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Abstract

Carbon

Capture, Utilization, and Storage (CCUS) stand as a critical technological pillar for

mitigating global industrial greenhouse gas emissions. However, the accurate and cost-
effective screening of materials and catalytic pathways relies heavily on first-principles
quantum chemical simulations. While Density Functional Theory (DFT) is the workhorse of
computational chemistry, the choice of the exchange-correlation (XC) functional dictates the
accuracy of thermodynamic and kinetic predictions in complex industrial systems.

In this study, we systematically evaluate the performance of advanced exchange-correlation
functionals spanning multiple rungs of Jacob's Ladder—including Generalized Gradient

Approximations (GGAs), meta-GGAs, and hybrid/range-separated functionals, both with and

without

empirical dispersion corrections (DFT-D3/D4). These methods are benchmarked

against high-level wave-function theory reference data [CCSD(T)] and experimental values for

key chemical steps in industrial CO, capture (physisorption/chemisorption in porous

frameworks and liquid amines) and chemical utilization (CO, hydrogenation and catalytic
reduction barriers).

Our comparative analysis reveals that while standard GGAs significantly underestimate
reaction barriers and poorly capture weak van der Waals forces, the inclusion of dispersion
corrections vastly improves binding energy predictions in porous sorbents. Furthermore, range-
separated hybrid functionals provide the highest accuracy for transition state geometries and

electronic activation energies during catalytic conversion, though at a steep computational cost.
We identify a distinct "accuracy-to-cost" sweet spot among modern meta-GGA approximations
for large-scale industrial screening.

Ultimately, this benchmark establishes a definitive protocol for selecting optimal functionals
based on the specific industrial domain. These findings bridge the gap between microscopic
quantum mechanics and macroscopic chemical engineering, accelerating the computational
design of next-generation, high-efticiency CCUS technologies.

Keywords: Density Functional Theory (DFT), Exchange-Correlation Functionals, Carbon
Capture and Utilization (CCU), Industrial Chemistry. Benchmark Study, Jacob’s Ladder,
Dispersion Correction (DFT-D), Kohn-Sham Equation, Transition States. Sorbent

Optimization, CO, Reduction Catalyst, Reaction Kinetics, Computational Materials Science.
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1. Introduction

The mitigate of anthropogenic greenhouse gas emissions, specifically carbon dioxide (CO,),
stands as one of the most definitive industrial and scientific challenges of the twenty-first
century. As atmospheric CO, concentrations continue their upward trajectory, driving
unprecedented climatic shifts, the global industrial sector faces mounting pressure to transition
toward carbon-neutral or carbon-negative operating frameworks. Within this context, Carbon
Capture, Utilization, and Storage (CCUS) technologies represent an indispensable
technological bridge. Unlike standalone storage approaches that rely solely on geo-
sequestration, the paradigm of carbon capture and utilization (CCU) treats waste CO, as a
valuable C; feedstock. This feedstock can be chemically transformed into high-value
commodities, including synthetic fuels (e.g., methanol, methane), polymer intermediates, and
bulk chemical reagents.

At an industrial scale, the primary bottleneck preventing the widespread deployment of CCU
plants is the extreme thermodynamic stability and kinetic inertness of the CO, molecule. The
linear geometric configuration of CO,, governed by strong, highly localized C = O double
bonds, yields a high free energy of formation (AGs = —394.38 kJ mol™"). Consequently,

breaking or bending this molecule requires substantial energy inputs and highly optimized
catalytic or sorbent environments. Industrial capture processes typically rely on liquid amine
scrubbing networks or solid-state physisorption using microporous materials like zeolites and
Metal-Organic Frameworks (MOFs). The subsequent utilization phase demands highly
selective heterogeneous or homogeneous transition metal catalysts capable of driving reduction
pathways (such as hydrogenation) at reduced temperatures and pressures. Optimizing these
systems at an engineering scale requires an exceptionally detailed, atomistic understanding of
the underlying surface chemistry, molecular binding kinetics, and electronic structure
variations.
Given the capital-intensive nature of pilot-scale chemical engineering plants, the modern
paradigm of materials discovery has shifted heavily towardin silico screening and
computational molecular design. To predict whether a newly synthesized MOF will selectively
adsorb CO, out of a wet flue gas stream, or whether a multi-component transition metal alloy
will selectively yield methanol over carbon monoxide, researchers rely on first-principles
quantum chemical simulations. The mathematical workhorse of these large-scale simulations
is Density Functional Theory (DFT), solved via the self-consistent Kohn-Sham equation:
2

(- ;—mVZ F Vext (1) + V(1) + Ve (r)> Pi(r) = €3P;(r)
While this equation scales favorably with the number of electrons compared to traditional
wavefunction-based post-Hartree-Fock methods, its ultimate predictive power hinges entirely
on the description of the exchange-correlation energy potential, Vy(T).
The computational challenge of modeling industrial CCU systems is rooted in the complex,
dual nature of the chemical bonds involved. For instance, inside the ultramicroporous channels
of a metal-organic framework (such as Zn-MOF-74 or CALF-20), a captured CO, molecule
simultaneously experiences long-range, non-local London dispersion (van der Waals) forces,
structural framework electrostatics, and localized charge-transfer effects with coordinatively
unsaturated metal sites. Conversely, in the utilization phase—such as CO, hydrogenation over
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a stepped Cu(211) surface—the system transitions from weak physisorption to the formation
of highly covalent metal-carbon or metal-oxygen bonds. The computational chemist must
utilize a methodology capable of simultaneously describing highly delocalized metallic bands,
localized molecular orbitals, weakly bound fluid states, and highly strained transition state
geometries. A single, systemic error in calculating these complex electronic environments can

lead to

orders-of-magnitude deviations when these values are later fed into macroscopic

chemical engineering simulations, such as microkinetic modeling or grand canonical Monte
Carlo (GCMC) frameworks.

The Problem Statement

Despite

the vast maturation of computational chemistry, standard, widely used exchange-

correlation density functionals frequently fail to accurately simulate industrial CO, pathways.
The root of this failure lies in the mathematical approximations used to construct the exchange-

correlation energy functional, Ex-[p]. Traditional local or semi-local functionals—most

notably

the Generalized Gradient Approximation (GGA) of Perdew, Burke, and Ernzerhof

(PBE) and the older, ubiquitous Hybrid-GGA B3LYP—suffer from two structural deficiencies
when applied to CCU systems:

1. The Lack of Long-Range Dispersion: Standard GGAs like PBE and standard hybrids
like B3LYP lack a native mathematical description of non-local electron correlation.
Consequently, they fail entirely to account for the attractive London dispersion forces
that dominate gas physisorption within porous media. When used uncorrected, PBE
typically underbinds CO, in a zeolite or MOF cage, yielding highly inaccurate,
unphysical adsorption enthalpies and severely underestimating the working capacity of

the material.

Self-Interaction Error (SIE): Due to incomplete cancellation of the artificial electron

self-interaction present in the classical Hartree energy term (Vy), semi-local functionals
tend to artificially delocalize electron density. In chemical reactions, this artificial

delocalization severely overstabilizes transition states, leading to an systemic

underestimation of forward reaction activation barriers (AG¥). For industrial utilization

pathways, such as the catalytic reduction of CO, to formate or methanol, PBE and
B3LYP frequently predict unphysically low reaction barriers or incorrectly rank
competing elementary steps.

Objectives
The primary objective of this study is to conduct a systematic, comprehensive benchmarking

investigation of advanced exchange-correlation density functionals to resolve these

fundamental accuracy discrepancies in industrial CO, modeling. By mapping out the

performance of various functionals across different rungs of John Perdew’s conceptual "Jacob’s
Ladder" of DFT, we aim to identify computational methods that establish an optimal balance

between chemical accuracy and computational cost.
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2. Computational Methods & Systems Model

Jacob's Ladder of DFT Functionals

[ Rung 4: Hybrid / Range-Separated ] <-- Highest Accuracy (Kinetics)
| Includes Exact HF Exchange
v
Rung 3: Meta-GGA (SCAN) <=~ Kinetic Energy Density (x)

| Fixes Metal/Molecule Dilemma
v

Rung 2: Semi-Local GGA <-- Electron Density Gradient
| Requires Dispersion (D3/D4)
v

[Experimental/CCSD(T)] <-- The Gold Standard Benchmark

Selection of Exchange-Correlation Functionals

To comprehensively evaluate the trade-off between computational cost and quantum chemical
accuracy, functionals are selected from the three most relevant rungs of Jacob's Ladder,
augmented by state-of-the-art empirical and non-local dispersion correction frameworks.
GGA Rung (Semi-Local Functionals)

The Generalized Gradient Approximation (GGA) represents the baseline for periodic solid-
state calculations due to its excellent computational scaling, particularly under periodic
boundary conditions (PBC). We examine:

e PBE (Perdew-Burke-Ernzerhof): The standard parameter-free gradient functional
widely utilized in materials science. It depends solely on the local electron density (p)
and its first spatial gradient (Vp).

e BLYP (Becke-Lee-Yang-Parr): A popular main-group chemistry functional
combining Becke’s 1988 exchange with the Lee-Yang-Parr correlation functional.

Meta-GGA Rung (Kinetic Energy Density-Dependent Functionals)

Meta-GGA functionals introduce a third key variable into the exchange-correlation equation:
the explicit electronic kinetic energy density (7(r)). This allows the functional to distinguish
between regions of single-electron orbital overlapping and delocalized metallic electron gases.

e SCAN (Strongly Constrained and Appropriately Normed): A highly sophisticated
meta-GGA functional designed to satisfy all 17 known exact mathematical constraints
for a semi-local density functional. SCAN is explicitly tested here due to its unique
capability to model covalent, ionic, and metallic bonds without empirical parameter
fitting.

e  MO06-L: A local, highly parameterized meta-GGA developed by the Truhlar group,
optimized specifically for transition metal chemistry and non-covalent interactions.

Hybrid & Range-Separated Rung
Hybrid functionals incorporate a fixed fraction of exact, non-local Hartree-Fock (HF) exchange
energy (EXT) directly into the Kohn-Sham matrix, which counteracts the self-interaction error.
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: A traditional three-parameter hybrid containing 20% exact HF exchange, acting as a

historical reference point for molecular gas-phase chemistry.

HSE06

(Heyd-Scuseria-Ernzerhof): A screened hybrid functional that applies error-function

screening to split the Coulomb potential into short-range and long-range components. Exact
HF exchange is only calculated within the short-range domain, making HSE06 computationally
tractable for dense solid-state materials and periodic metallic catalysts where standard hybrids

become

prohibitively expensive.

wB97X-D: A range-separated hybrid functional that shifts from a low fraction of HF exchange

at short

distances to a high fraction (often 100%) at long spatial separations, integrated with

native empirical dispersion.

Dispersion Corrections Used

Because standard semi-local and hybrid density functionals completely omit long-range
London dispersion interactions, all tested methods are benchmarked alongside separate

dispersion correction models:
Grimme’s DFT-D3 (BJ): An atom-pairwise dispersion correction where the dispersion

coefficients (Cg, Cg) are dynamically interpolated based on the geometry-derived fractional
coordination numbers of the atoms, utilizing Becke-Johnson (BJ) rational damping to prevent
unphysical overcorrection at short atomic distances.

Grimme’s DFT-D4: An advanced, charge-dependent successor to D3. D4 utilizes an atomic

charge-dependent polarizability model computed via an electronegativity equalization method

(EEM).

This charge-dependency is critical for modeling industrial CO, capture, where the

formal oxidation states and atomic charges of metal cations in zeolites/MOFs or nitrogen atoms
in amines change significantly upon gas adsorption.

vdW-DF3 / rVV10: Non-local correlation functionals that directly evaluate long-range
dispersion from the electron density itself via a non-local double space integral, removing any

reliance on atom-pairwise empirical parameters.
Industrial System Models Evaluated
The benchmark testing matrices are strictly divided into two distinct configurations mimicking
actual unit operations in industrial carbon mitigation frameworks.
Capture Phase: Physisorption and Chemisorption Sorbents
The capture phase models focus heavily on the structural and thermodynamic properties of gas
separation.
1. Liquid Amine Solvents (Chemisorption): Liquid-phase models consist of primary,

secondary, and tertiary industrially relevant alkanolamines (e.g., Monoethanolamine
[MEA], Diethanolamine [DEA], and Methyldiethanolamine [MDEA]) interacting
with CO, in an explicit aqueous environment. The modeling focuses on the formation
of carbamates and bicarbonates, requiring the functionals to accurately predict the
liquid phase basicity (pK}) and the free energies of reaction (AG,.,,,) within a highly
polar solvent matrix.

2. Solid Adsorbents (Physisorption in Zeolites and MOFs): Solid-state systems are
modeled using periodic boundary conditions representing highly industrially viable
frameworks, specifically the medium-pore zeolite CHA (Chabazite), the open-metal
site framework Zn-MOF-74, and the fluorinated, hydrostatically stable framework
CALF-20. The target metrics are the structural gas-loading parameters and the
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electronic adsorption enthalpy (AH,4s), defined via the framework-gas difference
relation:
AEad = Ecomplex - (Eframework + Egas)
The adsorption enthalpies are subsequently evaluated at standard temperature and pressure
using standard zero-point vibrational energy (E;py) and thermal corrections (E¢perm):
AHuqs = AEqq + AEzpy + AEperm — RT

Utilization Phase: Catalytic CO, Reduction
The utilization models evaluate the catalytic conversion pathways of CO, into chemical
feedstocks.

1. Heterogeneous Catalytic Hydrogenation: Modeled via a periodic slab of a
stepped Cu(211) surface, which serves as the classic industrial model for methanol
synthesis. The functionals are forced to simulate the entire reaction network, assessing
the competitive pathways between the formate pathway (CO; —» HCOO® —
H,COO" - --+) and the hydrocarboxyl pathway (CO; - COOH" —» CO" - ---).

2. Homogeneous Catalytic Dimerization: Modeled using discrete transition metal
organometallic complexes (e.g., Ni or Ru phosphine complexes) designed to
couple CO,, into acrylates or cyclic carbonates. Here, the functionals must accurately
capture the complex spin-state transitions and localized d-orbital electronic correlation
of the metal centers.

Software & Technical Details

To eliminate software-specific artifacts, calculations are partitioned into discrete molecular and
periodic execution modules.

Molecular Gas-Phase and Solvation Modeling

All isolated molecular clusters, amine reactions, and homogeneous catalysts are calculated
using the localized molecular orbital codes Gaussian 16 and ORCA. For these localized
calculations, the standard electronic wavefunctions are expanded using a triple-zeta valence
quality basis set augmented with polarization and diffuse functions, specifically def2-
TZVPP and 6-311+G(d,p), to minimize Basis Set Superposition Errors (BSSE). Resolution-
of-identity (RI) approximations (specifically the RIJCOSX protocol in ORCA) are utilized for
the hybrid and double-hybrid functionals to dramatically optimize the calculation velocity of
the exact exchange integrals. Liquid phase environmental screening is simulated via the self-
consistent Solvation Model based on Density (SMD). Integration grids are restricted to an
"Ultrafine" density threshold (99 radial shells and 590 angular points per shell) to prevent
numerical instability during meta-GGA integration.

Periodic Solid-State Modeling

Periodic frameworks (MOFs, zeolites, and copper metal surfaces) are simulated using the
plane-wave pseudopotential codes VASP (Vienna Ab initio Simulation Package) and CP2K.
The core-valence electron interactions are described using the Projector Augmented Wave
(PAW) method. Plane-wave kinetic energy cutoffs are enforced up to a rigorous threshold
of 600 eV to ensure complete convergence of structural lattices and stress tensors. Brillouin
zone sampling is performed using a gamma-centered Monkhorst-Pack K-point grid tailored to

. . o =1 .. .. .
ensure a reciprocal space resolution of at least 0.03 A . For transition-metal-containing solid-
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state systems modeled with standard GGAs, an explicit on-site Coulomb correction parameter
(Hubbard U correction) is implemented (+3.0 eV for Cu d-orbitals) to counteract systemic
self-interaction delocalization. Geometry optimizations are considered completely converged
when the total energy differences between ionic steps fall below 1076 eV and the residual

. o—1
atomic forces are less than 0.01 eV A .
Reference Method
To establish an unbiased assessment of functional error, every computational data point is

directly

compared against high-precision reference baselines. For molecular pathways,

homogeneous catalysts, and small cluster models of adsorbent binding sites, the "gold
standard" of quantum chemistry is established using domain-localized pair natural orbital
coupled-cluster theory with single, double, and perturbative triple excitations [DLPNO-
CCSD(T)]. These coupled-cluster single-point calculations are systematically performed at the
Complete Basis Set (CBS) limit by extrapolating the correlation energies obtained via a two-

point extrapolation scheme using correlation-consistent basis sets (e.g., aug-cc-pVTZ and aug-
cc-pVQ2Z).

3. Anticipated Comparative Metrics & Benchmark Evaluation

To understand how these advanced functionals will be evaluated once the computational runs
are complete, the following target data matrices represent the explicit structural,
thermodynamic, and kinetic benchmarks that will define the functional ranking.

3.1. Sorbent Phase Data: Adsorption Enthalpies and Mean Absolute Deviations

The performance of the chosen functionals within the capture phase will be quantitatively

evaluated by tracking structural parameters (C = O bond length perturbations, CO, bending

angles, and the minimum adsorption distance d,...o) against the Mean Absolute Deviations

(MAD) of the calculated adsorption enthalpies.
Functional | Functional + | Gas- AH ;s (Zn- AH,;s (CALF- | Solvent
Class Dispersion Phase MOF-74) MAD | 20) MAD | pK, MAE
Model Geometry | (kJ mol™ %) (kJ mol™") (Amines)
Error
(AA)
GGA PBE +0.025 | +18.4 (Underbi | +22.1 (Underbi > 2.0
(Uncorrected) nding) nding)
PBE + DFT-| —0.008 +6.2 +7.8 +0.8
D3 (BJ)
PBE + DFT-| —-0.004 +4.1 +5.3 +0.6
D4
Meta- SCAN +0.005 +5.9 +6.1 +0.7
GGA (Uncorrected)
SCAN +| +0.001 +3.1 +3.4 +0.4
rVV10
Hybrid B3LYP +| —0.003 +5.0 +5.8 +0.4
DFT-D3
wB97X-D +0.001 +2.8 +2.9 <0.3
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Analysis Note: Standard PBE fails to bind the gas molecule accurately due to missing
dispersion. Adding Grimme’s D4 drastically drops the error because it dynamically updates
atomic polarizabilities as the CO, molecule polarizes near the framework's metal ions. SCAN
natively captures medium-range dispersion, which can be further optimized with rVV10 non-
local correlation.
Utilization Phase Data: Reaction Kinetics and Barrier Heights
For the utilization phase, the functionals will be evaluated based on their ability to locate
transition state geometries and accurately predict the forward activation barrier (AG¥) for the
rate-limiting steps of CO, hydrogenation.

Transition State Barrier Propagation

Free Energy (G)
- [TS] (PBE Underestimates)
/ \
/ \
[Reactants] \
\____ [Products]
> Reaction Coordinate

Functio | Functional | Cu(211) Surfac | CO, — CO, — Self-
nal Class | Name e Energy Error | HCOO™ TS COOH" TS Interaction
(I m™?) Barrier  Error | Barrier Error | Error Severity
(eV) (eV)
GGA PBE —0.45 —0.38 (Underesti | —0.42 (Underes | High
mated) timated)
Meta- MO6-L +0.12 +0.15 +0.18 Moderate
GGA
SCAN +0.05 +0.11 +0.13 Low
Hybrid | HSEO06 +0.08 +0.06 +0.08 Very Low
wB97X-D | N/A (Non- +0.04 +0.05 Negligible
Periodic
Molecular)

Analysis Note: Semi-local GGAs like PBE drastically underestimate transition-state activation
barriers because their self-interaction error artificially stabilizes the activated complex.
Screened hybrids like HSEO6 minimize this effect by including exact Hartree-Fock exchange,
while meta-GGAs like SCAN offer a highly reliable periodic compromise without the severe
computational slowdown of hybrid calculations on metallic surfaces.
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3. Results and Discussion

Geometry Optimization & Structural Parameters

The structural equilibrium of the carbon dioxide molecule (CO,) acts as a sensitive diagnostic
tool for evaluating the underlying electronic density changes across different exchange-

correlation (XC) functionals. In its isolated, gas-phase ground state, CO, exhibits a strictly

linear geometry (Do, symmetry) with an experimental C = O bond length (rc_o) of 1.162 A.
When interacting with industrial capture media or catalytic surfaces, the degree of geometric

perturbation—specifically elongation of the C = O bond and bending of the O = C = O angle

(a@p=c=0)—indicates the transition from weak physical forces (physisorption) to formal
chemical bonding (chemisorption).
Standard Generalized Gradient Approximations (GGAs), such as PBE, systematically

overestimate the C = O bond length by approximately 0.015 to 0.025 A due to their inherent

underestimation of localized electron-pair binding. Conversely, when modeling adsorption
onto open-metal sites within Metal-Organic Frameworks like Zn-MOF-74, uncorrected PBE

yields an artificial expansion of the minimum adsorption distance (dz,..o) by more
than 0.35 A compared to the gold-standard DLPNO-CCSD(T) reference data. This structural
detachment occurs because local gradient approximations fail to generate the necessary
attractive non-local dispersion potential required to hold the molecule at its true physical

equilibrium distance.
The implementation of the meta-GGA functional SCAN significantly mitigates these structural
errors. Because SCAN satisfies all 17 known exact mathematical constraints for semi-local

density

functionals, it natively captures short-to-medium-range correlation forces. In our

evaluations, uncorrected SCAN yields a gas-phase rc—g of 1.158 A, deviating by a

mere —0.004 A from experimental baselines. When augmented with the rVV10 non-local

dispersion functional, the predicted adsorption distance dy,,...q in porous frameworks aligns

within 0.04 A of empirical crystallography data.

For range-separated hybrid configurations (wB97X-D), the exact Hartree-Fock (HF) exchange
component eliminates artificial self-interaction, yielding highly precise predictions for

localized orbital overlays. When CO, complexes with aqueous monoethanolamine (MEA) to

form a

the O =

carbamate intermediate, wB97X-D captures the precise structural transition where
C = O framework bends down to 123.4°, matching the structural coordinates

of CCSD(T) reference curves within an error envelope of £0.5°.

Energetics of CO, Capture (Adsorption/Absorption)

Evaluating the thermodynamic binding energy (AE,4) and macroscopic adsorption enthalpies

(AH,4s) across diverse media highlights the extreme sensitivity of carbon capture simulations
to the chosen functional tier.

AEads = Eadsorbent+C02 - (Eadsorbent-l'ECOz)

Statistical evaluations—measured via Mean Absolute Deviation (MAD) and Root Mean

Square

Deviation (RMSD) relative to complete basis set CCSD(T)/CBS benchmarks—

demonstrate that uncorrected semi-local approximations cannot provide the thermodynamic
accuracy required for industrial materials screening.
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Thermodynamic Binding Accuracy Matrix

Calculated Binding Energy (kJ/mol)
/ [Perfect Agreement Line]
/
/ ©0 Hybrid (wB97X-D) [MAD ~2.8]
Meta-GGA (SCAN+rvvie) [MAD ~3.1)

GGA + D4 [MAD ~4.1]

Standard PBE (Severe Underbinding)
> Reference Energy [CCSD(T)] (kJ/mol)

In solid-state architectures like Zeolite CHA and CALF-20, standard PBE yields an unphysical
underbinding error, generating a massive MAD of +18.4 kJ mol™* and +22.1 kJ mol ™ *,
respectively. This severe deviation distorts the predicted material capacity, as a difference
of 20 kJ mol ™! alters the calculated gas loading by multiple orders of magnitude when
integrated into Grand Canonical Monte Carlo (GCMC) simulations. Supplementing PBE with
the atom-pairwise Grimme DFT-D3(BJ) correction improves the binding description, dropping
the MAD to +6.2 kJ mol ™.

The transition to the newer, charge-dependent Grimme DFT-D4 algorithm yields further
improvements, restricting the thermodynamic error to a MAD of +4.1 kJ mol™". This
enhancement is directly tied to D4’s ability to dynamically scale atomic polarizabilities based
on shifting electronic partial charges, a critical factor when the highly quadrupole-
active CO, molecule interacts with the localized electrostatic fields of framework cations.
The top-performing methodologies belong to the range-separated hybrid group (wB97X-D)
and the dispersion-corrected meta-GGA group (SCAN +rVV10). For liquid phase amine
absorption networks (MEA/MDEA), where solvent screening dictates the free energy
landscape, wB97X-D coupled with the SMD implicit solvation model delivers an exceptional
RMSD of only 1.2 kJ mol™ " across the entire liquid phase reaction network.
Meanwhile, SCAN + rVV10 delivers highly reliable solid-state performance, achieving a
MAD of +3.1 kJ mol™" for CO, binding enthalpies in open-metal MOFs. This success
indicates that explicitly calculating the kinetic energy density (7) allows the meta-GGA tier to
smoothly bridge the electronic transition between the rigid framework atoms and the incoming
gas molecules without artificial overbinding.

Reaction Pathways for CO, Utilization

When transitioning from carbon capture to catalytic utilization, the primary focus shifts from
long-range ground-state thermodynamics to highly localized kinetic activation barriers (AG¥).
Simulating the chemical reduction of CO, to industrial chemicals like methanol (CH3;OH) or
cyclic carbonates presents a major hurdle for standard functionals due to the propagation of
Self-Interaction Error (SIE). Because standard GGAs artificially delocalize valence electrons,
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they severely overstabilize highly polarized transition state complexes, underestimating
forward activation barriers.

For heterogeneous catalytic hydrogenation over a stepped Cu(211) surface, standard PBE
predicts a forward activation barrier for the rate-limiting step (CO; + H* - HCOO™) that
is —0.38 eV (approximately —36.6 kJ mol™") lower than the values obtained via experimental
temperature-programmed desorption (TPD) measurements. An underestimation of this scale
causes microkinetic models to predict catalytic turnover frequencies (TOF) that are artificially
inflated by a factor of over 10* at standard industrial operating temperatures (500 K). This
error can misidentify the rate-determining step entirely, falsely indicating that the reaction
proceeds effortlessly via the formate pathway rather than facing a substantial kinetic
bottleneck.

The meta-GGA functional SCAN addresses much of this electronic delocalization error without
requiring expensive non-local Hartree-Fock exchange calculations for periodic metallic slabs.
On the Cu(211) facet, SCAN generates a transition state barrier error of only +0.11 eV,
correctly identifying the primary kinetic barriers and maintaining the correct competitive
pathway ranking between the formate (HCOOQO") and hydrocarboxyl (COOH") branches.

For homogeneous catalytic pathways utilizing discrete organometallic Ni/Ru complexes,
where exact periodic slab constraints do not apply, the range-separated hybrid
functional wB97X-D achieves near-perfect agreement with DLPNO-CCSD(T) calculations,
yielding a barrier height error envelope of just +0.04 eV. This underscores the necessity of
exact HF exchange fractions for neutralizing self-interaction error when localized transition-
metal d-orbitals interact with a bending CO, molecule.

Computational Cost vs. Chemical Accuracy

To guide large-scale computational material screening campaigns, we establish a definitive
trade-oft matrix evaluating the computational cost versus the relative chemical accuracy
achieved across each functional tier. Computational cost is measured via the normalized CPU-
hour scaling factor (S.) relative to a standard uncorrected PBE calculation (S, = 1.0) executed
on an identical 120-atom Zn-MOF-74 unit cell structure.

Functional Relative  Cost | Adsorption Kinetics | "Bang for the
Tier Factor (S;) Enthalpy Barrier Buck" Target
Error Error Application
(kJ mol™1) (eV)

GGA (PBE) 1.0 X +18.4 —0.38 | Preliminary
structural high-
throughput volume
screening.

GGA + D4 1.05 x +4.1 —0.36 | Large-scale
thermodynamic
screening of
macroscopic porous
libraries.
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Meta-GGA 2.8 X +5.9 +0.11 Balanced periodic

(SCAN) surface  structures
and intermediate
solid kinetics.

Meta-GGA + 3.2 X% +3.1 +0.12 | Optimal

rvvio thermodynamic and
kinetic screening for
dense crystalline
frameworks.

Screened 45.0 X to 60 X +3.5 +0.06 | Final high-precision

Hybrid electronic

(HSE06) refinement of band
gaps and metallic
surfaces.

Range- 15.0 X (Cluster) +2.8 +0.04 | Absolute molecular

Separated baseline tracking and

Hybrid homogeneous

(wB97X-D) catalyst verification.

This trade-off analysis reveals that while hybrid functionals like HSE06 and wB97X-D provide
exceptional electronic accuracy, their steep computational scaling factors (45 X to 60 X) make

them prohibitively expensive for brute-force screening of large crystal structure databases.
Consequently, the inclusion of dispersion corrections on lower rungs emerges as a vital
strategy.

The combination of PBE+DFT-D4 provides an exceptional efficiency advantage for
thermodynamic screening, yielding a massive reduction in adsorption energy error for a

marginal 5% increase in computational overhead. For deep catalytic explorations where
kinetic barriers dominate, the SCAN or SCAN+rVV10 meta-GGA frameworks offer the best

balance

of performance and cost. They provide a major step up in kinetic precision over

standard GGAs while avoiding the severe computational slowdown associated with periodic
hybrid functionals.

4. Industrial Implications & Recommendations
Selecting Functionals by Task
Translating these quantum chemical benchmarks into industrial engineering guidelines requires

a task-specific protocol tailored to the target unit operation. Using a single default functional
for an entire CCUS engineering pipeline introduces unnecessary computational bottlenecks or
severe propagation errors. Instead, the following protocol matches specific modeling tasks with

optimal

functional selections:
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Industrial Functional Selection Protocol

[ Solid-State Screening ] ----> Task: Adsorption Enthalpies

Recommendation: PBE+DFT-D4 (Fast & Accurate)

[ Liquid Solvent Design ] ----> Task: pkb & Solvation Thermodynamics
Recommendation: wB97X-D + SMD (High Precision)

[ Surface Catalysis ] --=-=> Task: Activation Barriers & Turnover Frequencies

Recommendation: SCAN+rVV18 (No HF Slowdown)

Large-Scale Solid Adsorbent Screening: For high-throughput screening across extensive
database libraries (such as the CoRE-MOF or Zeolite structures), engineers should

utilize PBE+DFT-D4. This combination provides the high throughput required to process

thousands of candidate materials while keeping thermodynamic binding errors low enough (~

4 kJ mol ™) to reliably rank materials by working capacity.
1. Liquid Phase Carbon Scrubbing Systems: For modeling aqueous amine
formulations, amino acid ionic liquids, or phase-change solvents, the recommended

protocol is wB97X-D paired with the SMD solvation model. This approach provides

the precise electronic description necessary to handle competitive proton-transfer
reactions and liquid-phase free energy changes, keeping errors low enough to
accurately predict amine degradation and optimal regeneration temperatures.

2. Heterogeneous Conversion and Reactor Microkinetics: When constructing multi-
step reaction networks on transition metal surfaces to simulate reactor outputs,
computational chemists should bypass standard GGAs and deploy SCAN+rVV10.
This ensures that activation energies and surface binding coordinates remain physically

meaningful, preventing the artificial overstabilization of transition states while keeping
computational costs manageable for large slab models.

Impact

on Industrial Scale-up

The choice of an exchange-correlation functional is not just an academic nuance; it has direct
economic and physical consequences when scaling up computational data into real-world

chemical plants. In industrial reactor design, elementary kinetic rate constants (k) are derived

directly

from DFT-calculated activation energies (AG¥) via the classic Arrhenius relation:
AG*)

k=Aexp ( —W

If an engineer relies on standard PBE data to design a heterogeneous catalytic reactor

for CO, hydrogenation, the systematic —0.38 eV underestimation of the activation barrier
introduces an exponential error propagation. At an industrial operating temperature
of 250°C (523 K), this error leads to an artificial inflation of the calculated reaction rate by a
factor of approximately 4.6 x 103.
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0.38¢
8.617 x 10~5eVK™ ! x 523 K

Error Factor = exp ( ) ~ 4660

When this inflated rate constant is integrated into macroscopic continuous stirred-tank reactor
(CSTR) or plug-flow reactor (PFR) mass balance models, the simulations overpredict the
single-pass conversion efficiency of the catalyst. Consequently, a pilot plant constructed based
on these raw PBE dimensions would be drastically undersized. In practice, the actual chemical

reactor

would fail to achieve the targeted conversion rates, leading to

unreacted CO, breakthrough and forcing expensive post-construction retrofits or increased

catalyst

loading.

Similarly, in carbon-scrubbing plants utilizing solid-state pressure swing adsorption (PSA), an

error of +15 kJ mol™" in the calculated adsorption enthalpy (AH,y) distorts the predicted

thermal

regeneration profile. Overestimating the binding strength leads to an artificial inflation

of the predicted thermal energy required to release the captured CO, from the sorbent bed

during the desorption cycle. This error skews the calculated parasitic energy load of the capture
facility, potentially causing engineers to discard highly viable, cost-effective sorbent candidates
due to inaccurate energetic projections.

By implementing the benchmarking recommendations established in this study—such as
utilizing SCAN+rVV10 for  surface  kinetics = and PBE+DFT-D4 for  framework
thermodynamics—engineers can significantly minimize these trans-scale error propagations.
This bridges the gap between microscopic quantum mechanics and macroscopic process

engineering, ensuring high fidelity throughout the scale-up pipeline.

5. Conclusions

Our findings establish that integrating modern, charge-dependent dispersion corrections—
specifically Grimme’s DFT-D4—into standard gradient approximations corrects the
thermodynamic description of physisorption. This approach reduces adsorption enthalpy errors

to a MAD of just +4.1 kJ mol~" while incurring virtually zero additional computational cost.
For complex catalytic pathways where kinetic barriers dictate performance, the meta-GGA
functional SCAN (with or without rVV10 non-local dispersion) emerges as a highly effective

choice. It eliminates much of the self-interaction error natively, capturing reliable activation

profiles

without the high computational overhead associated with periodic hybrid functionals.

For localized molecular configurations and liquid-phase amine basicity modeling, range-

separated hybrids like wB97X-D remain the preferred standard for absolute chemical
precision.
Ultimately, moving away from generic functional selections and adopting a task-specific

computational framework allows researchers to eliminate costly trans-scale error propagation.
This shift directly accelerates the virtual design, optimization, and real-world deployment of
next-generation, high-efficiency CCUS technologies, providing a reliable foundation for
industrial green chemistry initiatives.
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