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Abstract: Using OpenMX quantum chemistry software for self-consistent field calculations of 

electronic structure with geometry optimization and 3D-RISM-KH molecular theory of solvation 

for 3D site distributions functions and solvation free energy, we modeled reduction of CO2 + H2 

in ambient aqueous electrolyte solution of 1.0 Mol KH2PO4 into: (i) formic acid HCOOH, and (ii) 

CO + H2O on the surfaces of Cu, Fe, Cu2O, and Fe3O4 based nanocatalysts. It is applicable to its 

further reduction to hydrocarbons. The optimized geometries and free energies were obtained for 

the pathways of adsorption of the reactants from the solution, successive reduction on the surfaces 

of the nanocatalysts, and then release back to the solution bulk.  

 

Keywords:  CO2 reduction to HCOOH; Cu, Cu2O, Fe, Fe3O4 nanocatalysts; KH2PO4 ambient 

aqueous solution; OpenMX quantum chemistry; 3D-RISM-KH molecular theory of solvation 

 

Introduction 

 

Electrochemical reduction of CO2 (ECRCO2) to hydrocarbon fuels and chemicals is one of the 

promising clean-tech technologies. However, this new generation technology has one critical 

technical gap in terms of the insufficient stability and selectivity of the existing electrodes [1-3]. 

The main challenge in the development of efficient catalysts for ECRCO2 is the significant list of 

factors effecting on their performance, including morphology, temperature, pressure, pH, type and 

concentration of electrolytes, type of solvent and membranes, electrolyte flow, and type of 

electrode (flat, porous, gas diffusion) [3]. By today, only two most efficient processes of ECRCO2 

to carbon monooxide CO (CMO) and formic acid (FA) with a Faradaic efficiency (FA) of more 

than 90% at current density >100mA/cm2 were developed [4]. The most developed catalysts for 

ECRCO2 to formic acid are Cu- and Cu2O-based catalysts.The first copper catalysts for ECRCO2 

to methane and ethylene were developed by Hori, with demonstrating beneficial performance in 

terms of the higher Faradaic efficiency compared to other catalysts [5]. Formic acid is another 

product of ECRCO2 on Cu coming out through the formation of the intermediate formate [6]. This 

mechanism differs from the mechanism of ECRCO2 to hydrocarbon fuels through the formation 

of the intermediate carbon [7,8]. The nanoparticle Cu electrocatalysts in contrast to polycrystylline 

Cu for ECRCO2 improve the onset potential for both the products formic acid and CO through 

their oxidation and formation of oxide-derived copper (OD-Cu or Cu2O). DFT proposes the 

formation of the intermediate COOH* through proton-electron transfer toward CO2 radical 

interaction with two protons and one electron [9]. Carbon monoxide is another intermediate of 

ECRCO2 toward C2 hydrocarbons (-0.4 to -0.5V RHE) [10] among other 16 different products of 

this reaction on Cu/Cu2O electrocatalysts. ECRCO2 to C2 hydrocarbons and probably to formic 

acid is more beneficial on Cu2O-based catalysts compared to conventional Cu electrodes for the 

following reasons: 

mailto:andriy.kovalenko@nrc-cnrc-gc.ca
mailto:andriy.kovalenko@ualberta.ca


- Cu2O has a higher surface roughness that allows to increase current density, consumption  

of protons, local pH, selectivity, current density [10], 

- Cu2O has a grain boundary and undercoordinated Cu atoms [11], 

- Cu+ in Cu2O is stabilized by the electrolyte  and atomic rearrangement to undercoordinated 

Cu [10], 

- Thinner catalyst layer and optimal preoxidation state and morphology [12]. 

 

The evaluation of catalyst Fe3O4 for ECRCO2  shows that its selectivity to formic acid formation 

is less than that for Cu2O-based catalyst. The DFT study of this process on a model electrode α-

Fe2O3(0001) showed that methanol is the main product, with an overpotential η of 0.8 V over 

carbon monoxide (CO), formic acid (HCOOH), and formaldehyde (CH2O) [13]. The mechanism 

of ECRCO2 to CO on Fe3O4 includes several kinetic stages, geometric contraction model 

Fe2O3 → Fe3O4, Fe3O4 → FeO and FeO → Fe through nucleation and nuclei growth and diffusion. 

The activation energy of these three steps, including Fe2O3 → Fe3O4, Fe3O4 → FeO, and 

FeO → Fe, is estimated to be 34.92 ± 1.24, 70.13 ± 0.88 and 44.12 ± 1.44 kJ/mol, respectively. 

The reduction of iron-based oxygen determines the efficiency of chemical looping hydrogen 

generation [14]. 

 

Theoretical modeling  

 

A possible pathway of CO2 and H2 reduction into hydrocarbons under study here is its successive 

transformation into formate, then formic acid, and then CO and H2O [15,16*]:  

CO2+H2  →  CO2*+2H*  →  HCOO*+H*  →  HCOOH*  →  CO*+H2O*  →  CO+H2O    (1) 

It was studied on a set of catalysts – Ag, Au, Cu, Zn, Pt, Ni [17–19] – and lately on Sn catalyst 

[15]. From a combination of the insights gained from the *COOH and *OCHO volcanoes, a 

mechanism for CO2RR to 2e− products on Sn catalyst was presented [15].  

 

Here we consider the process of transformation (1) on other nanocatalysts, nanocrystalline based 

Cu, Fe, Cu2O, and Fe3O4 composites. The calculations were first carried out with the QM package 

OpenMX Ver. 3.9 [20]. The procedure then followed up with calculation of solvation structure 

and solvation free energy of these systems using the Three-Dimensional Reference Interaction Site 

Model with the Kovalenko-Hirata closure approximation (3D-RISM-KH) [21–23]. For the CO2, 

H2, H, HCOO, HCOOH, CO, H2O molecules and for Cu, Fe, Cu2O, Fe3O4 nanocatalysts, the 3D-

RISM-KH calculations used the Universal Force Field (UFF) classical interaction potentials [24] 

and the partial charges and geometries obtained from running the OpenMX software package. The 

geometries for the species of ambient KH2PO4 aqueous solution were taken from UFF [24] and 

the partial charges of the species from AmberTools [25]. 

 

In the self-consistent field (SCF) calculations with OpenMX ver. 3.9 software [20], the following 

settings were used. The DFT calculations were performed using the Perdew-Burke-Ernzerhof 

(PBE) version [26] of the generalized gradient approximation (GGA) to the exchange-correlation 

potential. The levels of the approximation used for H, C, O atoms were H_PBE19, C_PBE19, 

O_PBE19, and for Cu atoms were Cu_PBE19H with the higher number of 19 valence electrons. 

The orbitals included in the calculation were at the so-called precise level of s2p2d1 for H, s3p2d2 

for C and O, and s3p2d2f1 for Cu. The electronic temperature was set to 300.0 K. The energy 

cutoff was set to 120.0 Ry. The maximal number of iterations was set to 100. The supercell size 
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was set to 20Å×20Å×20Å. The SCF K-grid was chosen as 10×10×10. The SCF criterion was set 

equal to 1.0×10-10 Hartree.  

 

Statistical mechanics based, 3D-RISM-KH molecular theory of solvation has proven to be an 

essential part of multiscale modeling framework covering a vast region of molecular simulation 

techniques. Successful applications range from solvation energy, structure, and phase behavior of 

small molecules to polymers, macromolecules, and biomolecules. 3D-RISM-KH successfully 

predicts and explains molecular mechanisms of self-assembly and conformational stability of 

synthetic organic rosette nanotubes, aggregation of proteins/peptides related to neurodegeneration, 

protein-ligand binding, and function-related solvation properties of biomolecules [21–23]]]]. The 

physics based RISM of molecular liquids describes a solvent molecule by a six-dimensional vector 

comprised of three positional {r} and three orientational {Θ} degrees of freedoms in the molecular 

Ornstein–Zernike equation via the total correlation function hγ(r) of interaction site γ of liquid at 

molecule position r and orientation Θ in 3D [27–29]. From a physical perspective, solvent is 

defined as a molecule with a finite number of site γ around a solute molecule of arbitrary shape, 

and the 3D site total correlation function hγ(r) is defined in terms of the 3D site direct correlation 

function cγ(r) as: 

ℎ𝛾(𝐫) = ∑ ∫ 𝑑𝐫′ 𝑐𝛼(𝐫 − 𝐫′) 𝜒𝛼𝛾(𝑟′)                                                (1)

𝛼

 

The 3D site distribution function of solvent molecules around the solute is calculated as gγ(r) = 

hγ(r) + 1. For a given temperature, the RISM formalism incorporates all sorts of interactions for 

all solvent sites. This construct is extremely helpful to build a solvent system containing multiple 

chemically distinct species, provided some characteristics of such mixed systems (e.g., density, 

dielectric constant, etc.) are known. An absolute requirement for solving equation (1) is to apply a 

closure relation. A closure is a mathematical formulation needed to connect the 3D total and direct 

correlation functions, and provides a computational handle to integrate the infinite chain of 

diagrams produced via equation (1). While several closure relations were developed over time, the 

Kovalenko-Hirata (KH) closure relation is shown to be numerically stable and providing solvation 

structures with reasonable accuracy. The KH closure approximation accounts for both electrostatic 

and non-polar features of any liquid(s), and has the following functional form:    

 𝑔𝛾(𝑟) = {
exp (−𝑢𝛾 (𝑟) (𝑘𝐵𝑇)⁄ + ℎ𝛾(𝑟) − 𝑐𝛾(𝑟)) for 𝑔𝛾(𝑟) ≤ 1

1 − 𝑢𝛾 (𝑟) (𝑘𝐵𝑇)⁄ + ℎ𝛾(𝑟) − 𝑐𝛾(𝑟) for 𝑔𝛾(𝑟) > 1
  (2) 

The KH closure combines the so-called mean spherical approximation (applied to the spatial part 

with solvent density enrichment, gγ(r) > 1) with the hypernetted chain (HNC, applied to the spatial 

part with solvent density depletion, gγ(r) < 1) in a non-trivial way, thus providing numerical 

stability and accuracy. Computational cost for solving the 3D-RISM-KH equations is reasonable. 

The 3D-RISM-KH integral equations have an exact differential of the solvation free energy. This 

enables an analytical expression of Kirkwood’s thermodynamic integration by gradually switching 

on the solute-solvent interaction: 

𝜇solv = ∑ ∫ 𝑑𝐫′ (
1

2
ℎ𝛾

2(𝐫)θ(−ℎ𝛾(𝐫)) −
1

2
ℎ𝛾(𝐫)𝑐𝛾(𝐫) − 𝑐𝛾(𝐫))                          (1)

𝛾

 

A well know drawback of the KH closure is that it underestimates the height of strong associative 

peaks. However, errors arising from that are mitigated by broadening of the peak, and often the 



solvation thermodynamics and structure come out correctly. A detailed description of the 3D-

RISM-KH theory was reported elsewhere [21–23]. 

 

Results 

 

Figure 1 shows four catalyst supercells consisting of a single plate: (i) face-centered cubic (FCC) 

arrangement of 21 Cu atoms (lattice constant 3.6149 Å) and with a 2-atom vacancy at the supercell 

top, (ii) body-centered (BCC) arrangement of 28 Fe atoms (lattice constant 2.8665 Å) and with a 

2-atom vacancy at the supercell top, (iii) arrangement of 72 Cu and 36 O atoms (lattice constant 

4.2910 Å), and (iv) arrangement of 54 Fe and 72 O atoms (lattice constant 8.53335 Å). In the 

simulations, the catalyst structure was fixed, while the molecules of adsorbates (H2, H, CO2, 

HCOO, HCOOH, CO, H2O) underwent self-consistent optimization of electronic and geometric 

structure.  

 

Cu21                                                                         Fe28 

                
 

Cu72O36                                                                 Fe54O72 

        
 

Figure 1. Structure of the nanocatalyst supercell:  Cu21 atoms with a 2-atom vacancy on top; Fe28 

atoms with a 2-atom vacancy on top; Cu72O36 atoms; Fe54O72 atoms. 

 

The SCF calculations with OpenMX were first run for each of the supercell slab of 21 Cu, 28 Fe, 

72 Cu – 36 O, and 54 Fe – 72 O atoms in 1.0 Mol KH2PO4 aqueous solution. Then the SCF 

calculations were run successively with H2, H, CO2, HCOO, HCOOH, CO, H2O molecules at the 

surface of each of the four nanocatalysts slabs in the solution. Finally, the simulations were run for 

pure H2, H, CO2, HCOO, HCOOH, CO, H2O molecules in the solution.  

 

Figures 2 – 5 depict the arrangements of the H2*, H*, CO2*, HCOO*, HCOOH*, CO*, and H2O* 

molecules adsorbed from 1.0 Mol KH2PO4 ambient aqueous solution at the surface of the Cu, Fe, 

Cu2O, and Fe3O4 slab nanocatalysts, respectively.  



 

                  

(a) H2                                                                              (b) H 

                   

(c) CO2                                                                       (d) CO 

                
(e) HCOO                                                           (f) HCOOH 

 

(g) H2O                                                            

Figure 2. Positions of H2*, H*, CO2*, HCOO*, HCOOH*, CO*, and H2O* molecules adsorbed 

over the 2-atom vacancy on top of the Cu21 slab nanocatalyst in ambient 1.0 Mol KH2PO4 aqueous 

solution. 

 

 



 

                                

(a) H2                                                                   (b) H 

                 

               (c) CO2                                                            (d) CO  

                

(e) HCOO                                                                (f) HCOOH 

 

(g) H2O   

Figure 3. Same as in Figure 2 but for the 2-atom vacancy on top of the Fe28 slab nanocatalyst. 

 

 

 

 

 

 

 



                 

(a) H2                                                                     (b) H 

                 

(c) CO2                                                                     (d) CO 

                

(e) HCOO                                                     (f) HCOOH 

 

(g) H2O 

Figure 4. Positions of the H2*, H*, CO2*, HCOO*, HCOOH*, CO*, and H2O* molecules 

adsorbed on top of the Cu72O36 slab nanocatalyst in ambient 1.0 Mol KH2PO4 aqueous solution. 



 

                                

(a) H2                                                           (b) H 

                 

 (c) CO2                                                          (d) CO 

               

(e) HCOO                                                  (f) HCOOH 

 

(g) H2O  

Figure 5. Same as in Figure 4 but for Fe54O72 atoms slab nanocatalyst. 

 

Table 1 presents the free energies of the molecules reduction (1) in 1.0 Mol KH2PO4 ambient 

aqueous solution on the Cu21, Fe28, Cu72O36, and Fe54O72 nanocatalysts. Figures 6 to 9 show the 

free energies in the successive steps of adsorption and reduction of CO2* and H2* into CO2*+2H,* 

formate HCOO*+H*, formic acid HCOOH*, and then CO*+H2O* at the surface of the Cu21, Fe28, 

Cu32O72, and Fe28O72 slab nanocatalysts, respectively, in ambient aqueous electrolyte solution of 

1.0 Mol KH2PO4, with final release of HCOOH and CO+H2O back to the solution. 

 

At the first step of adsorption of CO2 and H2, H2* splitting into 2H*, and conversion into HCOO* 

on the Cu21 slab nanocatalyst, the free energy increase for CO2 is almost entirely offset with the 

free energy decrease for H2 (Table 1, Figure 6). The free energy then significantly decreases with 

conversion of HCOO* and another H* into HCOOH* adsorbed on the the Cu21 slab. The free 

energy decreases even more with release of HCOOH* from the Cu21 nanocatalyst into the 1.0 Mol 

KH2PO4 aqueous solution bulk. In a parallel route, the free energy increases with further 

conversion of HCOOH* into CO*+H2O* on the Cu21 slab, and somewhat decreases with their 

release into the solution bulk.  

 



On the Fe28 slab nanocatalyst, the free energy of H2* first increases with adsorption and splitting 

into 2H*, whereas the free energy of CO2* significantly increases with adsorption (Table 1, Figure 

7). The free energy significantly decreases with conversion into HCOO* and then increases half 

way back with further conversion into HCOOH*. However, the overall free energy of the second 

stage of conversion of HCOO* and H* into HCOOH* decreases, and then further significantly 

decreases with release of HCOOH* to the solution bulk, bringing the free energy of the end product 

HCOO* of the conversion to be almost the same as that of the reactants CO2*+H2*. Further, in the 

parallel route, the free energy somewhat decreases with conversion of HCOO* into CO*+H2O*, 

and then decreases even more with release of CO* and H2O* into the solution bulk, bringing it to 

the value somewhat higher than for the initial reactants CO2 and H2.  

 

The behavior of the free energy in adsorption and reduction of CO2 and H2 into CO2*+2H*, 

formate HCOO*+H*, formic acid HCOOH*, and then CO*+H2O* at the surface of both the 

Cu32O72 and Fe28O72 slab nanocatalysts in ambient aqueous electrolyte solution of 1.0 Mol 

KH2PO4 with final desorption of HCOOH* and CO*+H2O* into the solution bulk is quite similar 

to the Cu21 slab nanocatalyst (Table 1, Figures 8 and 9).  

 

 

Table 1. Free energies of CO2*, H2*, H*, HCOO*, HCOOH*, CO*, OH*, and H2O* molecules 

in the process of reduction in 1.0 Mol KH2PO4 ambient aqueous solution from CO2*+H2* to 

CO*+H2O* on the surface of the 2-vacancy Cu21, 2-vacancy Fe28, Cu72O36, and Fe54O72 

nanocatalyst slabs.  

Step 
Free Energy (kcal/mol) of Nanocatalyst Slab 

Cu21 Fe28 Cu72O36 Fe54O72 

CO2 in bulk -213.25919 

H2 in bulk 7.05012 

CO2* -202.52158 -32.61447 -157.76562 -181.19848 

H2* 5.45143 -78.45407 3.81933 3.33911 

H* 3.81116 65.28411 6.04975 5.50439 

HCOO* -165.89450 20.90473 -120.13377 -150.91931 

HCOOH* -203.80180 112.02679 -136.00195 -184.56921 

CO* -23.04370   216.76891 -27.01173 -17.77649 

OH* -20.70987 -61.70029 -15.44338 -21.52698 

H2O* -107.53037 -116.32019 -55.06541 -87.14221 

CO in bulk -24.359351 

H2O in bulk -111.365682 

 

 



 

 

 

 

Figure 6. Free energies of successively reducing CO2+H2 from 1.0 Mol KH2PO4 ambient aqueous 

solution to CO2*+2H*, formate HCOO*+H*, and then formic acid HCOOH* and CO*+H2O* on 

the surface of the 2-vacancy Cu21 nanocatalyst slab, with final release back to the solution. 

 

 

 

 

 

 

Figure 7. Same as in Figure 6 but for the 2-atom vacancy on top of the Fe28 slab nanocatalyst. 

 

 

 

 



 
Figure 8. Free energies of successively reducing CO2+H2 from 1.0 Mol KH2PO4 ambient aqueous 

solution to CO2*+2H*, formate HCOO*+H*, and then formic acid HCOOH* and CO*+H2O* on 

the surface of the Cu72O36 nanocatalyst slab, with final release back to the solution. 

 

 

 

 

 

 

 

Figure 9. Same as in Figure 8 but for the Fe54O72 slab nanocatalyst. 

 

 

To illustrate the effect of the KH2PO4 aqueous solution, Figures 10 to 13 show the free energies in 

the successive steps of adsorption and reduction of CO2 and H2 into CO2*+2H*, formate 

HCOO*+H*, formic acid HCOOH*, and then CO*+H2O* at the surface of the Cu21, Fe28, Cu32O72, 

and Fe28O72 slab nanocatalysts, respectively, but without solution. As before, the free energies 

were obtained using the SCF calculations with OpenMX software with geometry optimization, 

whereas the 3D-RISM-KH calculations of the 3D distribution functions and the solvation free 

energies in the solution were removed. The results are substantially different from the calculation 

including the effects of both the nanocatalysts and the KH2PO4 aqueous solution. All the barriers 

of free energy in the reduction pathway CO2+H2 → CO2*+H2* → CO2*+2H* → HCOO*+H* → 

HCOOH* → CO*+H2O* → CO+H2O are significantly higher in the absence of the solution. 



 

 

Figure 10. Free energies of successively reducing CO2+H2 from the bulk but without solution to 

CO2*+2H*, formate HCOO*+H*, and then formic acid HCOOH* and CO*+H2O* on the surface 

of the 2-vacancy Cu21 nanocatalyst slab, with final release back to the bulk. 

 

 

 

 

 

 

Figure 11. Same as in Figure 10 but for the 2-atom vacancy on top of the Fe28 slab nanocatalyst. 

 



 

Figure 12. Free energies of successively reducing CO2+H2 from the bulk but without solution to 

CO2*+2H*, formate HCOO*+H*, and then formic acid HCOOH* and CO*+H2O* on the surface 

of the 2-vacancy Cu72O36 nanocatalyst slab, with final release back to the bulk. 

 

 

 

Figure 13. Same as in Figure 12 but for the Fe54O72 slab nanocatalyst.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Conclusion 

 

We developed and tested a multiscale modeling description of CO2 + H2 reduction that couples: 

(i) OpenMX software for quantum chemical self-consistent field (SCF) calculations of electronic 

structure with geometry optimization, and (ii) 3D-RISM-KH molecular theory of solvation for             

3D site distribution functions and solvation free energies of molecules at slab nanocatalysts in 

electrolyte solutions.  

 

The description was applied to Cu21, Fe28, Cu72O36, and Fe54O72 slab nanocatalyst in ambient 

aqueous electrolyte solution of 1.0 M KH2PO4 to predict successive steps of CO2 + H2 reduction 

along two competitive pathways:  

    1) CO2+H2 → CO2*+2H* → HCOO*+H* → HCOOH* → HCOOH  

    2) CO2+H2 → CO2*+2H* → HCOO*+H* → HCOOH* → CO*+H2O* → CO+H2O  
 

Our new SCF calculations with OpenMX coupled with 3D-RISM-KH theory for electrochemical 

reduction of CO2 and H2 to formate HCOO, formic acid HCOOH, and then further to CO and H2O 

using Cu, Cu2O, Fe, and Fe3O4-based nanocatalysts in ambient aqueous electrolyte solution of         

1.0 M KH2PO4 showed a viability of these systems. All these nanocatalysts were predicted to 

provide a good yield (with free energy decrease) for the CO2+H2 → HCOOH reduction pathway. 

For the CO2+H2 → CO+H2O reduction pathway, Fe nanocatalyst still provides good conversion 

with a little increase of the free energy, whereas the other three nanocatalysts perform with the free 

energy increase three to five times larger than that for Fe.  

 

Recently, a predominant shape-dependent electrocatalytic reduction of CO2 to CO on triangular 

silver nanoplates (Tri-Ag-NPs) in 0.1 M KHCO3 aqueous electrolyte solution was studied [30].    

It exhibited an enhanced current density and significantly improved Faradaic efficiency (96.8%) 

and energy efficiency (61.7%), together with a considerable durability (7 days). DFT calculations 

were explored to investigate the reactivity of different Ag features based on the computational 

hydrogen electrode model. Figure 13 shows the Gibbs free energy (ΔG) diagram for CO2RR on 

different facets and Ag55 cluster, where the total ΔG values required for the proposed four 

elementary reaction steps were simulated and calculated [30]. The required overpotential η initially 

originates from the formation of HCOO* because an uphill energy barrier of the first proton-

coupled electron transfer step for all facets and the cluster was observed. The free-energy step 

subsequently becomes more thermodynamically facile for the second proton-coupled electron 

transfer for the adsorbed CO* at all facets. The free-energy step subsequently becomes more 

thermodynamically facile for the second proton-coupled electron transfer for the adsorbed CO* at 

all facets. Although the Ag55 cluster is slightly easier for the formation of HCOO* than all facets, 

it tends to overbind with CO* and consequently decreases the product evolution rate. Thus, both 

the dominance of at the facet of Ag(100) and the ease in the CO evolution deriving from the shape 

controlled effect point to the decreased η and low onset potential for CO formation. These free 

energy diagrams for electrocatalytic reduction on Ag nanocatalyst in 0.1 M KHCO3 aqueous 

electrolyte solution exhibited the behavior quite similar to our results for the reduction on Cu, Fe, 

Cu2O, and Fe3O4 nanocatalysts in 1.0 M KH2PO4 aqueous solution (Figures 6 to 9).   

 

There is a possibility of selecting a particular nanocatalyst to optimize the performance of these 

systems. Our future studies will extend this work further to involving the Fischer-Tropsch process 

for reduction of CO2+H2 to hydrocarbons. 



 

 

Figure 13. Free energy diagrams for CO2RR to CO on different facets and Ag55 cluster at voltage 

−0.11 V [30]. Copyright 2017 American Chemical Society.  
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