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Abstract 
 

This study investigates the hydrogenation of carbon dioxide to formic acid on 
Co2+- and Cu2+-MOF-808 catalysts using density functional theory (DFT) and 
microkinetic modeling (MKM) for calculations. Two possible pathways were examined: 
without introducing a second H2  molecule (pathway A), and introducing a second H2 
molecule (pathway B). Pathway B demonstrated superior performance, characterized 
by energy barriers that were three times lower than pathway A and a thermodynamic 
shift from an endergonic to an exergonic process, thereby enhancing both kinetic and 
thermodynamic favorability. Formate intermediates were observed in bidentate-
chelating and quasi-bidentate geometries. Cu2+-MOF-808 exhibited higher catalytic 
activity than Co2+-MOF-808, primarily due to Cu’s ability to stabilize the transition state 
via the Jahn-Teller effect, favoring a square planar geometry, which is less pronounced 
in Co. Microkinetic modeling confirmed these findings, revealing a higher turnover 
frequency (TOF) for Cu at lower temperatures, primarily governed by H2 concentration. 
Formic acid desorption was identified as the rate-determining step, exerting a significant 
influence on reaction efficiency and catalyst performance. 
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Chapter 1 

Introduction 
 

1.1 Research motivation  
Carbon dioxide (CO2), predominantly emitted through the extensive reliance on 

fossil fuels, serves as a principal contributor to global warming and climate change. Its 
emissions elevate greenhouse gas concentrations, effectively trapping heat within the 
atmosphere and causing profound environmental and economic repercussions. 
Addressing this challenge is imperative for fostering environmental sustainability. 
Carbon capture, utilization, and storage (CCUS) technologies have been widely 
acknowledged as essential measures for mitigating atmospheric CO2 and combating 
climate change [1,2]. As a result, substantial research efforts have focused on the 
development of advanced adsorptive and catalytic materials capable of capturing CO2 
and converting it into valuable chemical products, thereby transforming a significant 
pollutant into a resource with extensive industrial applications. 

The hydrogenation of carbon dioxide (CO2) to formic acid has emerged as a 
promising strategy for CO2 valorization, offering the dual benefits of mitigating CO2 
emissions while producing a valuable chemical product [3–7]. Formic acid holds 
significant potential as a hydrogen storage medium and as a fuel for formic acid fuel 
cells, presenting a liquid alternative for renewable energy storage and fuel cell 
technologies. Despite its advantages, the catalytic hydrogenation of CO2 using H2 poses 
considerable challenges due to the inherent stability of  CO2 (∆G°298 = −394.4 kJ/mol) 
and the thermodynamic constraints of the reaction (∆G°298 = +32.9 kJ/mol) [8]. 
Overcoming these challenges necessitates the development of catalysts with 
exceptional activity and selectivity, capable of facilitating the reaction efficiently under 
mild conditions. This research area is pivotal for advancing catalysis and achieving 
sustainable chemical transformations. 

Metal-organic frameworks (MOFs) are crystalline porous materials constructed 
from metal ions or clusters coordinated with organic linkers [9,10]. The versatility in 
selecting and modifying metal ions/clusters and organic linkers enables the synthesis 
of a wide array of MOFs with distinctive properties, including high surface areas, tunable 
pore sizes, and remarkable thermal and chemical stability. These attributes make MOFs 
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highly adaptable for various applications, such as gas storage, separation, and catalysis, 
by promoting efficient interactions with reactant molecules [11,12]. 

Zr-based metal-organic frameworks (MOFs), including UiO-66 [13], NU-1000 [14], 
and MOF-808 [15] have garnered significant attention for their catalytic potential due 
to unique structural attributes, such as missing ligands that generate structural defects. 
These defects serve as active catalytic sites and stable platforms for single-atom 
catalysts (SACs) [16–22], preventing SAC aggregation and enhancing catalytic efficiency. 
For instance, a recent study by Zhang et al. [23], demonstrated that MOF-808, modified 
with single Zn2+ ions integrated into Zr-oxide nodes, achieved high selectivity for CO2 

hydrogenation to methanol. Similarly, Liu et al. [24], conducted a theoretical 
investigation into the hydrogenation pathways of CO2 to C1 products (CO, HCOOH, 
CH3OH, CH4) on MOF-808 loaded with various metal ions, including Cu2+, Fe2+, Pt2+, Ni2+, 
and Pd2+. Their findings identified Cu2+-MOF-808 as the most active catalyst. While 
these studies have provided foundational insights, further exploration of the reaction 
mechanisms is crucial to advancing the design and development of more efficient 
catalytic systems. 

In this study, we employed density functional theory (DFT) calculations and 
microkinetic modeling to investigate the hydrogenation of CO2 hydrogenation to formic 
acid on Co2+- and Cu2+-MOF-808 catalysts. While Cu2+ is renowned for its catalytic 
efficiency, Co2+ was analyzed as a potential alternative. A key outcome of this research 
is the identification of formate intermediates in both quasi-bidentate and chelating 
geometries, with the quasi-bidentate configuration representing a novel finding. For 
Co2+, these geometries exhibit comparable energetic stabilities, whereas Cu2+ displays 
a slight energy disparity between the two. These distinct configurations facilitate two 
alternative pathways for incorporating the second H2 molecule, a critical step in the 
conversion of the formate intermediate into formic acid. 

Our analysis underscores the significance of electronic structures and spin states 
for Co2+ and Cu2+, with particular emphasis on the Jahn-Teller effect in Cu2+, which 
plays a pivotal role in stabilizing reaction intermediates and enhancing catalytic 
performance. Furthermore, this work provides a comprehensive comparison of the 
quasi-bidentate and bidentate chelating pathways. These findings deliver critical 
insights into the reaction mechanism and offer a comparative evaluation of Co2+- and 
Cu2+-MOF-808 catalysts. By elucidating the distinct catalytic pathways and the 
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influence of electronic and structural factors, this study advances the understanding 
of CO2 hydrogenation processes. It also highlights new avenues for designing alternative 
catalytic systems, contributing significantly to the broader disciplines of surface science 
and catalysis. 

 

 
 

Figure 1.1 Zr-MOF with 1,4-benzene-dicarboxylate (BDC) as linker, UiO-66, Zirconium, 
oxygen, carbon, and hydrogen atoms are red, blue, gray, and white, respectively [13]. 
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Figure 1.2 Relevant structural features and representations of NU-1000 [14]. 
 

 
 
Figure 1.3 Topology of MOF-808; Atom color scheme: C, black; O, red; Zr, blue 
polyhedral H atoms are omitted for clarity. Yellow and orange balls indicate the space 
in the framework [15]. 
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1.2 Objectives of the study  
     1) Computational investigations of the CO2 hydrogenation reaction mechanism 
were conducted using density functional theory (DFT) and microkinetic modeling 
(MKM) to elucidate the mechanistic pathways involved in the conversion of CO2 to 
formic acid on Co2+- and Cu2+-MOF-808 catalysts. 
 2) The quasi-bidentate and bidentate chelating configurations of formate 
intermediate have been identified and characterized, representing novel structural 
insights that have not been previously reported. 
 3) The roles of the electronic structures and spin states of Co2+ and Cu2+ were 
analyzed, especially the Jahn-Teller effect in Cu2+, plays a crucial role in modulating 
on the catalytic activity and stability of the reaction intermediates. 
  

1.3 Scope of the study  
     1) A comprehensive study of the CO2 hydrogenation reaction mechanism to 
formic acid over MOF-808-supported single-atom catalysts (Co2+ and Cu2+) using 
density functional theory (DFT) calculations.   
   

1.4 Benefits of the study  
    1) This study provides insights into the most favorable reaction pathway for 
converting CO2 to formic acid, allowing for the identification of the most efficient and 
effective mechanism.   
    2) The study aims to identify and characterize a new type of catalyst that can 
significantly catalyzed the conversion of CO2 to formic acid, the findings could support 
the development of more advanced catalysts, potentially contributing to more 
sustainable CO2 utilization technologies. 
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Chapter 2 

Theory and literature reviews 
 

2.1 CO2 conversion and Utilization 
CO2 conversion refers to the chemical transformation of CO2 into different forms 

that contain carbon from CO2 or utilize the active oxygen atom present in CO2. CO2 
utilization encompasses both physical processes, such as extraction, and chemical 
processes, such as chemical synthesis. The goals of research and development efforts 
in CO2 conversion and utilization can vary depending on the applications. These goals 
include employing CO2 for environmentally friendly physical or chemical processes 
based on its unique properties, producing useful chemicals and materials by using CO2 
as a reactant or feedstock, and replacing hazardous or less effective substances in 
existing processes with CO2 as an alternative medium, solvent, or co-reactant. 
Additionally, CO2 can be utilized for energy recovery or biomass growth while reducing 
emissions to the atmosphere through sequestration, recycling CO2 as a carbon source 
for chemicals and fuels, and converting CO2 under geologic formation conditions into 
new fossil energy sources [25]. 

 

 

 

 

 

 

 

 

 

Figure 2.1 The industrial carbon cycle [26]. 
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2.2 Metal-organic Frameworks (MOFs) 
Metal-Organic Frameworks (MOFs) are characterized by their network-like 

architectures, comprising porous structures formed through the coordination of metal 
nodes with organic linkers, typically carboxylates. It is considered a hybrid material 
with very interesting properties having a high surface area, high porosity, low density 
and can withstand high temperatures. It has been reported that metal-organic 
framework materials have been used to study gas adsorption behavior [27]. Many 
metal-organic framework materials are highly porous and have specialized properties 
(functional materials). Some can also modify the framework structure after synthesis. 
(post-synthesis modification) to have more chemical specificity. Meanwhile, the pore 
size of metal-organic framework materials can be designed before synthesis. To get 
the pore size at the nanometer level as desired this nanometer sized pore will help 
increase the gas absorption ability. These properties make MOFs of great interest for 
industrial research. Currently, MOFs are being applied on an industrial scale. It is used 
as a selector for the desired molecule and separated from other molecules in the gas 
separation process. It is applied to chemical catalysts that are specific to the shape 
and structure of the chemical. MOFs can also be used to store specific molecular 
substances, such as capturing and releasing hydrogen gas, etc. Therefore, metal-organic 
network materials, or MOFs, are considered materials that are receiving a lot of interest 
in industrial applications [28]. 

 

 

 

 
Figure 2.2 Composition of MOFs in catalysis [28]. 
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2.2.1 MOF-808 
In Figure 2.3, the components of MOF-808 are shown. MOF-808 consists of Zr 

metal clusters (Zr6O4(OH)10(H2O)6) (Figure 2.3(b)) connected into a three-dimensional 
structure through benzene tricarboxylate (BTC3-) (Figure 2.3(c)) with a cavity size of 
approximately 14 Å, having a pore volume of approximately 0.84 cm³/g and a surface 
area of 1600 m²/g. It is stable in air, as well as in aqueous and acidic conditions (pH 1-
12), and can withstand temperatures over 400 °C. The metal ions or organic linkers can 
be customized as desired, and it has excellent capabilities for gas storage, capture, and 
separation [23]. Therefore, in this work, MOF-808 was chosen as a support for single-
metal atom catalysts, specifically Co2+ and Cu2+, for the hydrogenation of carbon 
dioxide to formic acid.  

 

 
 

Figure 2.3 Structures of (a) MOF-808, (b) BTC3- linker, (c) Zr metal node and (d) MOF-
808 cluster. 

 
2.3 Computational Chemistry 
 Computational chemistry is a subfield of theoretical chemistry where computer 
simulations assist in solving complex chemical problems [29]. Computational chemistry 
combines mathematical methods and fundamental laws of physics to study chemical 
processes [30]. In the field, a molecule or system of interest is treated as a collection 
of charged particles. Each molecule is different because of the unique numbers of 
nuclei and electrons they have. The different combinations will result in chemically 

14 Å

(d) MOF-808 cluster
(c) BTC3- linker

(b) Zr metal node

(a) MOF-808
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different molecules as the interaction forces between the particles within the 
molecules are different. The said interaction forces between the particles, namely the 
Coulomb interaction [31], is the only important force in computational study of 
molecules. The interaction force dictates the most stable geometrical arrangement of 
a molecule, the properties, the rate which a reaction can occur, or in other words, all 
the characteristic of a molecule. The total interactions between particles are recorded 
as ‘energy’ in the unit kcal/mol, which indicates the stability of the molecule. The 
lower the energy, the more stable the structure. 
 The larger the size of the molecule or system, the more complex it is to 
compute the interaction forces. Only a system with one or two particles can be solved 
exactly as there is fewer interaction forces to consider. Larger systems such as enzymes 
or other proteins can only be solved to a certain degree of accuracy as estimation of 
the interaction force is necessary, though the solution can be very close to the exact 
value. The greater the level of detail of the estimation, the more accurate the result, 
but also the greater the time consumption and the more need for powerful 
computational devices [32].  
 

 
 

Figure 2.4 The increase in computational time in relation to the number of 
stochastic particles. Computers with more cores can perform calculations more 
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quickly but the effect becomes consistent after a certain number of cores is reached 
[33]. 

To demonstrate the quickly increasing computational power needed to 
calculate a large system, a simple equation related to Quantum mechanics simulation 
is shown below. In QM, to estimate the interaction and therefore the energy of the 
system, first the wavefunction of the system must be defined in terms of a wave 
equation. An example of wavefunction is shown in equation 1. 

 
ψ = 𝐴𝑠𝑖𝑛(2𝜋𝑥)         (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 1) 

 

To analyze the wave equation in terms of wavefunction, the Schrodinger 
equation is used (Equation 2.). From this equation, the nature of the wave can be 
described in wavefunction terms, where the total energy being summation of the 
kinetic energy and the potential energy function. The potential energy of a 
wavefunction includes the electron-electron repulsion, nuclear- electron attraction 
and nuclear- nuclear repulsion forces. 

 
Ĥᴪ = 𝐸ᴪ      (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 2) 

 

The Equation 3 shows a Born-Oppenheimer approximation of a system 
wavefunction. The equation states that the wavefunction of the system is the 
product of the wavefunction of nuclear and electronic wavefunction.  
 

ᴪ𝑇𝑜𝑡𝑎𝑙 = ᴪ𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑖𝑐ᴪ𝑛𝑢𝑐𝑙𝑒𝑎𝑟        (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 3) 

  
From this, a system wavefunction can be defined as the product of all one-

electron wavefunctions (ψ) inside an atom as shown in Equation 4. ψ0 is the function 

representing the coordinates of all the electrons in the atom, where ᴪ 0 (1), ᴪ 0 (2), … 

, ᴪ0 (n) represent function of electron 1, 2, … , n, respectively. After solving Schrödinger 
equation for each electron, the electron repulsion term is substituted by an average 

from electrostatic field calculated from ᴪ 0 (2), ᴪ 0 (3), …, ᴪ 0 (n). As the number of 
electrons increases, the electron repulsion term also increases, causing the rapid 
increase in number of mathematical equations which need to be solved.   
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𝜓0 =  ᴪ0(1)ᴪ0(2)ᴪ0(3) … . ᴪ0(𝑛)        (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 4) 

  

The energy of the system wavefunction ψ0 is then calculated using the 
formula shown in Equation 5. 

 

𝐸 =  ∫ 𝜓′Ĥ𝜓 𝑑𝜏   (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 5) 

 

After ψ0 is computed, electron 1 from ᴪ 0 (1) will be designated to move, 

resulting in ψ1. This repeats with ᴪ 0 (2), ᴪ 0 (3), …, ᴪ 0 (n) until all the wavefunctions 
are computed. This is called one cycle of calculation. The cycle and calculation will 
be repeated until the change in energy between the cycles are considered negligeable 
by the criteria set.  

Presently, the search for the most time efficient and accurate method for 
describing the interaction is still ongoing. Currently, the three main types of simulation 
in the field are Molecular dynamic, Quantum mechanics, and the hybrid Quantum 
mechanics/Molecular mechanics simulations [34–36]. 

 

2.4 Density Functional Theory (DFT) 
Density functional theory (DFT) unlike the ab initio and semi empirical which 

are based the wavefunction, DFT uses Hohenberg-Kohn as the ground theory which 
refrains from the brute-force calculation of wavefunctions. The theory states that 
atoms and molecules at the ground-state properties are determined by its electron 
density functional under the condition that the energy from electron density must be 
greater or equal to the true energy. In electron density functional, the ρ represents 
the ‘density’ of the functional, and it can be measured by x-ray diffraction or electron 
diffraction unlike wavefunction. DFT function only consists of three variables for its 
position (x, y, z) no matter the size of the system being analyzed making it more 
intuitively and mathematically comprehensible and if more details are desired the 
number of dimensions will be increased three times incrementally. One of the lower-
level theories of DFT is the local density approximation (LDA). LDA is a functional which 
lays groundwork for many other functionals such as PW92. 
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Another popular type of DFT is the generalized gradient approximation (GGA). 
GGA functionals have information on general order gradient, which is the change in 
electron density of certain parts in the system. DFT can also incorporate physical 
values and empirical parameters. To improve the accuracy, the idea to combine two 
methods together was realized and named hybrid functionals, and example of these 
functionals are the combination of Hartree-Fock theory and DFT such as B3LYP or the 
M06 suite of functionals [37]. 

 

 
Figure 2.5 Cartoon representation of the two different methods of viewing a system 
electronically. For Ab initio, the method views electrons in Many-Body perspective 
which give rise to the necessity to identify the electron-electron repulsion force. DFT 
views an electronic system as density and put more importance in capturing the self-
interactions of electrons [29]. 

Basis set is the expression of one-electron orbitals. It represents the electron 
configuration in the s, p, d etc. orbitals by assigning several mathematical functions to 
the electrons inside said orbitals to describe their energy level and position. The 
minimum number of functions inside a basis set must reflect all the electrons within 
an atom, such as for a neutral Ne atom, the minimum basis set must contain 2 s-orbital 
functions and 1 three component p-orbital function, equivalent to 5 functions. 
Minimum basis set are seldomly used since they allow for little or no electron 
correlation. Basis set with greater accuracy is made by doubling, tripling, and so on the 
number of functions, Basis set is selected according to the desired detail, the available 
computers, and the size of the system being studied [38]. 

This study examines the hydrogenation of CO2 to formic acid using Density 
Functional Theory (DFT) calculations employing the M06-L functional [39]. Geometry 
optimizations were performed with the def2-SVP basis set [40] and the SDD 
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pseudopotential basis set [41]. Charge distribution analysis were conducted using the 
Natural Bond Orbital (NBO) method [42]. Gibbs free energy calculations were carried 
out at the M06-L/def2-TZVP level of theory, incorporating Gimme D3 dispersion 
correction [43]. All computational studies were conducted using the Gaussian 16 
software package [44]. 

 
2.5 Microkinetic modelling 

Mean-field microkinetic modeling (MKM) was conducted based on the DFT 
calculations of all elementary reaction steps. The rate constant of the surface 
reaction is calculated by using the Arrhenius equation (Equation 6): 

𝑘 = 𝑣 ⋅ exp (−
𝐸𝑎

𝑅𝑇
)       (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 6) 

where 𝑘 is the rate constant of surface reaction, 𝐸𝑎 is the activation energy, 𝑅 is the 
gas constant, and 𝑇 is the temperature. 

For the adsorption/desorption reactions, the rate constant is calculated using 
the Hertz-Knudsen equation [45], as shown in Equation 7 and 8: 

𝑘𝑎𝑑𝑠 = 𝑆 ⋅
𝑃𝐴

√2𝜋𝑚𝑘𝑏𝑇
      (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 7) 

 

𝑘𝑑𝑒𝑠 = 𝐴
𝑘𝑏𝑇3

ℎ3

2𝜋𝑚𝑘𝑏

𝜎𝜃𝑟𝑜𝑡
exp (−

𝐸𝑑𝑒𝑠

𝑅𝑇
)      (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 8) 

where 𝑘𝑎𝑑𝑠 and 𝑘𝑑𝑒𝑠 are the rate constant for adsorption and desorption reactions, 
respectively. 𝑆 is the sticking coefficient, 𝑃 is the partial pressure of the adsorbate in 
gas phase, 𝐴 is the area of the surface site, 𝑚 is the mass of adsorbate, 𝑘𝑏 is the 
Boltzmann constant, ℎ is Planck’s constant, 𝜎 is the symmetry number of a 
molecule, 𝜃𝑟𝑜𝑡 is the rotational temperature of a molecule, and 𝐸𝑑𝑒𝑠 is the 
desorption energy. 

The degree of rate control (DRC) [46–49] was performed to investigate the 
elementary reaction steps that contribute to the rate control of the overall reaction. 
For the elementary reaction step 𝑖, 
the DRC (𝑋𝑅𝐶, 𝑖) is defined as shown in (Equation 9): 
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𝑋𝑅𝐶,𝑖 =
𝑘𝑖

𝑟
(

𝜕𝑟

𝜕𝑘𝑖
)

𝑘𝑗≠𝑖,𝐾𝑖

= (
𝜕 ln 𝑟

𝜕 ln 𝑘𝑖
)

𝑘𝑗≠𝑖,𝐾𝑖

      (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 9) 

where 𝑘𝑖, 𝐾𝑖, and 𝑟 are the rate constants, the equilibrium constant for step 𝑖 and 
the reaction rate, respectively. All MKM results were simulated using MKMCXX [50]. 
 

2.6 Literature reviews  
 Peng G. et al. [51] studied the hydrogenation of CO2 to formic acid on the Ni(111) 
surface using density functional theory. Both surface-adsorbed and subsurface-
adsorbed hydrogen were investigated. Two reaction mechanisms were compared: the 
formate intermediate and the carboxyl intermediate. The formation of formate 
intermediates was found to be more favorable than that of carboxyl intermediates 
due to a lower activation energy for the hydrogenation of the formate intermediate. 
Additionally, a rapid transition from unidentate to bidentate structure occurs in the 
formate intermediate. The hydrogenation from the carboxyl intermediate to formic 
acid, however, requires high energy, making it less likely to proceed. The hydrogenation 
of CO2 to formic acid is an exothermic reaction, highlighting its potential for liquid fuel 
synthesis from carbon dioxide and for hydrogenation catalysts in general. 
 

 
 

Figure 2.6 Potential energy surface (PES) of CO2 hydrogenation on Ni (111). 
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 Maihom T. et al. [52] investigated the production of formic acid from carbon 
dioxide through hydrogenation on a single Cu atom incorporated into the ligand of 
MOF-5, using density functional theory with the M06-L functional and basis sets  
6-31G(d,p)/LANL2DZ. Two possible mechanisms of CO2  and H2  co-adsorption on the 
catalyst were studied: 1) concerted and 2) stepwise mechanisms. In the concerted 
mechanism, hydrogenation occurs in a single step by adding hydrogen to both the C 
and O atoms of CO2 to produce formic acid. In the stepwise mechanism, the first step 
involves the addition of hydrogen to the C atom of CO2 to form a formate intermediate, 
followed by hydrogenation at the O atom of this intermediate to yield formic acid. The 
activation energy for the concerted mechanism was found to be 67.2 kcal/mol, while 
the stepwise mechanism exhibited activation energies of 24.2 kcal/mol and 18.3 
kcal/mol for the two steps, respectively. These results suggest that the stepwise 
mechanism is more favorable due to its lower activation energy. Additionally, the 
catalyst significantly reduces the activation energy of the reaction compared to the 
uncatalyzed reaction. 
 
 

 
Figure 2.7 Energy profile for the CO2 hydrogenation for both systems: Cu-MOF-5 
(solid line for stepwise and dashed line for concerted) and gas-phase uncatalyzed 
reaction (dotted line). 
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        Sirijaraensre J. et al. [53] conducted a computational study to investigate the 
properties of a Cu atom embedded on a graphene surface, denoted as Cu/dG, using 
density functional theory with the 6-31G(d,p)/SDD basis set. This study aimed to 
evaluate the catalyst's potential for converting CO2 to formic acid. The results 
indicated that hydrogenation of CO2 without prior H2 activation requires a high 
activation energy, resulting in an unstable intermediate. However, H2 dissociation into 
a hydride and a proton on Cu/dG facilitates easier hydrogenation. The formate 
structure produced via this pathway is more suitable for formic acid production than 
the route involving direct protonation to formate. The calculated activation energy 
for formic acid formation through H2 dissociation is 11.6 kcal/mol.  
 
 

 

 

 

 

 

 
Figure 2.8 The optimized structure and atomic NBO charges of the Cu/dG material. 
(All distances are in Å) 
 
       Yodsin N. et al. [54] studied a catalyst for CO2  conversion to formic acid, using a 
single Pt atom supported on a carbon nanocone (denoted as Pt/CNC) with DFT 
calculations employing the B3LYP functional and the 6-31G(d,p)/LANL2DZ basis set. 
The study investigated three possible routes for CO2 hydrogenation: Route A (co-
adsorption of CO2 and H2), Route B (H2 dissociation), and Route BS (H2 dissociation with 
H spillover) as shown in Figure 2.9. In Route A, the co-adsorption of CO2 and H2 follows 
a stepwise mechanism, proceeding through a carboxylate intermediate before forming 
formic acid. Calculations indicate that the first step is rate-determining, with an 
activation energy of 1.49 eV. Route B begins with H2 dissociation, where an adsorbed 
hydrogen molecule on Pt dissociates, followed by CO2 hydrogenation. This route can 
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proceed through either a carboxylate or formate intermediate. The carboxylate 
pathway is less favorable due to a high activation energy of 2.91 eV, while the formate 
pathway has a lower activation energy of 1.15 eV. Route BS involves H2 dissociation 
with H spillover, similar to Route B but with an additional H spillover step following H2 
dissociation. This pathway can proceed through both formate and carboxylate 
intermediates. Notably, adding a second H2 molecule after the formate intermediate 
was found to significantly lower the activation energy. Consequently, Route BS is the 
most favorable mechanism for formic acid production. 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9 The reaction mechanism of hydrogenation of CO2 to formic acid, including 
3 routes: a) co-adsorption of CO2 and H2, b) H2 dissociation, and  
c) H2 dissociation with H spillover, respectively. 
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Liu G. et al. [55] studied the hydrogenation of carbon dioxide to produce 
formate and formic acid, using bimetallic palladium-copper hydride clusters as a 
catalyst. Anionic mass spectrometry was employed to analyze the products of the 
reaction between bimetallic palladium–copper tetrahydride anions (PdCuH4

-) and CO2. 
Density functional theory (DFT) calculations with the LANL2DZ/aug-cc-pvtz+pp basis 
set demonstrated the catalyst's efficiency in forming PdCuCO2H4

-  and formate/formic 
acid compounds. The analysis of various structures of both PdCuH4

-  and PdCuCO2H4
- 

involved photoelectron spectroscopy and quantum chemical calculations. The study 
observed two isomers, A and B, of PdCuH4

-, each following distinct reaction pathways. 
In the first pathway, CO2 reacts at the Cu-H bond to form a highly stable intermediate 
C, which requires significant energy to release formate as a product, making this 
pathway less favorable for formate formation. In the second pathway, CO2  interacts 
with Pd and H atoms, causing rearrangement of H, Cu, and Pd atoms to produce 
formate, which then decomposes into PdCuH2

-  and formic acid, enabling the next 
catalytic cycle to proceed. This work highlights the ability of the PdCuH4

-  bimetallic 
cluster catalyst to convert CO2  into formate and formic acid, as confirmed by mass 
spectrometry analysis. 

 
 

 
 

 
Figure 2.10 The hydrogenation reaction of carbon dioxide to convert to formate and 
formic acid over bimetallic palladium copper hydride clusters. 
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Xue W. et al. [56] investigated carbon monoxide (CO) oxidation on MOF-808 
catalysts (denoted as MOF-808-MII, with M = Zn, Cu, Fe, Pd, Ni, and Pt) using metal 
atoms in a 2+ oxidation state. The study employed density functional theory, a kinetic 
microstructure model, and the 6-311G**/SDD basis set. Stability analysis of various 
metals encapsulated in MOF-808 revealed that MOF-808-PtII was the most stable. 
Calculations for four oxidation pathways of CO showed that the Langmuir-Hinshelwood 
(LH) mechanism was the most effective. Using ESM to compute relative TOF values, 
MOF-808-PtII achieved the highest relative TOF value of 1.00, identifying it as the most 
effective catalyst for CO oxidation. 

 
 
 
 
 
 
 
 
  

  
 
 
Figure 2.11 MOF-808-Encapsulated Single-Atom Metal Catalysts of Carbon monoxide 
oxidation. 
 

Liu J. et al. [24] studied CO2  hydrogenation to C1 product (HCOOH, H2CO, 
H3COH, CO and CH4) via formate pathway and carboxyl pathway. They evaluated the 
stability of five metal atoms in 2+ oxidation state (MII = CuII, FeII, PtII, NiII, and PdII) 
encapsulated in MOF-808, selecting CuII-MOF-808 as the catalyst for CO2 
hydrogenation. Using DFT calculations with the B3LYP functional and the 6-
31G(d,p)/LANL2DZ basis set, they explored HCOOH, H2CO, and H3COH formation via 
the formate pathway and CO and CH4 formation via the carboxyl pathway. The formate 
pathway was energetically more favorable, with hydroxyl groups promoting C1 product 
desorption. TOF values for CO2  conversion to methanol were calculated for five MII-This material is reserved for educational use only, not allowed for commercial use. 
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MOF-808 catalysts using the ESM model, with CuII-MOF-808 achieving the highest 
relative TOF of 1.00 and PdII-MOF-808 at 0.062 at 523.15 K. These results indicate that 
CuII-MOF-808 has the highest catalytic activity for CO2  conversion to methanol, 
followed by PdII-MOF-808. 

 

 
 

Figure 2.12 MOF-808-Encapsulated Single-Atom Metal Catalysts of CO2 
hydrogenation. 
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Chapter 3 

Research methodology 
3.1 Model 

A finite-cluster model was employed to investigate the hydrogenation of CO2 to 
formic acid on Co and Cu single-atom catalysts supported on MOF-808. The Zr-oxide 
cluster utilized in this model was derived from the crystal structure of MOF-808 [15], 
with the carboxylate groups of the 1,3,5-benzenetricarboxylate (BTC3-) linkers 
truncated and capped by hydrogen atoms. Consistent with prior research [23] 
demonstrating the successful post-synthetic metalation of Zn2+-supported MOF-808, 
Co and Cu single-atom catalysts were incorporated into the Zr-oxide cluster. This was 
achieved by replacing the capping formate groups at the Zr-node with hydroxide (OH-

) and water (H2O) molecules. To generate vacant coordination sites, one H2O molecule 
and two protons, one from a terminal hydroxyl group and another from the µ3-OH 
position were removed from the Zr-node. These coordination sites were subsequently 
occupied by Co and Cu atoms. The structural models of the catalyst cluster, both pre- 
and post-metalation, are depicted in Figure 3.1. 

 

 
Figure 3.1 (a) Structure of MOF-808 and (b) Cluster models pre-metalation 
(c) Cluster models post-metalation with Co and Cu single atoms. 

 

(a) (b)

(c)
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3.2 Method 
In this study, density functional theory (DFT) calculations were performed using 

the uM06-L density functional [39]. The def2-SVP basis set [40] was employed for C, H, 
and O atoms, while the SDD pseudopotential basis set [41] was utilized for Cu, Co and 
Zr transition metal atoms. During geometry optimization, only terminal carbon atoms 
were constrained. Natural Bond Orbital (NBO) analysis [42] was conducted to examine 
the charge distribution within the system. Gibbs free energies were calculated at 298.15 
K and 1 atm, with frequency calculations performed at the M06-L/def2-TZVP level, 
including the Gimme D3 dispersion correction [43]. All calculations were carried out 
using Gaussian 16 [44]. To investigate the spin states of the catalyst models, all possible 
spin states were considered. The calculations indicated that the doublet and quartet 
spin states correspond to the ground states for Cu2+- and Co2+-MOF-808, with the 
relative energies presented in Table 3.1. 

 

Table 3.1 The relative energies of Co2+- and Cu2+-MOF-808 in all possible spin states 
were computed using the uM06-L/def2-SVP level of theory 

 

Gibbs free energy profiles were calculated as: 

 ∆G = Ggas/M2+-MOF-808 – (G(gas) + G(M2+-MOF-808))      (1) 

  where Ggas/M2+-MOF-808 represents the Gibbs free energy of the complex, while 
G(gas) and G(M2+-MOF-808) denote the Gibbs free energies of the respective gas 
molecule and the M2+-MOF-808 catalyst, respectively. 

 
 

Spin states 
Relative Energy (kcal/mol) 

Co2+-MOF-808 Cu2+-MOF-808 
Doublet 8.2 0.0 
Quartet 0.0 54.4 
Sextet 45.6 131.7 
Octet 208.4 208.4 
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3.3 Proposed mechanism for hydrogenation of CO2 to formic acid 
 

 
 

Scheme 3.1 Two possible pathways for hydrogenation of CO2 to formic acid using H2 
over Co- and Cu-MOF-808 catalysts. 

 Scheme 3.1, illustrates the proposed reaction mechanism for the 
hydrogenation of CO2 over Co- and Cu-MOF-808 catalysts. The mechanism is divided 
into 2 pathways: Pathway A: without introducing a second H2 molecule and Pathway 
B: with introducing a second H2 molecule, which in the mechanism of Pathway B, two 
intermediates were identified: a bidentate chelating intermediate (INT4) and a quasi-
bidentate intermediate (INT4'). 
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Chapter 4 

Main results and discussion 
 

4.1 Structure, electronic properties and stability of Co2+- and Cu2+-MOF-
808 

  
Figure 4.1 (a) Optimized structures of Co2+-MOF-808 and (b) Optimized structures of 
Cu2+-MOF-808. (Bond lengths are in Å.) 

 

  Figure 4.1 depicts the optimized structures of the catalysts in their most stable 
spin configurations, with Co2+-MOF-808 adopting a quartet spin state and Cu2+-MOF-
808 exhibiting a doublet spin state. Table 3.1 summarizes the relative energies 
corresponding to all possible spin states for Co2+- and Cu2+-MOF-808. The optimized 
geometries indicate that both Co and Cu ions are coordinated with two oxygen atoms: 
one from the µ3-O atom and the other from the terminal oxygen atom of a neighboring 
Zr atom within the Zr-oxide cluster. The average C–O bond lengths are approximately 
1.8 Å. Moreover, the calculated charges of Co and Cu are 1.16 |e| and 1.11 |e|, 
respectively, while the coordinated oxygen atoms exhibit negative charges close to -1 
|e|. These results confirm that the Co and Cu species exist as Co2+ and Cu2+ ions, 
although their effective charges are slightly lower than the ideal +2 due to the 
influence of metal–oxygen coordination bonding. Consistent with prior research [24], 
the stability of Co2+ and Cu2+ ions supported on the MOF-808 framework was evaluated 
through replacement energy calculations. The calculated replacement Gibbs free 
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energies are -200.7 kcal/mol for Co-MOF-808 and -245.2 kcal/mol for Cu-MOF-808, 
indicating strong stability of the metal ions within the MOF structure. The replacement 
Gibbs free energies for Co-MOF-808 and Cu-MOF-808 are significantly more negative 
than the bulk cohesive energies of their respective metallic phases, which are -101.2 
kcal/mol per atom for Co and -80.5 kcal/mol per atom for Cu [57]. This comparison 
strongly suggests that Co2+ and Cu2+ ions are exceptionally stabilized on the MOF-808 
framework, effectively preventing aggregation into clusters. The strong coordination of 
these metal ions with the MOF structure not only reinforces their stability but also 
highlights their potential as highly efficient single-atom catalysts for the hydrogenation 
of carbon dioxide to formic acid. 

 

4.2 Reaction mechanisms of CO2 hydrogenation to formic acid 
  Numerous studies have explored the hydrogenation of CO2 with H2 utilizing 

single-atom catalysts supported on materials such as metal-organic frameworks 
(MOFs), zeolites, and carbon-based substrates [23,24,53,58–66]. This reaction typically 
commences with the adsorption and dissociation of H2, followed by the hydrogenation 
of CO2 via intermediates, including formate (HCOO) and carboxyl (COOH). Among these, 
the formate pathway is the most frequently observed mechanism as shown in Table 
4.1. However, the formate intermediate exhibits a strong affinity for catalytic sites, 
binding in a bidentate configuration. This results in a significant energy barrier for its 
subsequent transformation into formic acid (HCOOH). To overcome this limitation, the 
introduction of a second H2 molecule has been demonstrated as an effective approach 
to reduce this energy barrier. 

 

Table 4.1 Gibbs free energy of INT3, TS2 and INT4 for HCOO and COOH over Co2+- 
and Cu2+-MOF-808  

Species 
Co-MOF-808 (∆G, kcal/mol) Cu-MOF-808 (∆G, kcal/mol) 

HCOO COOH HCOO COOH 
INT3 -31.3 -31.3 -28.0 -28.0 
TS2 -18.2 (Ea=13.1) 28.8 (Ea = 60.1) -16.8 (Ea=11.2)  19.0 (Ea=47.0) 
IN4 -45.4 -13.7 -40.8 -13.9 
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Figure 4.2 Optimized structures of TS and INT for HCOO and COOH over Co- and Cu-
MOF-808  

   

Building upon previous studies, we propose potential mechanisms for the 
hydrogenation of CO2 with H2, as outlined in Scheme 3.1. In pathway A, the reaction 
initiates with the adsorption and dissociation of H2, followed by a two-step process 
leading to the formation of formic acid. The first step involves the formation of a 
formate intermediate, which, in the second step, undergoes transformation into formic 
acid through a chelating geometry. To reduce the energy barrier associated with formic 
acid formation, an alternative mechanism, designated as pathway B, introduces a 
second H2 molecule in conjunction with the formate intermediate. In contrast to 
previous studies, our results reveal the existence of the formate intermediate in both 
quasi-bidentate and chelating geometries, which facilitates the incorporation of the 
second H2 molecule, thereby enhancing the efficiency of the reduction to formic acid. 
The subsequent sections provide a detailed discussion of these proposed reaction 
mechanisms. 
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4.2.1 Pathway A: without introducing a second H2 molecule 
 

 
Figure 4.3 Gibbs free energy profile of CO2 hydrogenation to formic acid via the 
chelating formate intermediate in pathway A over Co2+ and Cu2+-MOF-808. 

 

 
Figure 4.4 The optimized structures of INT1, TS1 and INT2 of H2 adsorption and H2 
dissociation step. 
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  Figure 4.3 illustrates the energy profile of CO2 hydrogenation on Co2+- and Cu2+-
MOF-808 via pathway A, while their corresponding optimized structures are displayed 
in Figure 4.4. The calculated adsorption energies of H2 are -2.0 kcal/mol for Co2+-MOF-
808 and -0.4 kcal/mol for Cu2+-MOF-808. In the optimized structures (INT1), the H–H 
bond length is notably elongated to approximately 0.8 Å, compared to the bond length 
of the isolated H2 molecule, which measures approximately 0.7 Å. This elongation 
indicates the activation of H2 upon adsorption. Moreover, the intermolecular distances 
between the activated H2 and Co2+ and Cu2+ sites are approximately 1.7 Å. 

  After activation, H2 undertakes dissociation via the transition state (TS1) with an 
energy barrier of 4.7 kcal/mol for and Cu2+-MOF-808, which aligns closely with the 7.7 
kcal/mol barrier reported in previous studies [24]. Notably, for Co2+-MOF-808 this 
process is barrierless in terms of Gibbs free energy (∆G); however, it presents an 
activation energy barrier (∆E) of 7.5 kcal/mol, as detailed in the Supporting Information. 
These energy barriers fall within the range of 7.7–26.7 kcal/mol previously observed 
for H2 dissociation over M2+-MOF-808 catalysts [24]. At this stage, the bond distance of 
activated H2 is further extended by approximately 0.1 Å, compared to the preceding 
step. Additionally, one hydrogen atom (H1) approaches the terminal oxygen atom, 
while the other hydrogen atom (H2) remains coordinated to the Co2+ and Cu2+ sites. 
Charge analysis of TS1 reveals that H1 carries a positive charge of approximately +0.2 
|e|, while H2 exhibits a negative charge of -0.2 |e|, indicating that the dissociation of H2 

proceeds via heterolytic cleavage. The transition states are characterized by imaginary 
vibrational frequencies of 488.3i cm−1 and 593.1i cm−1 for Co2+- and Cu2+-MOF-808, 
respectively. 

  The collapse of TS1 results in the formation of Co- and Cu-hydride species (Co- 
and Cu-H2) accompanied by a hydroxyl group (OH1) on the Zr-oxide cluster of MOF-
808, corresponding to intermediate structure INT2. This transformation is exergonic, 
with energy changes of -31.8 kcal/mol for Co2+-MOF-808 and -31.4 kcal/mol for Cu2+-
MOF-808. As summarized in Table S1, the calculated charges on Co and the hydride 
species are 1.19 |e| and -0.47 |e|, respectively, while for Cu and the hydride species, 
they are 1.00 |e| and -0.36 |e|, respectively. Furthermore, the bond lengths, as depicted 
in Figure 4.4, are determined to be 1.58 Å for Co-H and 1.50 Å for Cu-H. The longer 
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bond length and higher charges observed for Co-H indicate a greater ionic character 
compared to Cu-H. 

 

 
Figure 4.5 Optimized structures of INT3, TS2 and INT4 of the formation of formate 
intermediate.  

 

  The reaction progresses with the adsorption of CO2 (INT3), as depicted in Figure 
4.5. In this step, CO2 binds weakly to the Co or Cu active site, with intermolecular 
distances exceeding 2.3 Å. Subsequently, the hydride (H2) is transferred to the 
adsorbed CO2 via the transition state (TS2). Structural analysis of this TS reveals an 
almost co-planar geometry, as evidenced by the M-O2-C-H2 dihedral angles of -6.0° 
and -5.9° for Co- and Cu-MOF-808, respectively. The adsorbed CO2 undergoes 
significant bending, with bond angles measured at 152.3° for Co-MOF-808 and 154.4° 
for Cu-MOF-808. The distances between C---H2 and Co---O2/ Cu---O2 distances are 
approximately 1.7 Å and 2.1 Å, respectively, indicating bond formation. The imaginary 
vibrational frequencies of the transition states are calculated to be 585.3i cm−1 and 
533.6i cm−1 for Co2+- and Cu2+-MOF-808, corresponding to the formation of the C-H2 
bond and the cleavage of Co-H2 and Cu-H2 bonds. The energy barriers for this step 
are 13.3 kcal/mol for Co-MOF-808 and 11.2 kcal/mol for Cu-MOF-808, aligning with 
previously reported energy barriers for CO2 hydrogenation on metal hydrides, which 
range between 8.5 and 16.8 kcal/mol. [24,59].  

  The collapse of TS2 results in the formation of a formate intermediate adopting 
a bidentate-chelating structure, designated as INT4. This intermediate is significantly 
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more stable than TS2, with energy differences of 27.5 kcal/mol for Co-MOF-808 and 
24.0 kcal/mol for Cu-MOF-808. In INT4, the C–O1 and C–O2 bond lengths are 
approximately measured at 1.25 Å. Additionally, the metal–O bond lengths between 
the formate intermediate and the Co and Cu active sites are 2.05 Å, confirming the 
bidentate-chelating configuration. 

 

 
Figure 4.6 Optimized structures of TS3-A and PROD-A for the formic acid formation.  

 

  The formation of formic acid occurs through the transition state (TS3), which 
involves the transfer of a proton (H1) from hydroxyl group (OH1) to an oxygen atom 
(O2) of the formate intermediate. Natural Bond Orbital (NBO) charge analysis reveals 
that H1 carries a charge of 0.55 |e| for Co-MOF-808 and 0.56 |e| for Cu-MOF-808. The 
imaginary vibrational frequencies of TS3 are calculated to be 820.7i cm−1 and 794.0i 
cm−1 for Co2+- and Cu2+-MOF-808, respectively, corresponding to the proton transfer 
from OH1 to the formate intermediate, the formation of the C–H2 bond, and the 
cleavage of the Co–H and Cu–H bonds. As illustrated in Figure 4.6, the O---H1 and H1-
--O2 distances in TS3 are approximately 1.4 Å and 1.1 Å for both catalysts. Compared 
to INT4, the Co-O2 and Cu-O2 bond lengths remain unchanged, while the Co-O1 and 
Cu-O1 bonds break entirely, causing the O1 atom to orient upward. These structural 
changes contribute to a substantial energy barrier, calculated as 58.3 kcal/mol for Co-
MOF-808 and 51.1 kcal/mol for Cu-MOF-808. This high energy barrier imposes the 
second hydrogenation step as the most energy demanding, confirming it as the rate-
determining step, consistent with previous studies [53,61,65]. However, microkinetic 
modeling reveals that the actual rate-determining step in the reaction is the desorption 
of formic acid (HCOOH), which will be discussed in greater detail subsequently. The 
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desorption process requires energy barriers of 14.3 kcal/mol for Co-MOF-808 and 16.0 
kcal/mol for Cu-MOF-808, consistent with reported values for formic acid desorption 
from Cu-embedded graphene [53]. Overall, the hydrogenation of CO2 to formic acid is 
endergonic, with an energy change of 18.4 kcal/mol, indicating that the process is 
thermodynamically unfavorable. This finding is in agreement with the standard Gibbs 
free energy change (∆G°298) of 32.9 kJ/mol reported for the reaction [8]. 

 

4.2.2 Pathway B: with introducing a second H2 molecule 
 

 
 

Figure 4.7 Gibbs free energy profile over Co2+-MOF-808 of pathway B investigates two 
routes-bidentate chelating and quasi-bidentate by introducing a second H2 molecule.  
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Figure 4.8 Optimized structures of the INT4, INT4’, TS3-B, TS3-B’ INT5, INT5’ and PROD 
for CO2 hydrogenation to formic acid using H2 over Co2+-MOF-808. 

 

 
Figure 4.9 Gibbs free energy profile over Cu2+-MOF-808 of pathway B investigates two 
routes-bidentate chelating and quasi-bidentate by introducing a second H2 molecule. 
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Figure 4.10 Optimized structures of the INT4, INT4’, TS3-B, TS3-B’ INT5, INT5’ and PROD 
for CO2 hydrogenation to formic acid using H2 over Cu2+-MOF-808. 

 

The adsorption of the formate intermediate onto a catalyst surface typically 
occurs in either a bidentate or bridging geometry, depending on the properties of the 
catalytic surface. In the bidentate configuration, the formate binds to a single catalytic 
site through both of its oxygen atoms, whereas in the bridging geometry, it interacts 
with two metal centers. As depicted in Figures 4.8 and 4.10, the formate intermediate 
(INT4') exhibits C–O bond lengths (~1.25 Å) similar to those observed in the bidentate-
chelating structure (INT4). However, in INT4', one oxygen atom (O2) coordinates with a 
single catalytic site (Co or Cu), while the other oxygen atom (O1) is positioned farther 
from the adjacent Zr atom of the Zr-oxide node. The Co- and Cu-O2 bond lengths are 
approximately 1.9 Å and Zr---O1 distances are around 2.4 Å for both Co2+- and Cu2+-
MOF-808 catalysts. This configuration suggests a quasi-bidentate geometry in INT4' [67].  

Upon introducing a second H2  molecule alongside the quasi-bidentate and 
bidentate-chelating geometries, the distances between the formate intermediate and 
the Co or Cu site increase slightly, resulting in the configurations INT5 and INT5' (Figure 
4.8 and 4.10). This elongation arises from the adsorption of the second H2 molecule at 
the Co or Cu site adjacent to the formate intermediate, creating H2-formate co-
adsorption geometries. In these configurations, the intermolecular distance between 
the adsorbed H2 molecule and the Co or Cu site is approximately 2.0 Å, while the bond 
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length within the adsorbed H2 molecule is around 0.8 Å. This adsorption process is 
mildly endergonic, with an energy increase of approximately 5 kcal/mol for both the 
quasi-bidentate and bidentate-chelating pathways in the Co- and Cu-MOF-808 
catalysts. 

 

Table 4.2 The vibrational modes of the formate intermediate in both chelating and 
quasi-bidentate geometries on Co- and Cu-MOF-808 catalysts. 

vibrational mode 

Co-MOF-808 Cu-MOF-808 

wavenumber 
(cm-1) 

∆ (cm-1) 
wavenumber 

(cm-1) 
∆ (cm-1) 

chelating νs(OCO) 1402 
201 

1405 
181 

chelating νas(OCO) 1603 1586 

quasi-bidentate νs(OCO) 1389 
213 

1389 
203 

quasi-bidentate νas(OCO) 1602 1592 

 

   

 
 

Figure 4.11 The structure of TS3-B shows Co in a slightly distorted square planar 
geometry, while Cu adopts an almost perfect square planar arrangement. 

 

The formation of formic acid progresses through the transition state (TS3-B and 
TS3-B’), where the H3-H4 bond of the second H2 molecule undergoes cleavage, and 
the resulting hydrogen atoms are transferred to the Co/Cu site and the formate 
intermediate. During this transition, the H3-H4 bond length extends from 0.8 Å to 1.0 
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Å, while the Co---H4 and Cu---H4 distances decrease to 1.7 Å. For Co2+-MOF-808, the 
transition states exhibit imaginary frequency values of 540.9i cm−1 and 784.3i cm−1 for 
the bidentate-chelating and quasi-bidentate pathways, respectively. Similarly, for Cu2+-
MOF-808, the frequencies are 949.1i cm−1 and 889.9i cm−1, corresponding to the 
simultaneous cleavage of the H3-H4 bond and formation of O2-H3 and Co/Cu-H4 
bonds. The energy barriers for this step are 16.4 kcal/mol and 17.5 kcal/mol for the 
quasi-bidentate and bidentate-chelating pathways in Co2+-MOF-808. In contrast, Cu2+-
MOF-808 demonstrates lower barriers of 13.3 kcal/mol and 14.0 kcal/mol for the same 
pathways, indicating that Cu more effectively facilitates this step. This enhanced 
facilitation is attributed to the stronger Jahn-Teller stabilization observed in the Cu2+ 
(d9) doublet state compared to Co2+ (d7) high-spin quartet state [43]. The Jahn-Teller 
effect is evident in the TS3-B structure, where Cu adopts a near-square planar 
geometry. This configuration is stabilized by bond angles of approximately 90° and 
160°, closely approximating the ideal angles of a square planar geometry (90° and 
180°), as depicted in Figure 4.11. Conversely, Co, with a weaker Jahn-Teller effect, 
exhibits a reduced tendency for square planar geometry, leading to higher energy 
barriers for Co2+-MOF-808. Furthermore, introducing a second H2 molecule in pathway 
B significantly lowers the energy barrier for converting the formate intermediate to 
formic acid, reducing it by approximately threefold compared to pathway A. 
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Figure 4.12 (a) Optimized structures of Co(O2CH)2 and Cu(O2CH)2 with imposed 
symmetry constraints, highlighting their energetic stabilities relative to the most 
stable configurations in D2h and D2d symmetries. (b) A schematic representation of d-
orbital splitting in d7 and d9 ML4 complexes. 

 

To elucidate the stability differences between the bidentate-chelating and 
quasi-bidentate pathways, the electronic properties of the Co2+ and Cu2+ metal sites 
were investigated using simplified models: Co(O2CH)2 and Cu(O2CH)2. These models 
represent Co2+ and Cu2+ coordinated to four oxygen atoms of formate ligands, 
mimicking their coordination environment in MOFs. Formate ligands were chosen due 
to their structural similarity to the system and their weak coordination, which stabilizes 
Co2+ in a high-spin quartet state. Typically, metal complexes with a coordination 
number of four (ML4) adopt either square planar or tetrahedral geometries. Figure 
4.12(a) illustrates the structures of Co(O2CH)2 and Cu(O2CH)2 under symmetry 
constraints, along with their relative energetic stabilities. The Cu(O2CH) complex favors 
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a square planar configuration with D2h symmetry over a quasi-tetrahedral, non-planar 
configuration with D2d symmetry, exhibiting a greater stability by 17.9 kcal/mol. In 
contrast, both geometries of Co(O2CH)2 display nearly equivalent stabilities, with the 
square planar geometry being slightly more stable at 0.7 kcal/mol. This finding 
highlights the flexibility of Co2+ structure, which can be easily adapted to different 
geometries, such as octahedral or tetrahedral, depending on the coordination number. 
However, it is important to note that an ideal tetrahedral geometry is unattainable due 
to the chelating nature of the formate ligands. 

To illustrate the electronic and Jahn-Teller effects, a schematic diagram of the 
d-orbital splitting diagram for ML4 complexes in both tetrahedral and square planar 
geometries are shown Figure 4.12(b). For the Cu2+ (d9) configuration, tetrahedral 
geometry reduces to square planar geometry, lifting the degeneracy of the t2 orbital 
set and stabilizing the system. This reduction results in an elevation of the energy of 
the singly occupied dx2-y2 orbital, highlighting the influence of the Jahn-Teller effect, 
which strongly favors the square planar geometry. In contrast, the Co2+ (d7) in a high-
spin quartet state exhibits nearly equivalent stability in both tetrahedral and square 
planar geometries. This is attributable to the electronic structure of Co2+ (d7), 
characterized by three singly occupied orbitals. The degree of orbital splitting during 
the transition from tetrahedral to square planar symmetry is less pronounced for Co2+ 
compared to Cu2+. Unlike Cu2+ (d9), where significant Jahn-Teller distortion substantially 
destabilizes the dx2-y2 orbital, the orbital splitting in Co2+ experiences relatively minor 
orbital splitting. Consequently, the dx2-y2 orbital in Co2+ is only slightly higher in energy 
than the other two singly occupied orbitals, resulting in comparable stabilities for both 
geometries. 

In summary, these calculations demonstrate how electronic and Jahn-Teller 
effects affect the stability of Co2+ and Cu2+ in tetrahedral and square planar geometries. 
This analysis provides valuable insights into the distinct stabilities of the bidentate-
chelating and quasi-bidentate pathways. Specifically, the bidentate-chelating 
configuration is more stable than the quasi-bidentate pathway for Cu2+-MOF-808, 
whereas both pathways exhibit comparable stabilities for Co2+-MOF-808. This 
difference arises from the strong preference of Cu2+ for square planar coordination, a 
preference reinforced by the Jahn-Teller effect. This phenomenon is evident in the 
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trans bond angles of the bidentate-chelating intermediate (INT4), where Cu2+-MOF-808 
exhibits angles of close to 167°, compared to the more distorted angles of 142° and 
117° observed for Co2+-MOF-808, as illustrated in Figures 4.8 and 4.10. 

The desorption of formic acid occurs with activation energies for Co2+-MOF-808 
is 11.7 kcal/mol and for Cu2+-MOF-808 is 7.0 kcal/mol. These energy barriers are 
significantly lower compared to those observed in pathway A, likely attributed to the 
adsorption of formic acid on Co- and Cu-hydride sites instead of the open Co and Cu 
single-atom sites. This adsorption mechanism promotes more facile interactions, 
thereby reducing the desorption energy requirements. In pathway B, the completion 
of the second CO2 hydrogenation step regenerates the Co- and Cu-hydride sites, 
enabling subsequent cycles of CO2 hydrogenation. This hydrogenation process is 
exergonic, releasing approximately 13 kcal/mol, which indicates favorable 
thermodynamics. Importantly, the introduction of a second H2 molecule plays a crucial 
role in this reaction, significantly reducing the energy barrier for the transformation of 
the formate intermediate into formic acid. Additionally, it shifts the overall reaction 
thermodynamics from endergonic to exergonic, suggesting that the rate of formic acid 
formation could be influenced by H2 concentration. Moreover, the lower energy barrier 
calculated for Cu in density functional theory (DFT) simulations highlights its superior 
catalytic performance in the CO2 hydrogenation reaction. 

 

4.2.3. Microkinetic modeling 
  Mean-field microkinetic modeling (MKM) was conducted employing a dual-site 

model representation, incorporating Cu/Co (*) and oxygen (#) atoms of Co2+- and Cu2+-
MOF-808. The ratio of * and # sites was set at 0.5:0.5. Key parameters including reaction 
rate, surface coverages, reaction order, and degree of rate control (DRC) were 
computed under conditions of 1 bar, an H2: CO2 ratio of 1:1, temperatures ranging from 
473 K to 823 K. The primary focus of the analysis was on determining the turnover 
frequency (TOF) for formic acid (HCOOH) production. All elementary reaction steps 
involved in the hydrogenation of CO2 to HCOOH over Co2+- and Cu2+-MOF-808, as 
outlined in Table S8, were systematically incorporated into the MKM simulations. 

  The findings indicate that Cu2+-MOF-808 demonstrates a higher turnover 
frequency (TOF) than Co2+-MOF-808 at temperatures below 673 K. However, at 
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temperatures exceeding 673 K, Co2+-MOF-808 outperforms Cu2+-MOF-808 in TOF, as 
depicted in Figure 4.13(a). A detailed analysis of the contributions from each reaction 
pathway to the TOF reveals that pathway A has an insignificant impact on the overall 
reaction. In contrast, pathways B (bidentate chelating) and B' (quasi-bidentate) 
dominate the reaction for both catalysts. At elevated temperatures, the TOF for formic 
acid (HCOOH) production via pathways B and B' increases more sharply for Co2+-MOF-
808 compared to Cu2+-MOF-808, accounting for its superior performance under these 
conditions. Additionally, the optimal temperature for HCOOH production for both 
catalysts is predicted to be approximately 723 K. 

 

  
Figure 4.13 Turnover frequency (TOF) for HCOOH production is analyzed as a 
function of temperature: (a) overall reaction mechanisms, (b) TOF over Co2+-MOF-808 
and (c) over Cu2+-MOF-808. Pathway B and B’. 

 

The degree of rate control (DRC) analysis, as presented in Figure 4.14, identifies 
the desorption of formic acid (HCOOH) from the H* site as the rate-determining step 
for both catalysts. This observation is consistent with density functional theory (DFT) 
calculations performed at the uM06L/def2-TZVP/SDD level of theory, which indicate 
that the desorption energy of HCOOH in both pathway B (bidentate chelating) and 
pathway B' (quasi-bidentate) exceeds the energy barrier associated with the most 
demanding reaction step: the second hydrogenation of CO2 hydrogenation to formic 
acid (refer to the Supplementary Information). Furthermore, the hydrogenation of the 

formate intermediate (HCOO*) in pathways B and B' (H2_HCOO* ↔  H_HCOOH* and 

H2_HCOOz* ↔  H_HCOOH*) exerts minimal influence on the overall reaction rate at 
temperatures above 623 K. Figure 4.15 illustrates that the # sites are predominantly 
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occupied by hydrogen atoms (H#), which are primarily utilized in pathway A, a minor 
mechanism for both catalysts. At temperatures below 673 K for Co2+-MOF-808 and 
approximately 530 K for Cu2+-MOF-808, the formate intermediate (HCOO*) exhibits the 
second-highest surface coverage. However, at elevated temperatures, the 
concentration of HCOO* diminishes while that of H* increases, driven by the interaction 
with a second H2 molecule, ultimately promoting formic acid formation. The 
introduction of a second H2 molecule significantly enhances the catalytic activity of 
both Co2+- and Cu2+-MOF-808 for formic acid production. This enhancement is 
corroborated by reaction order analysis (Figure S9), which indicates that the reaction 
rate is predominantly governed by H2 concentration, with CO2 exerting a notable effect 
only at higher temperatures. 

Microkinetic modeling (MKM) simulations indicate that Cu2+-MOF-808 
demonstrates superior performance compared to Co2+-MOF-808 in the hydrogenation 
of CO2 to formic acid at temperature below 673 K. However, at elevated temperatures, 
Co2+-MOF-808 exhibits higher catalytic activity. To ensure the stability of single-atom 
catalysts within the MOF framework and to mitigate the risk of cluster formation, 
maintaining the reaction temperature below 573 K is recommended. This condition 
underscores the suitability of Cu2+-MOF-808 for achieving an optimal balance between 
catalytic activity and structural stability. The incorporation of adding H2 molecule in 
pathway B emerges as a critical factor in enhancing formic acid production. 
Furthermore, the desorption of formic acid, identified as the rate-determining step for 
both catalysts, significantly influences overall reaction efficiency. These findings 
highlight the necessity of strategies aimed at reducing desorption energy or facilitating 
product release to optimize catalytic performance. 
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Figure 4.14 Degree of rate control (DRC) as a function of temperature: (a) Co2+-MOF-
808 and (b) Cu2+-MOF-808. Elementary reaction steps with a DRC coefficient of zero 
are excluded from the analysis. 

 

 
Figure 4.15 Surface coverages as a function of temperature: (a) Co2+-MOF-808 and (b) 
Cu2+-MOF-808. Species with zero surface coverage are omitted from the analysis. 

 

  This study provides valuable insights into CO2 hydrogenation catalyzed by Co2+- 
and Cu2+-MOF-808, though several aspects merit further exploration. The finite-cluster 
model employed effectively captures the structural transformations and local 
electronic characteristics of single-atom catalysts, which are pivotal for elucidating their 
catalytic performance and reaction mechanisms. Nevertheless, periodic models may 
offer a more comprehensive depiction of the MOF framework’s rigidity. While such 
models are computationally intensive due to the extensive unit cells of MOFs, they 
could impose stricter constraints on structural flexibility, potentially enhancing 
accuracy. However, we anticipate that the influence on reaction energetics would be 
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minimal, with no substantive alterations to the reaction mechanisms proposed in this 
study. Additionally, the identification of the quasi-bidentate intermediate geometry, in 
conjunction with the more widely recognized bidentate chelating geometry, represents 
a novel contribution to the existing literature. This finding would benefit from 
experimental verification, such as through Fourier Transform Infrared Reflection-
Absorption Spectroscopy (FT-IRRAS), which has been previously combined with DFT to 
characterize similar intermediates [67]. Addressing these limitations in subsequent 
research would strengthen the validity of our conclusions and broaden their 
applicability. 
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Chapter 5 

Conclusions and suggestions 
 

5.1 Conclusions 
  Density Functional Theory (DFT) calculations and Mean-field microkinetic 

modeling (MKM) were employed to investigate the reaction mechanism of CO2 
hydrogenation to formic acid catalyzed by Co and Cu single-atom catalysts supported 
on MOF-808. This study emphasizes two well-defined reaction pathways, designated 
as pathway A and pathway B. Both pathways encompass the adsorption and 
dissociation of H2, culminating in the formation of Co- and Cu-hydride active sites that 
drive CO2 hydrogenation process.  

The hydrogenation process proceeds through two primary stages: the formation 
of a formate intermediate, followed by its subsequent conversion into formic acid. The 
key difference between pathway A and pathway B lies in the second hydrogenation 
step. In pathway A, the formate intermediate undergoes direct conversion to formic 
acid without the involvement of an additional H2. In contrast, pathway B entails the 
introduction of a second H2 molecule following the formation of the formate 
intermediate, thereby facilitating the hydrogenation process. Computational analysis 
reveals that H2 dissociation is energetically favorable, with low activation barriers of 
approximately 7 kcal/mol for both Co- and Cu-MOF-808 catalysts.  

In pathway A, the second step of CO2 hydrogenation, involving the 
transformation of the formate intermediate into formic acid, is identified as the rate-
determining step, with substantial energy barriers of approximately 60 kcal/mol for Co-
MOF-808 and 50 kcal/mol for Cu-MOF-808. Notably, in pathway B, the formate 
intermediate assumes quasi-bidentate and bidentate-chelating configurations. The 
incorporation of a second H2 molecule in these geometries markedly reduces the 
energy barriers for the second hydrogenation step, lowering them to nearly one-third 
of the values observed in pathway A. 

Overall, the findings reveal that pathway B is both kinetically and 
thermodynamically more favorable than pathway A. Moreover, Cu2+-MOF-808 exhibits 
superior catalytic performance compared to Co2+-MOF-808, primarily attributed to Cu's 
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enhanced capability to stabilize the transition state through its square planar geometry, 
facilitated by the Jahn-Teller effect. This stabilization effect is notably less pronounced 
in Co. 

 

5.2 Suggestions 
 This study explores the reaction mechanism of CO2 hydrogenation to formic 
acid, providing a foundation for future investigations into extending the hydrogenation 
process to synthesize other valuable products, such as formaldehyde and methanol, 
which have broad industrial applications. It is anticipated that the Co2+- and Cu2+-MOF-
808 catalysts examined in this work will exhibit high catalytic efficiency. Future research 
could focus on substituting the metal centers with alternative elements and optimizing 
reaction conditions to further enhance catalytic performance. 
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Appendix A: Supporting information 

Table S1. Electron configuration, charge, and spin density of selected atoms along 
the pathway A for CO2 hydrogenation over Co2+-MOF-808. 

System Electron Configuration 
Charge 

|e| 

Spin 
density 
(ρα - ρβ) 

Co2+-
MOF-
808 

Co = [core] 4s (0.42) 3d (7.37) 4p (0.03) 4d (0.01) = 7.83 1.16 2.49 
O = [core] 2s (1.85) 2p (5.11) = 6.96 -0.97 0.35 
µ3-O = [core] 2s (1.77) 2p (5.30) = 7.07 -1.07 0.15 

 
 

INT1 

Co = [core] 4s (0.34) 3d (7.53) 4p (0.03) 4d (0.02) = 7.92 1.07 2.30 
O = [core] 2s (1.84) 2p (5.07) = 6.91 -0.92 0.50 
µ3-O = [core] 2s (1.76) 2p (5.30) = 7.06 -1.06 0.19 
H1 = 1s (0.96) 2s (0.01) = 0.97 0.03 -0.01 
H2 = 1s (1.00) = 1.00 0.00 0.00 

 
 

TS1 

Co = [core] 4s (0.31) 3d (7.34) 4p (0.03) 4d (0.01) =7.69 1.30 2.65 
O = [core] 2s (1.83) 2p (5.22) = 7.05 -1.06 0.19 
µ3-O = [core] 2s (1.76) 2p (5.36) = 7.12 -1.13 0.06 
H1 = 1s (0.75) = 0.75 0.25 0.00 
H2 = 1s (1.22) = 1.22 -0.23 0.04 

 
 

INT2 

Co = [core] 4s (0.50) 3d (7.27) 4p (0.02) 4d (0.01) = 7.80 1.19 2.79 
O = [core] 2s (1.75) 2p (5.32) 3p (0.01) = 7.08 -1.08 0.05 
µ3-O = [core] 2s (1.76) 2p (5.38) = 7.14 -1.14 0.06 
H1 = 1s (0.49) = 0.49 0.51 0.00 
H2 = 1s (1.47) = 1.47 -0.47 0.05 

 
 
 

INT3 

Co = [core] 4s (0.46) 3d (7.30) 4p (0.02) 4d (0.01) = 7.79 1.21 2.75 
O = [core] 2s (1.75) 2p (5.32) 3p (0.01) = 7.08 -1.08 0.06 
µ3-O = [core] 2s (1.75) 2p (5.39) = 7.14 -1.15 0.07 
H1 = 1s (0.49) = 0.49 0.51 0.00 
H2 = 1s (1.48) = 1.48 -0.49 0.08 
C = [core] 2s (0.64) 2p (2.20) 3p (0.02) 3d (0.02) = 2.88 1.12 0.01 
O1 = [core] 2s (1.73) 2p (4.74) 3d (0.01) = 6.48 -0.49 0.00 
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Table S1. (Continued) 

System Electron Configuration 
Charge 

|e| 

Spin 
density 
(ρα - ρβ) 

 
 
 

TS2 

Co = [core] 4s (0.35) 3d (7.29) 4p (0.02) 4d (0.01) = 7.67 1.32 2.69 
O = [core] 2s (1.75) 2p (5.31) 3p (0.01) = 7.07 -1.08 0.06 
µ3-O = [core] 2s (1.75) 2p (5.38) = 7.13 -1.14 0.07 
H1 = 1s (0.49) = 0.49 0.51 0.00 
H2 = 1s (1.36) = 1.36 -0.36 0.06 
C = [core] 2s (0.70) 2p (2.30) 3s (0.01) 3p (0.04) 3d 
(0.02) = 3.07 

0.95 0.01 

O1 = [core] 2s (1.71) 2p (4.80) 3d (0.01) = 6.52 -0.53 0.01 
O2 = [core] 2s (1.73) 2p (4.93) 3d (0.01) = 6.67 -0.67 0.07 

 
 
 

INT4 
 

Co = [core] 4s (0.30) 3d (7.21) 4p (0.02) 4d (0.01) = 7.54 1.46 2.77 
O = [core] 2s (1.75) 2p (5.32) = 7.07 -1.08 0.06 
µ3-O = [core] 2s (1.76) 2p (5.38) =7.14 -1.15 0.05 
H1 = 1s (0.48) = 0.48 0.51 0.00 
H2 = 1s (0.88) = 0.88 0.12 0.00 
C = [core] 2s (0.86) 2p (2.39) 3s (0.01) 3p (0.03) 3d 
(0.01) = 3.3 

0.70 0.00 

O1 = [core]2s (1.74) 2p (5.03) 3d (0.01) = 6.78 -0.79 0.05 
O2 = [core]2s (1.74) 2p (5.02) 3d (0.01) = 6.77 -0.77 0.04 

 
 
 

TS3-A 

Co = [core] 4s (0.31) 3d (7.29) 4p (0.02) 4d (0.01) = 7.63 1.36 2.64 
O = [core] 2s (1.83) 2p (5.27) = 7.10 -1.11 0.19 
µ3-O = [core] 2s (1.75) 2p (5.36) = 7.11 -1.12 0.10 
H1 = 1s (0.44) = 0.44 0.55 0.00 
H2 = 1s (0.89) = 0.89 0.11 0.00 
C = [core] 2s (0.86) 2p (2.37) 3s (0.01) 3p (0.02) 3d 
(0.01) = 3.27 

0.74 0.00 

O1 = [core] 2s (1.70) 2p (5.14) = 6.84 -0.86 0.03 
O2 = [core] 2s (1.72) 2p (4.84) 3d (0.01) = 6.57 -0.58 0.01 
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Table S1. (Continued) 

System Electron Configuration 
Charge 

|e| 

Spin 
density 
(ρα - ρβ) 

 
 
 

PROD-A 

Co = [core] 4s (0.33) 3d (7.34) 4p (0.02) 4d (0.01) = 7.7 1.29 2.56 
O = [core] 2s (1.85) 2p (5.21) = 7.06 -1.07 0.29 
µ3-O = [core] 2s (1.76) 2p (5.33) = 7.09 -1.10 0.10 
H1 = 1s (0.49) = 0.49 0.50 0.00 
H2 = 1s (0.80) = 0.80 0.19 0.00 
C = [core] 2s (0.88) 2p (2.32) 3s (0.01) 3p (0.02) 3d (0.01) 
= 3.24 

0.76 0.00 

O1 = [core]2s (1.69) 2p (4.95) 3d (0.01) = 6.65 -0.65 0.00 
O2 = [core]2s (1.72) 2p (4.98) 3p (0.01) 3d (0.01) = 6.72 -0.71 0.03 
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Table S2. Electron configuration, charge, and spin density of selected atoms along 
the pathway B bidentate chelating for CO2 hydrogenation over Co2+-MOF-808. 

System Electron Configuration 
Charge 

|e| 

Spin 
density 
(ρα - ρβ) 

 
 
 
 

INT5 
 

Co = [core] 4s (0.29) 3d (7.22) 4p (0.02) 4d (0.01) 5p 
(0.01) = 7.55 

1.45 2.74 

O = [core]2s (1.75) 2p (5.32) = 7.07 -1.08 0.06 
µ3-O = [core] 2s (1.75) 2p (5.39) = 7.14 -1.15 0.05 
H1 = 1s (0.48) = 0.48 0.51 0.00 
H2 = 1s (0.88) = 0.88 0.12 0.00 
C = [core]2s (0.86) 2p (2.39) 3s (0.01) 3p (0.03) 3d (0.01) 
= 3.30 

0.70 0.00 

O1 = [core]2s (1.74) 2p (5.04) 3d (0.01) = 6.79 -0.79 0.05 
O2 = [core]2s (1.74) 2p (5.01) 3d (0.01) = 6.76 -0.77 0.05 
H3 = 1s (0.97) = 0.97 0.02 0.01 
H4 = 1s (0.99) = 0.99 0.00 0.01 

 
 
 
 

TS3-B 
 

Co = [core]4s (0.34) 3d (7.27) 4p (0.02) 4d (0.01) = 7.64 1.34 2.69 
O = [core]2s (1.76) 2p (5.31) 3p (0.01) = 7.08 -1.07 0.06 
µ3-O = [core]2s (1.75) 2p (5.39) = 7.14 -1.14 0.07 
H1 = 1s (0.49) = 0.49 0.51 0.00 
H2 = 1s (0.86) = 0.86 0.14 0.01 
C = [core] 2s (0.85) 2p (2.36) 3p (0.02) 3d (0.01) = 3.24 0.75 0.00 
O1 = [core] 2s (1.72) 2p (5.02) 3p (0.01) 3d (0.01) = 6.76 -0.76 0.04 
O2 = [core] 2s (1.70) 2p (4.99) 3d (0.01) = 6.70 -0.70 0.02 
H3 = 1s (0.60) = 0.60 0.39 0.02 
H4 = 1s (1.42) = 1.42 -0.43 0.06 
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Table S2. (Continued) 

System Electron Configuration 
Charge 

|e| 

Spin 
density 
(ρα - ρβ) 

 
 
 
 

PROD-B 

Co = [core] 4s (0.38) 3d (7.28) 4p (0.02) 4d (0.01) = 7.69 1.29 2.72 
O = [core] 2s (1.75) 2p (5.31) 3p (0.01) = 7.07 -1.07 0.06 
µ3-O = [core] 2s (1.75) 2p (5.39) = 7.14 -1.15 0.07 
H1 = 1s (0.49) = 0.49 0.51 0.00 
H2 = 1s (0.85) = 0.85 0.14 0.01 
C = [core] 2s (0.86) 2p (2.34) 3p (0.02) 3d (0.01) = 3.23 0.76 0.00 
O1 = [core] 2s (1.71) 2p (4.97) 3p (0.01) 3d (0.01) = 6.70 -0.70 0.04 
O2 = [core] 2s (1.69) 2p (5.01) 3d (0.01) = 6.71 -0.70 0.01 
H3 = 1s (0.51) = 0.51 0.49 0.01 
H4 = 1s (1.52) = 1.52 -0.52 0.07 
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Table S3. Electron configuration, charge, and spin density of selected atoms along 
the pathway B quasi-bidentate for CO2 hydrogenation over Co2+-MOF-808. 

System Electron Configuration 
Charge 

|e| 

Spin 
density 
(ρα - ρβ) 

 
 
 

INT4’ 

Co = [core] 4s (0.27) 3d (7.24) 4p (0.02) 4d (0.01) = 7.54 1.45 2.74 
O = [core] 2s (1.76) 2p (5.31) 3p (0.01) = 7.08 -1.08 0.07 
µ3-O = [core] 2s (1.75) 2p (5.38) = 7.13 -1.14 0.10 
H1 = 1s (0.49) = 0.49 0.13 0.00 
H2 = 1s (0.87) = 0.87 0.51 0.00 
C = [core] 2s (0.85) 2p (2.34) 3s (0.01) 3p (0.02) 3d (0.01) 
= 3.23 

0.76 0.00 

O1 = [core] 2s (1.68) 2p (5.05) = 6.73 -0.74 0.01 
O2 = [core] 2s (1.73) 2p (5.04) 3p (0.01) 3d (0.01) = 6.76 -0.79 0.04 

 
 
 
 

INT5’ 

Co = [core] 4s (0.27) 3d (7.25) 4p (0.02) 4d (0.01) 5p 
(0.01) = 7.56 

1.44 2.71 

O = [core] 2s (1.76) 2p (5.31) 3p (0.01) = 7.08 -1.08 0.07 
µ3-O = [core] 2s (1.75) 2p (5.38) = 7.13 -1.14 0.10 
H1 = 1s (0.49) = 0.49 0.51 0.00 
H2 = 1s (0.87) = 0.87 0.13 0.00 
C = [core] 2s (0.85) 2p (2.34) 3s (0.01) 3p (0.02) 3d (0.01) 
= 3.23 

0.77 0.00 

O1 = [core] 2s (1.68) 2p (5.04) = 6.72 -0.73 0.01 
O2 = [core] 2s (1.73) 2p (5.06) 3p (0.01) 3d (0.01) = 6.81 -0.80 0.05 
H3 = 1s (0.96) = 0.96 0.03 0.01 
H4 = 1s (1.00) = 1.00 0.00 0.01 
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Table S3. (Continued) 

System Electron Configuration 
Charge 

|e| 

Spin 
density 
(ρα - ρβ) 

 
 
 
 

TS3-B’ 

Co = [core] 4s (0.32) 3d (7.29) 4p (0.02) 4d (0.01) = 7.64 1.34 2.69 
O = [core] 2s (1.76) 2p (5.30) 3p (0.01) = 7.07 -1.07 0.07 
µ3-O = [core] 2s (1.75) 2p (5.38) = 7.13 -1.14 0.09 
H1 = 1s (0.49) = 0.49 0.50 0.00 
H2 = 1s (0.85) = 0.85 0.15 0.01 
C = [core] 2s (0.85) 2p (2.34) 3s (0.01) 3p (0.02) 3d (0.01) 
= 3.23 

0.76 0.00 

O1 = [core] 2s (1.70) 2p (5.05) 3p (0.01) 3d (0.01) = 6.77 -0.76 0.05 
O2 = [core] 2s (1.70) 2p (4.97) 3d (0.01) = 6.68 -0.68 0.01 
H3 = 1s (0.66) = 0.66 0.33 0.02 
H4 = 1s (1.36) = 1.36 -0.37 0.04 
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Table S4. Electron configuration, charge, and spin density of selected atoms along 
the pathway A for CO2 hydrogenation over Cu2+-MOF-808. 

System Electron Configuration 
Charge 

|e| 

Spin 
density 
(ρα - ρβ) 

Cu2+-
MOF-
808 

Cu = [core] 4s (0.38) 3d (9.47) 4p (0.03) = 9.88 1.11 0.43 
O = [core] 2s (1.86) 2p (5.06) = 6.92 -0.93 0.42 
µ3-O = [core] 2s (1.77) 2p (5.29) = 7.06 -1.06 0.16 

 
 

INT1 

Cu = [core] 4s (0.36) 3d (9.53) 4p (0.03) 5s (0.01) = 9.93 1.06 0.32 
O = [core] 2s (1.86) 2p (5.00) = 6.86 -0.87 0.55 
µ3-O = [core ]2s (1.76) 2p (5.32) = 7.08 -1.08 0.13 
H1 = 1s (0.94) = 0.94 0.05 -0.01 
H2 = 1s (1.00) = 1.00 -0.01 0.03 

 
 

TS1 

Cu = [core] 4s (0.38) 3d (9.51) 4p (0.03) = 9.92 1.07 0.42 
O79 = [core] 2s (1.85) 2p (5.04) = 6.89 -0.89 0.48 
µ3-O = [core] 2s (1.76) 2p (5.35) = 7.11 -1.11 0.06 
H1 = 1s (0.77) = 0.77 0.22 -0.01 
H2 = 1s (1.16) = 1.16 -0.17 0.06 

 
 

INT2 

Cu = [core] 4s (0.55) 3d (9.42) 4p (0.03) = 10.0 1.00 0.60 
O = [core] 2s (1.76) 2p (5.32) 3p (0.01) = 7.09 -1.09 0.02 
µ3-O    = [core] 2s (1.76) 2p (5.31) = 7.07 -1.08 0.19 
H1 = 1s (0.49) = 0.49 0.51 0.00 
H2 = 1s (1.35) = 1.35 -0.36 0.17 

 
 
 
 

INT3 

Cu = [core] 4s (0.51) 3d (9.42) 4p (0.02) 4d (0.01) = 9.96 1.04 0.61 
O = [core] 2s (1.76) 2p (5.32) 3p (0.01) = 7.09 -1.09 0.03 
µ3-O = [core] 2s (1.76) 2p (5.33) = 7.09 -1.09 0.17 
H1 = 1s (0.49) = 0.49 0.51 0.00 
H2 = 1s (1.37) = 1.37 -0.37 0.18 
C = [core] 2s (0.65) 2p (2.21) 3p (0.02) 3d (0.02) = 2.90 1.10 0.00 
O1 = [core] 2s (1.73) 2p (4.76) 3d (0.01) = 6.50 -0.51 0.00 
O2 = [core] 2s (1.72) 2p (4.84) 3d (0.01) = 6.57 -0.58 0.00 
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Table S4. (Continued) 

System Electron Configuration 
Charge 

|e| 

Spin 
density 
(ρα - ρβ) 

 
 
 

TS2 

Cu = [core] 4s (0.39) 3d (9.41) 4p (0.02) 4d (0.01) = 9.83 1.17 0.54 
O = [core] 2s (1.76) 2p (5.31) = 7.07 -1.07 0.05 
µ3-O = [core] 2s (1.76) 2p (5.34) = 7.10 -1.10 0.14 
H1 = 1s (0.49) = 0.49 0.51 0.00 
H2 = 1s (1.29) = 1.29 -0.29 0.15 
C = [core] 2s (0.69) 2p (2.29) 3s (0.01) 3p (0.04) 3d (0.02) 
= 3.05 

0.95 0.00 

O1 = [core] 2s (1.72) 2p (4.79) 3d (0.01) = 6.52 -0.52 0.02 
O2 = [core] 2s (1.73) 2p (4.90) 3d (0.01) = 6.64 -0.64 0.10 

 
 
 
 

INT4 
 

Cu = [core] 4s (0.37) 3d (9.30) 4p (0.02) = 9.69 1.31 0.63 
O = [core] 2s (1.76) 2p (5.28) = 7.04 -1.05 0.09 
µ3-O = [core] 2s (1.76) 2p (5.35) = 7.11 -1.11 0.11 
H1 = 1s (0.49) = 0.49 0.51 0.00 
H2 = 1s (0.87) = 0.87 0.12 0.00 
C = [core] 2s (0.87) 2p (2.38) 3s (0.01) 3p (0.03) 3d (0.01) 
= 3.30 

0.71 -0.01 

O1 = [core] 2s (1.75) 2p (4.99) 3d (0.01) = 6.75 -0.75 0.09 
O2 = [core] 2s (1.74) 2p (4.97) 3d (0.01) = 6.27 -0.73 0.08 
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Table S3. (Continued) 

System Electron Configuration 
Charge 

|e| 

Spin 
density 
(ρα - ρβ) 

 
 
 

TS3-A 

Cu = [core] 4s (0.34) 3d (9.41) 4p (0.02) 4d (0.01) = 9.78 1.21 0.49 
O = [core] 2s (1.84) 2p (5.19) = 7.03 -1.03 0.33 
µ3-O = [core]2s (1.75) 2p (5.33) = 7.08 -1.09 0.14 
H1 = 1s (0.44) = 0.44 0.56 0.00 
H2 = 1s (0.89) = 0.89 0.11 0.00 
C = [core] 2s (0.86) 2p (2.37) 3s (0.01) 3p (0.02) 3d (0.01) 
= 3.27 

0.73 0.00 

O1 = [core] 2s (1.71) 2p (5.13) = 6.84 -0.85 0.02 
O2 = [core] 2s (1.72) 2p (4.83) 3d (0.01) = 6.56 -0.57 0.01 

 
 
 
 

PROD-A 

Cu = [core] 4s (0.38) 3d (9.42) 4p (0.02) 4d (0.01) = 9.83 1.16 0.47 
O = [core] 2s (1.86) 2p (5.13) = 6.99 -0.99 0.41 
µ3-O = [core] 2s (1.76) 2p (5.32) = 7.08 -1.09 0.11 
H1 = 1s (0.49) = 0.49 0.50 0.00 
H2 = 1s (0.79) = 0.79 0.20 0.00 
C = [core] 2s (0.89) 2p (2.31) 3s (0.01) 3p (0.02) 3d (0.01) 
= 3.24 

0.76 0.00 

O1 = [core] 2s (1.69) 2p (4.95) 3d (0.01) = 6.65 -0.65 0.00 
O2 = [core] 2s (1.72) 2p (4.98) 3p (0.01) 3d (0.01) = 6.72 -0.72 0.03 
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Table S5. Electron configuration, charge, and spin density of selected atoms along 
the pathway B bidentate chelating for CO2 hydrogenation over Cu2+-MOF-808. 

System Electron Configuration 
Charge 

|e| 

Spin 
density 
(ρα - ρβ) 

 
 
 
 

INT5 
 

Cu = [core] 4s (0.35) 3d (9.30) 4p (0.02) 4d (0.01) = 9.68 1.32 0.64 
O = [core] 2s (1.76) 2p (5.29) = 7.05 -1.05 0.09 
µ3-O = [core] 2s (1.76) 2p (5.36) = 7.12 -1.12 0.11 
H1 = 1s (0.49) = 0.49 0.51 0.00 
H2 = 1s (0.87) = 0.87 0.12 0.00 
C = [core] 2s (0.87) 2p (2.38) 3p (0.03) 3d (0.01) = 3.29 0.71 -0.01 
O1 = [core] 2s (1.74) 2p (4.98) 3d (0.01) = 6.73 -0.73 0.08 
O2 = [core] 2s (1.74) 2p (5.00) 3d (0.01) = 6.75 -0.76 0.09 
H3 = 1s (1.00) = 1.00 0.00 0.00 
H4 = 1s (0.99) = 0.99 0.00 0.00 

 
 
 
 

TS3-B 

Cu = [core]4s (0.37) 3d (9.37) 4p (0.02) 4d (0.01) = 9.77 1.22 0.56 
O79 = [core] 2s (1.76) 2p (5.27) = 7.03 -1.04 0.11 
µ3-O = [core] 2s (1.76) 2p (5.36) = 7.12 -1.12 0.07 
H1 = 1s (0.49) = 0.49 0.51 0.00 
H2 = 1s (0.86) = 0.86 0.14 0.02 
C = [core] 2s (0.85) 2p (2.37) 3p (0.02) 3d (0.01) = 3.25 0.74 -0.01 
O1 = [core] 2s (1.72) 2p (5.02) 3p (0.01) 3d (0.01) = 6.76 -0.76 0.08 
O2 = [core] 2s (1.71) 2p (4.95) 3d (0.01) = 6.67 -0.67 0.05 
H3 = 1s (0.68) = 0.68 0.31 0.02 
H4 = 1s (1.29) = 1.29 -0.29 0.10 
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Table S5. (Continued) 

System Electron Configuration 
Charge 

|e| 

Spin 
density 
(ρα - ρβ) 

 
 
 
 

PROD-B 

Cu = [core]4s (0.41) 3d (9.40) 4p (0.02) 4d (0.01) = 9.84 1.16 0.56 
O = [core]2s (1.76) 2p (5.30) = 7.06 -1.07 0.05 
µ3-O = [core]2s (1.76) 2p (5.35) = 7.11 -1.11 0.12 
H1 = 1s (0.49) = 0.49 0.51 0.00 
H2 = 1s (0.86) = 0.86 0.14 0.01 
C = [core] 2s (0.85) 2p (2.35) 3p (0.02) 3d (0.01) = 3.23 0.76 -0.01 
O1 = [core] 2s (1.72) 2p (4.95) 3p (0.01) 3d (0.01) = 6.69 -0.69 0.06 
O2 = [core] 2s (1.69) 2p (5.00) 3d (0.01) = 6.70 -0.69 0.01 
H3 = 1s (0.51) = 0.51 0.49 0.01 
H4 = 1s (1.44) = 1.44 -0.45 0.18 
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Table S6. Electron configuration, charge, and spin density of selected atoms along 
the pathway B quasi-bidentate for CO2 hydrogenation over Cu2+-MOF-808. 

System Electron Configuration 
Charge 

|e| 

Spin 
density 
(ρα - ρβ) 

 
 
 

INT4’ 
 

Cu = [core] 4s (0.34) 3d (9.32) 4p (0.02) = 9.68 1.31 0.64 
O = [core] 2s (1.77) 2p (5.23) = 7.00 -1.01 0.17 
µ3-O = [core] 2s (1.76) 2p (5.33) = 7.09 -1.09 0.14 
H1 = 1s (0.49) = 0.49 0.50 0.00 
H2 = 1s (0.87) = 0.87 0.13 0.00 
C = [core] 2s (0.85) 2p (2.35) 3s (0.01) 3p (0.02) 3d (0.01) 
= 3.24 

0.75 0.00 

O1 = [core] 2s (1.68) 2p (5.04) = 6.72 -0.73 0.01 
O2 = [core] 2s (1.74) 2p (5.02) 3d (0.01) = 6.77 -0.77 0.04 

 
 
 
 

INT5’ 

Cu = [core] 4s (0.31) 3d (9.33) 4p (0.02) = 9.66 1.32 0.62 
O = [core] 2s (1.77) 2p (5.24) = 7.01 -1.02 0.15 
µ3-O = [core] 2s (1.76) 2p (5.34) = 7.10 -1.10 0.15 
H1 = 1s (0.49) = 0.49 0.50 0.00 
H2 = 1s (0.87) = 0.87 0.13 0.00 
C = [core] 2s (0.85) 2p (2.36) 3p (0.02) 3d (0.01) = 3.24 0.75 0.00 
O1 = [core] 2s (1.68) 2p (5.04) = 6.72 -0.73 0.01 
O2 = [core] 2s (1.73) 2p (5.03) 3d (0.01) =6.77 -0.77 0.05 
H3 = 1s (0.97) = 0.97 0.03 0.01 
H4 = 1s (1.00) = 1.00 -0.01 0.00 
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Table S6. (Continued) 

System Electron Configuration 
Charge 

|e| 

Spin 
density 
(ρα - ρβ) 

 
 
 
 

TS3-B’ 

Cu = [core] 4s (0.35) 3d (9.36) 4p (0.03) 4d (0.01) = 9.75 1.25 0.62 
O = [core] 2s (1.77) 2p (5.26) = 7.03 -1.04 0.11 
µ3-O = [core] 2s (1.75) 2p (5.34) = 7.09 -1.10 0.13 
H1 = 1s (0.50) = 0.50 0.50 0.00 
H2 = 1s (0.86) = 0.86 0.14 0.01 
C = [core] 2s (0.85) 2p (2.35) 3s (0.01) 3p (0.02) 3d (0.01) 
= 3.24 

0.76 0.00 

O1 = [core] 2s (1.68) 2p (5.07) 3p (0.01) = 6.76 -0.76 0.03 
O2 = [core] 2s (1.71) 2p (4.94) 3d (0.01) = 6.66 -0.66 0.03 
H3 = 1s (0.73) = 0.73 0.26 0.01 
H4 = 1s (1.24) = 1.24 -0.25 0.05 
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Figure S1. Energy profile for CO2 hydrogenation over Co2+-MOF-808 on doublet and 
quartet spin states in pathway A, calculated at uM06-L/def2-SVP level of theory. 
  

 
 
Figure S2. Energy profile for CO2 hydrogenation over Co2+-MOF-808 on doublet and 
quartet spin states in pathway B, calculated at uM06-L/def2-SVP level of theory. 
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Figure S3. ∆E at def2-SVP and, ∆E and ∆G at def2-TZVP for CO2 hydrogenation to 
formic acid over Co2+-MOF-808 (quartet spin state) in pathway A. 

 

 
 
Figure S4. ∆E at def2-SVP and, ∆E and ∆G at def2-TZVP for CO2 hydrogenation to 
formic acid over Co2+-MOF-808 (quartet spin state) in pathway B. 

 
 
 
 

Pathway B – Co2+-MOF-808

Bidentate chelating Quasi-bidentate
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Figure S5. ∆E at def2-SVP and, ∆E and ∆G at def2-TZVP for CO2 hydrogenation to 
formic acid over Cu2+-MOF-808 (doublet spin state) in pathway A. 

 

 
 
Figure S6. ∆E at def2-SVP and, ∆E and ∆G at def2-TZVP for CO2 hydrogenation to 
formic acid over Cu2+-MOF-808 (doublet spin state) in pathway B. 
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Table S7. Summary of elementary reaction steps and activation energies from DFT 
calculations used for the MKM. Eads represents the adsorption energy, while Ea-f and 
Ea-b denote the activation energies for the forward and backward reactions, 
respectively. The symbols * and # represent Co/Cu and O sites on Co2+- and Cu2+-
MOF-808. 
 

Elementary reaction step 
Co2+-MOF-808 Cu2+-MOF-808 
Eads (J/mol) Eads (J/mol) 

Adsorption/desorption reaction   
R0: [H2] + [*] ↔ [H2*] 50,626 46,024 
R1: [CO2] + [H2*] ↔ [CO2_H*] 40,166 30,543 
R2: [H2] + [HCOO*] ↔ [H2_HCOO*] 18,410 12,970 
R3: [HCOOH] + [H*] ↔ [H_HCOOH*] 107,529 84,098 
R4: [HCOOH] + [*] ↔ [HCOOH*] 110,876 124,683 
R5: [H2] + [HCOOz*] ↔ [H2_HCOOz*] 18,828 22,594 

Elementary reaction step 
Co2+-MOF-808 Cu2+-MOF-808 

Ea-f (J/mol) Ea-b (J/mol) Ea-f (J/mol) Ea-b (J/mol) 
Surface reaction     

R6: [H2*] + [#] ↔ [H*] + [H#] 41,300 171,544 18,828 160,665 
R7: [CO2_H*] ↔ [HCOO*] 57,321 133,469 51,882 118,825 
R8: [HCOO*] + [H#] ↔ [HCOOH*] + [#] 258,153 47,698 230,538 46,024 
R9: [H2_HCOO*] ↔ [H_HCOOH*] 63,597 12,552 55,229 5,021 
R10: [CO2_H*] ↔ [HCOOz*] 57,321 138,909 51,882 87,027 
R11: [H2_HCOOz*] ↔ [H_HCOOH*] 60,250 32,217 69,036 12,134 

 
Please note that [HCOOz*] refers to the INT4’ in the quasi-bidentate pathway 

of pathway B, which we referred to as pathway B’. All the reported energies in the 
Table S7 are ∆E at the M06L/def2-TZVP/SDD level of theory. 
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Figure S7. Degree of rate control (DRC) as a function of temperature for Co2+-MOF-
808: (a) pathway A, (b) pathway B, (c) pathway B’; and for Cu2+-MOF-808: (d) pathway 
A, (e) pathway B, (f) pathway B’. Note that elementary reaction steps with zero DRC 
coefficient are not shown. 
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Figure S8. Surface coverages as a function of temperature for Co-MOF: (a) pathway A, 
(b) pathway B, (c) pathway B’; and for Cu-MOF: (d) pathway A, (e) pathway B,  
(f) pathway B’. Noted that species with zero coverage are not shown. 
 

 
 
Figure S9. Reaction order as a function of temperature for (a) Co2+-MOF-808 and  
(b) Cu2+-MOF-808. 
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Appendix B: Publication 
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Abstract of poster presentation of CO2 hydrogenation to formic acid by single-atom 
Cu anchored on MOF-808(Zr): A DFT study for PACCON 2023 at Mae Fah Luang 
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