies of adsorption for a reference basis set.
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Fig. 13 Connecting the DFT data with the global thermochemical
network (here ATcT) by referencing DFT data to experimental A¢H of
adsorbates.

4.4 Indirect correction schemes with molecular fragment
reference basis sets

The methods that have been introduced in prior sections rely
on an atomic basis set, with one reference species defined per
element. Depending on the scheme, these references may be
gas-phase or adsorbed species, but the approaches presented
thus far effectively act as adsorption energy corrections. They
ensure that gas-phase reaction energies are consistent with
ATcT, and that surface reactions are consistent with DFT, while
adsorption energies are adjusted in various ways to ensure this
is the case. Each method makes different assumptions
about how to adjust the adsorption energies. However, since
surface reaction enthalpies are rarely known, the most common
approach is to assume that DFT surface reaction enthalpies are
accurate. The logic for this is that error cancellation in DFT is
likely the largest for surface reactions since both products and
reactants have similar electronic environments (adsorbates on
surfaces).

While there is certainly a higher degree of error cancellation
for pure surface elementary steps than adsorption reactions,
error cancellation is not automatically guaranteed, and the
degree of cancellation can vary widely depending on the nature
of the adsorbed species. To demonstrate, we show the com-
puted reaction enthalpy for a set of surface reactions using the
BEEF-vdW and RPBE functional compared to the experimental
values in Fig. 14. The experimental A¢H of the adsorbates were
derived from the adsorption enthalpies reported by Silbaugh
and Campbell.”® While most of the predicted reaction enthal-
pies are within 425 kJ mol™?, there are deviations of up to
90 kJ mol ' from the experiment. Additionally, results from the
different functionals can vary substantially. For example, the
reaction enthalpy for the dissociation of *OH determined
from the RPBE xc-functional agrees within chemical accuracy
with the experiments, while the BEEF-vdW value deviates by
35 kJ mol . This large deviation and sensitivity to functional
choice indicates a low degree of error cancellation. There are
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Fig. 14 Comparison of predicted reaction enthalpies from the BEEF-vdW
and RPBE functional compared to the experimental value for a set of
surface reactions.

also reactions for which both functionals give similar results,
indicating a higher degree of error cancellation since the
specific errors of each xc functional are canceled out. Conse-
quently, the generalization of accurate reaction enthalpies from
DFT for all surface elementary reactions due to error cancella-
tion is not possible.

It is possible to maximize the degree of error cancellation by
constructing reactions that conserve the bonding environment
and hybridization on both sides of the reaction. This approach
moves away from atomic reference sets, instead selecting
reference reactions by maximizing the similarity of molecular
fragments. The gas-phase community has used these error-
cancellation reactions to derive A¢H of species with chemical
accuracy at the DFT level of theory.>*”*°® Instead of conserving
the reaction enthalpies of surface reactions that are relevant to
a given chemical reaction network, the goal is to conserve the
reaction enthalpies for reactions with the highest degree of
error cancellation. The key is to construct reactions that con-
serve the molecular structure and bonding environment of the
target molecule to maximize error cancellation.'**?%°~*'* Ragha-
vachari and co-workers**>** developed the connectivity-based
hierarchy (CBH) that automatically constructs error cancellation
reactions for a gas-phase target. The order of the CBH approach is
conservation of spin pairs (isogyric, CBH-0), bond types (isodesmic
reaction, CBH-1), immediate connectivity of the heavy atoms
(hypohomodesmotic, CBH-2), or immediate connectivity of the
bonding environment (hyperhomodesmotic, CBH-3). Climbing
this ladder leads to increasing error cancellation and more accu-
rate A¢H. Fig. 15 shows the order of the error cancellation reactions
with a gas-phase example for 1-propyl.

To illustrate this concept, we calculate gas-phase reaction
enthalpies at various rungs of the CBH ladder using BEEF-vdW
and also compared this with the atomization energy approach,
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conserve atomic
environment

CBH-1 conserve
9 ~
isodesmic [@+ &®- CH, —> @MH‘% bond types
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. - AAfH=42]
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[z@- 2, 234,
| 4

conserve

L 3c+7n 3890, N, AAfH=2172] atoms

Atomization reaction

Fig. 15 Types of error cancellation reactions in the CBH2%%21 scheme

to determine the enthalpy of formation of the 1-propyl radical using BEEF-
vdW DFT energies. The reported differences in A¢H are with respect to the
ATCT value of 118 kJ mol™t. The value above the arrow is the reaction
enthalpy and all values are reported in kJ mol™. The atomization reaction
is not part of the CBH method.

illustrated in Fig. 15. The 3 different reference reactions for
1-propyl shown in Fig. 15:

atomization
_—

3C+7H CH;CH,CH}

2CH, + CHS — 2H, 2™ CH,3CH,CHS

CH;CH; + CH3CHS — CHy ) CH;CH,CH;

The simplest approach to calculate the A¢H is via the total
atomization energy from the BEEF-vdW energies. This approach
results in a A¢H that deviates wildly from the experimental value,
with an error of 2172 k] mol . This error arises due to the implicit
assumption that the atomization energies are correctly computed
with BEEF-vdW, but it is well known that much higher levels of
theory are needed to accurately compute total atomization ener-
gies.*?9921% The isogyric reaction gives a much better agreement
with the experiment, with a deviation of only 42 kJ mol ™, but the
deviation is still large enough to cause equilibrium constants to be
off by orders of magnitude. The highest possible rung in the CBH
scheme for 1-propyl is an isodesmic reaction. With this reaction, A¢H
is determined to within chemical accuracy (3 k] mol™ ") of the
accurate ATcT value from BEEF-vdW energies. Although the gas-
phase community has highly accurate electronic structure methods,
error cancellation is still a very active field of research.*'*>*'* This
example illustrates the power of error cancellation in a gas-phase
context, and the same concepts hold for surface reactions, although
some modifications are required.

4.4.1 Deriving enthalpies of formation of adsorbates using
adsorbate reference species in isodesmic reactions. Recently,
Kreitz et al.® introduced the concept of error cancellation
reactions for adsorbates by extending the CBH approach. The
CBH approach provides a convenient way to connect the DFT
data with the global thermochemical network by using accurate

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cs00768a

Open Access Article. Published on 29 november 2024. Downloaded on 18.02.2026 02.29.09.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Tutorial Review

and independent reference A¢H for the adsorbates that serve as
the bond-type fragments used in the reference reactions. This
necessity is a limitation for many catalytic surfaces where
experimental or high-level theory data is not available. However,
for Pt(111) (and some other close-packed facets), there is enough
experimental data available in the literature, which is summarized
by Silbaugh and Campbell,”® to decompose all C,H,0, adsorbates
into bond types using isodesmic reactions (CBH-1). It is not
possible to use the lower CBH-0 rung due to inconsistencies with
the conservation of surface sites, which conveniently cancel out at
the CBH-1 rung, as explained in detail in ref. 131. The A¢H of the
adsorbates used as the reference fragments are referenced to the
ATcT and all other adsorbates are referenced to the set of
reference adsorbates. Similarly to Section 4.3.3, we avoid the use
of a gas-phase precursors and combine DFT with experimental
adsorbate A¢H directly. Table 3 contains a list of the A¢H of all the
species that were used for the bond types and additional experi-
mental values for the case study. In the literature, these experi-
mental values are only used to benchmark the DFT calculations;
here, we show how to combine them with DFT values so that they
can all be included in a consistent thermochemical network. A¢H
of the target is determined from an isodesmic reaction using the
fragments F, where F are adsorbates. An example of the isodesmic
reaction for adsorbed ethyl (*CH,CHj3) is given in Fig. 16.

The various bond types in this reaction are summarized in
Fig. 16 for demonstration purposes and show that all bond types
are perfectly balanced on both sides of the reaction. An open-source
software tool is available to construct these structure-preserving
reactions automatically for adsorbates.*»*'® The method for
calculating the A¢H-cp cn, from this reference reaction is similar
to the approaches described before. First, the zero-point corrected
DFT energies are used to compute the reaction enthalpy.

N
A = By 3w, e
target i#P
references
AH™ = Eecyen, — Brcn, — Ecp + Ecnyr (64)

Table 3 A¢H at O K of the species that were used as fragments for the bond
types to construct the isodesmic reactions. All enthalpies are in k mol™. The
table is adapted from Kreitz et al'*! and details for the derivation of the A¢H
can be found there

Bond type Species A¢H (0 K) Ref.
C-0 CH;0H* —245.0 124
c—C CH,CH,* 22.1 214
C=0 H,CO* —159.3 215
c-C CH,CH,* ~96.0 68
C-H CH,* —81.3 68
O-H H,O* —267.9 68
Pt-C *CHj3 —47.2 123
Pt=C *CH —35.8 216
Pt—=C *CH, 46.5 216
Pt-O *OH —164.7 217
Pt-H *H —32.7 68
Pt—=0 *O —-103.7 68
Pt—C=—0 *CO —230.9 68

This journal is © The Royal Society of Chemistry 2025
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isodesmic reaction (CBH-1)

G — ' + %,
& A @&
*CH; CH,CH,* CH,* *CH,CH;
Bond types: 1 Pt-C 1C-C 4 C-H 1 Pt-C
3C-H 6 C-H 1c-C
5C-H
Fig. 16 Isodesmic reaction to determine the A¢H of adsorbed ethyl

(*CH,CH3) using the CBH approach for adsorbates developed by
Kreitz et al.®! This illustration shows that the C to which ethyl binds
to the surface is counted twice, which is why a CH4 needs to be
subtracted.

Assuming that A, H®™ = A.H, we can calculate A¢H of the
target with the known A¢H of the reference adsorbates.

N
ArHp = AcH =Y " vilcH; (65)
tare i#P
get N ,

references

A¢H-cu,cn, = AHM + AtHcu,cn,» + AtHecn, — AtHep <
(66)

The missing additional species for which isodesmic
reactions can be used from our case study are *CH,*CH, and
*CO,.

CH,CH,* + 2*CH; — 2CH,* — *CH,*CH,
2H,CO* — CH,* — CO,*

The linear algebra notation for this approach is straightfor-
ward and identical to eqn (54) (see ESL page 53),

H; =E+ME® - MH} (67)

H; = E+ M(ER — HF}) (68)

where M is the matrix of stoichiometric coefficients for the
isodesmic reactions, which can be enumerated using the algo-
rithm or software described in ref. 131. The stoichiometric
matrix can again be derived using linear algebra, but in this
case, from a matrix F (number of molecules x number of
fragments) containing the composition of fragments of the
target.

Fragments

C-0 CG=0 C-C

0 0 1 *CH,H;
F= 0 0 0 *CH,*CH, Species
01 0 COy*
(69)
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Analogously, we can define a matrix with the fragments of
the reference species FR.

Fragments

C-0 C=0 C-C

1 0 0 ---7 CH;OH*
010 H,CO*
ER = 001 CH;CH5* Reference
(70)

The stoichiometry matrix is then calculated via

i (71)

which can be compared to eqn (43) to highlight the use of a
“fragment” basis rather than an “atomic” basis in this approach.
See Section 4 of the ESI,T for the full matrix ER, F, and M.

The CBH methodology for adsorbates can only be applied
for molecules that can be broken down into isodesmic reac-
tions. Thus, the method cannot be used for small adsorbates
like *O, *H, or *CO. In this work, we can use experimental A¢H
for the parameterization of the microkinetic model (see
Table 3). Alternatively, it is possible to perform higher-level of
theory calculations for these adsorbates to determine accurate
A¢H. The CBH approach integrates available experimental data
for the reference adsorbates, accurate gas-phase species from
the ATcT, and DFT energies into a global thermochemical
network as shown in Fig. 17. Additionally, systematic error
cancellation provides a more accurate A¢H of adsorbates from
DFT. Kreitz et al.** obtained a A¢H for *OCH; and C;Hg* that is
within chemical accuracy of the experimental value using BEEF-
vdW DFT energies. However, isodesmic reactions do not neces-
sarily have the maximum degree of error cancellation,?*®*'*
e.g., the degree of error cancellation for CO,* is rather low.
Conserving only the bond types does not always conserve the
correct hybridization and the molecular orbitals. A good indi-
cator for the effectiveness of the error cancellation is the
reaction enthalpy of eqn (63).>'® High reaction enthalpies
indicate a low degree of error cancellation, and climbing to
the next highest rung would be preferable. Unfortunately, this
depends on the size of the target adsorbate. Additionally, inde-
pendent and accurate reference A¢H are needed to populate the

AH
C+H; +0; + % P C,OpH*
ATcT exp. QM
F *F
AH > AHags > AH

Fig. 17 Thermochemical cycle for the isodesmic reactions.
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Fig. 18 Enthalpy diagram with enthalpies of formation derived with the
standard referencing approach and using the molecular fragment basis set
with isodesmic reactions. The enthalpy diagrams are aligned to CoHg* +
CO,* to demonstrate that using a molecular fragment basis set changes
the adsorption enthalpies and the surface reaction enthalpies.

fragments for the hypohomodesmotic level. Yet, the approach
provides a way to leverage a relatively small number of strategi-
cally selected highly accurate reaction enthalpies from experiment
or wavefunction theories and use these to elevate the accuracy of
other reaction enthalpies by maximizing cancellation of error.
While the molecular fragment reference basis sets still
conserve the stoichiometry, they also conserve the bond types in
the molecule, which leads to differences between the reference
fragments in the products and reactants. Consequently, these
approaches do not necessarily conserve the surface reaction enthal-
pies of a mechanism at the DFT values. Instead, they conserve
surface reaction enthalpies of alternative reactions that maximize
error cancellation for a given electronic structure method.#*2%72%°
Fig. 18 shows the enthalpy diagram with A¢H from experi-
ments, ATcT, and the isodesmic reactions. Since the enthalpies
of the gas-phase species are directly from the ATcT, we match
the reaction enthalpy exactly, which is identical to the adsorp-
tion reaction approach in Section 4.3.2. The DFT energy of the
empty slab is also no longer needed. The reaction enthalpies
now vary considerably in comparison to the previous methods.
The dissociation of ethane to ethyl changed from endothermic
to exothermic and the subsequent dissociation step is even
more exothermic. Furthermore, the formation of *OH is also
exothermic, while the endothermicity for the dissociation of
CO,* increased significantly. Assuming the experimentally
measured adsorption enthalpies are more accurate than DFT,
it follows that the free energy pathway constructed from the
CBH approach should also be more accurate. However, it is
only possible to calculate A¢H using the CBH approach in cases
where the experimental (or other highly accurate) reaction
enthalpies of the requisite reference species are known.

5 Converting between reaction
enthalpies and formation enthalpies

The approaches in Sections 4.2.1-4.2.3 have shown that the
reaction enthalpies calculated from the total DFT energies are
conserved, regardless of the choice of atomic reference species.

This journal is © The Royal Society of Chemistry 2025
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We can use this fact and calculate ApH if only reaction
enthalpies are reported for a mechanism. This problem cannot
be formulated for a single species, and it directly becomes
a linear algebra problem. For a chemical kinetics network
involving n chemical species, a total of n, + ng reference species
must be defined, where n, is the number of unique atomic
elements of which all species consist and ng is the number of
surface sites (typically one). Let be the zero-point corrected
energies of chemical species, H, be the enthalpies of formation
of the same species given defined references A and H, be the
reaction energies according to the stoichiometry matrix M. The
relationship between H, and E is a simple linear combination,
shown in eqn (72).

H (72)

H,=M'H, =M'E

Since the number of elementary reactions is typically greater
than or equal to the number of chemical species, i.e., m > n,
there exists a direct mapping between E and H,. Yet, no obvious
mapping exists in the opposite direction since this is an under-
constrained linear system of equations. The Moore-Penrose>'%>*!
pseudo-inverse of the stoichiometry matrix M* can be used to
construct the inverse mapping. To solve this inverse mapping, it is
first necessary to select anchor species for each element from the
mechanism, e.g., A = [C,Hg, CO, H,0O, Pt(111)]. We can separate
the stoichiometry matrix into the anchor M species !A and non-
anchor species g, leading to eqn (73).

M1 i,

H, =M'H, =

_MTH MU, (73)

M, | [Ha

In eqn (73), we separate Hy into the anchor species H, and

the unknown ﬂA. All enthalpies are referenced to the DFT
energies of the anchor species. Thus, the relative enthalpies of

the anchor species H, are 0. We can now rearrange the

equation to compute the unknown H, from the reaction
enthalpies referenced to the set of anchor species.

M'H, =H, - M H, (74)
A, = (M7)" (1, - MI0,) (75)
A, = (M) (MTE - MTA,) (76)

This general form allows intuitive change of references.
It is possible to use this method to create a thermochemical
network that is referenced to the ATcT by defining the enthal-
pies of formation of the reference species to have the actual
experimental values (instead of using the DFT values, which is
equivalent to assuming H, = 0). When using gas-phase refer-
ence species, this results in the same enthalpies of formation as
the method in Section 4.3.2, and when using adsorbates, this is
equivalent to Section 4.3.3. Integrating the DFT data into the
global thermochemical network allows to replace gas-phase
DFT energies with accurate A¢H from the ATcT. The interested

This journal is © The Royal Society of Chemistry 2025
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reader is referred to Section 5 of the ESI,T for a more detailed
discussion of the linear algebra of this approach and the
Jupyter notebook for this method is provided on page 62 of
the ESL.{ This approach of calculating enthalpies of formation
directly from reaction enthalpies can serve as a convenient
framework for new methods of combining data from various
sources or identifying discrepancies in existing databases.

6 Summary & conclusions

This review paper presents a cohesive collection of thermoche-
mical concepts and linear algebra methods for calculating key
thermochemical quantities in computational catalysis. These
methods provide tools to combine data from various sources, to
integrate experimental and ab initio data, and to convert
between different formats. We have defined a notation for
evaluating the thermochemistry of adsorbates from DFT data
that is consistent with the existing gas-phase thermochemical
conventions. All available methods in the literature for convert-
ing a set of DFT data into enthalpies of formation were
described and explained following the consistent notation.
The summary of the methods in Table 4 highlights that they
can all be reduced to a simple linear algebra equation to
anchor/reference the DFT data and to create a local or global
thermochemical network. The difference in the methods is the
choice of the anchor/reference species and the source of their
enthalpies of formation. This review focused only on the
enthalpy of formation at 0 K as it is the foundation of all
thermochemistry and has the biggest contribution to the Gibbs
free energy. A¢H at 0 K can be converted to A¢H at other
temperatures or to Gibbs free energies of formation by applying
finite-temperature corrections through e.g., entropic contributions.
The approaches can be classified according to their use of an
atomic reference basis sets or molecular fragment reference
basis sets. In an atomic reference basis set method, every
element must be assigned a single reference species (typically
a closed-shell gas-phase molecule), which can be abstracted
into elemental chemical potentials. The atomic reference basis
set methods always conserve the reaction enthalpies as if they
were calculated from the plain DFT energies, so long as
correction factors are not applied and data from different
sources are not mixed together. Conserving all DFT reaction
enthalpies does not reproduce the thermodynamics of the
overall gas-phase reaction from the accurate gas-phase A¢H of
global thermochemical networks like the ATcT. Therefore,
correction factors are applied to DFT energies to reduce dis-
crepancies by adjusting adsorption enthalpies. However, the
only method to ensure an exact agreement is to integrate the
DFT data into the global thermochemical networks by anchor-
ing it to the gas-phase or adsorbates A¢H of the references.
Instead of atomic references, a fragment reference basis set
using e.g. isodesmic reactions can be used to integrate data
from various sources (DFT, accurate gas-phase A¢H from the
ATcT, and experimental adsorption enthalpies) into a global
thermochemical network. The isodesmic reference reactions of
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Table 4 Summary of all discussed methods using the consistent notation with additional information on the specifics of each method

Reference Network
Method Equation set References Data type Comments
Chemicalele- Hy, =E—-Nu Atomic Gas-phase DFT Local Convenient framework for dealing with non-
mental T species standard reaction conditions (7, p, environ-
potentials ment, applied potential)
Regression of H,q =E — Nu'$ Atomic Entire DFT Local Aligning DFT data from different sources
elemental mechanism
potentials
DFT anchors H, =E+M E* Atomic Gas-phase DFT Local Easy to use
species
DFT anchors H, =E+M E* Atomic Gas-phase DFT Local Increased accuracy of overall reaction enthalpy
with - species
corrections
Gas-phase H; = E+M(ER - H}) Atomic Gas-phase DFT, Global Accurate gas-phase A¢H
references - species ATcT
Adsorbate H; = E+ M(ER - H}) Atomic Adsorbates DFT, Global Accurate gas-phase A¢H and 3 experimental
references - ATCT, H,gs
Exp.
Isodesmic H; = E+ M(ER - HF) Bond type Adsorbates DFT, Global Accurate gas-phase A¢H, many experimental
reactions - ATCT, H,gqs, and error-cancellation for surface
Exp. reactions
Converting H. — (MT>+ (MTE _M'HA ) Atomic Gas-phase DFT, Local (or Useful if only reaction enthalpies are reported
AH to A\H AT\ == =ATA species or (ATcT, global)
adsorbates Exp.)
this basis set lead to an increased accuracy of A¢H of adsorbates C. F. G. - conceptualization, funding acquisition, project

by maximizing error cancellation. Finally, we show how the
linear algebra framework can also be used to “invert” the
problem of constructing reaction enthalpies from A¢H. This
approach allows direct calculation of A¢H from tabulated reac-
tion enthalpies, providing an alternative perspective on how
thermochemical data can be converted and combined.

In conclusion, these tools can help researchers make better
use of existing DFT datasets and facilitate the storage of new
DFT data, preventing unnecessary waste of computational
resources. The usage of a standardized reference frame has
led to the proliferation of accurate thermochemical data in the
gas-phase community, with wide-ranging implications on bet-
ter reaction mechanisms and accurate models. The goal for the
catalysis community should be to establish similar standards
and methods. It is necessary to align the adsorbate thermo-
chemistry concepts with the gas-phase community to integrate
accurate thermophysical data of gas-phase species and adsor-
bates into a single global thermochemical network like the
ATcT. Through the integration in this global network, it will be
possible to simply search for the enthalpy of formation of
an adsorbate in a database that contains the most accurate
thermochemical information.
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