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Abstract: In response to the “Comment on “Density Functional Theory and 3D-RISM KH
molecular theory of solvation studies of CO: reduction on Cu-, Cu2O-, Fe-, and Fe;O4-based
nanocatalysts™ [1], the behavior of a CO* molecule on a Cuz; nanocatalyst slab without a solution
considered in the Comment is considerably different from our case of this system in 1.0 Mol
KH;PO4 ambient aqueous solution. Moreover, our calculations for CO* on Cuz; without a solution
that we presented in our article are similar to those shown in the Comment. The Comment and its
conclusions are controversial and should be treated with much caution.

Keywords: CO; reduction to HCOOH; Cu, Cu20, Fe, Fe3O4 nanocatalysts; KH,PO4 ambient
aqueous solution; OpenMX quantum chemistry; 3D-RISM-KH molecular theory of solvation

Interest in our work and constructive criticism are always appreciated. However, vague reviews
may mislead and confuse the audience, especially young researchers. We are happy to address Dr.
Gusarov’s comments and concerns. We will respond with details to help researchers understand
this complex assignment.

In the Abstract to the Comment, Dr. Gusarov [1] argues that “due to inappropriate selection of
intermediate strictures, in particular, the unfavorite structure of CO* adsorbed on Cu-, Cu,0-,
Fe-, and Fe304 nanoparticles, and some inconsistency in preparation of initial structures by DFT
approach, there are serious concerns about the correctness and quality of the presented results”.
He also notes that he would like to “help other researchers working on the development of new
catalysts for electrochemical reduction of CO; to avoid further misunderstandings following this
study”.

There exists an extensive literature on the pathways. In our paper [2], we described the
intermediate structures of successive reduction of CO»+H> in 1.0 Mol KH>PO4 ambient aqueous
solution along the associative mechanism of the two well-known competitive pathways from the
bulk, to Cuai, Fezs, Cu72036, and Fes;O72 nanocatalyst slabs, and then back to the bulk [3, pp.3-4]:
COxtH2 — COx* + 2H* - HCOO*+H* — HCOOH* — HCOOH (1a)

COytH; — CO*+2H * — HCOO*+H* — HCOOH*—CO*+H,0*—-CO+H,O  (1b)

These intermediate structures are described in many papers, including Ref. [3].



It demonstrates that Dr. Gusarov’s statements on our “inappropriate selection of intermediate
structures” and “serious concerns about the correctness and quality of the presented results” are
inappropriate because they are neither supported by literature nor by his calculations.

Dr. Gusarov argues that “the step presented by the authors in Figs.2d,3d,4d and 5d [18] does not
correspond to any intermediate steps of CO>+H: reduction reaction suggested till now, including
the works referenced by A. Kovalenko in [18]. Moreover, because the induced charges and optimal
geometries of systems mentioned above were used in the following 3D-RISM calculations, the free
energies presented in Table 1 and Fig.6 [18] correspond to the meaningless structures because
some of the intermediate steps are unrealistic.”

I would like to bring readers’ attention to Reference [3] in our paper [2]:
Zhou, H.; Liu, K.; Li, H.; Cao, M.; Fu, J.; Gao, X.; Hu, J.; Li, W.; Pan, H.; Zhan, J.; Li, Q.;
Qiu, X.; Liu. M. Recent advances in different-dimension electrocatalysts for carbon dioxide
reduction. J. Colloid. Interf. Sci., 2019, 550, 17-47.
It describes the associative mechanism of the CO»+H; reduction reaction (1), which is well known.
Intermediate molecule CO* adsorbed on the nanocatalyst slab is one of the intermediate steps that
we considered and presented the results in Figures 2d, 3d, 4d, 5d, and 6 — 13 in our paper [2].

In the second sentence, it is unclear why Dr. Gusarov states that “some of the intermediate steps
are unrealistic.” Ref. [3] that we cite in this Response, as well as Refs. [9,15] in our paper [2],
demonstrate the opposite for the associative mechanism of the reverse water-gas shift reaction
(RWGSR), particularly for OH* adsorbed on the Cu@Mo2C (001) surface (pp.3—4 and Fig. 2,
Ref. [3]).

Further, Dr. Gusarov stated that: “Also, the parameters of DFT calculations used in [18] are
questionable. For example, the Cuz; cluster (as well as other Cu>O-, Fe-, and Fe3Oy clusters)
which the authors called a “slab” is modeled by periodical boundary density functional theory
(PBC DFT); however, the shorter distance between clusters in neighboring periodical cells is
about 13 A which excludes their interaction. Despite this, the authors use a large number of
k-vectors (10x10%10) which make sense only for 3D periodical systems.”

Such claims are not supported by evidence, as we used a large supercell to model individual
molecules adsorbed on a single nanocatalyst slab in the CO»+H; reduction process, which is the
entirely legitimate, well-known, and widely used procedure (see, e.g. [4]).

Careful inspection of the calculations provided by Dr. Gusarov in comparison to our calculations
published in the original paper highlights the need for future investigation on the topic.
Dr. Gusarov used the same OpenMX software package [5] with a dispersion correction, the same
supercell size, extending the calculations to both magnetic and non-magnetic properties. The
differences in the resulting adsorption energies in these two cases appeared to be relatively small.
In our OpenMX calculations, we used the DFT-D2 method for van der Waals interaction [6] for
the dispersion correction.

As Dr. Gusarov is not questioning the accuracy of his calculations, we conclude that Dr. Gusarov’s
questions on pages 1 and 2 about the parameters of our DFT calculations are not relevant, as he
has values very similar to ours.



Dr. Gusarov presented the relaxed coordinates and adsorption energies of the CO* intermediate
adsorbed on the Cuz; nanocatalyst slab with fixed geometry for several combinations of the initial
orientation of CO* and magnetic properties of the Cux1 nanocatalyst slab.

For the relaxed Cuy1 nanocatalyst slab, Dr. Gusarov wrote: “ Whenever the Cu;; cluster was relaxed
too (Fig. 2), the CO molecule formed the stable C-Cu covalent bond for both initial orientations
(Figs. la and f) which clearly shows the instability of structures in Figs. 2d, 3d, 4d and 5d
presented in [18]. The copper cluster significantly changed its shape which does not allow to fully
separate the adsorption and redistribution energies. This also shows that the system selected in
[18] cannot correctly represent the “2-atom vacancy Cuz; slab nanocatalyst” [18] due to the
strong stress forces appearing on the surface of Cuz; cluster.”

Dr. Gusarov showed the structures calculated with relaxing both the CO* and Cuz; nanocatalyst
slab coordinates but did not present the adsorption energy for these fully relaxed arrangements,
which might be because of significant changes in the adsorption energy he obtained for these fully
relaxed CO* — Cuz1 conformations. It would be interesting to see the adsorption energies for these
fully relaxed arrangements, too. This is necessary to support Dr. Gusarov’s statements for his
calculations. Also, it is not clear why Dr. Gusarov mentions about “strong stress forces appearing
on the surface of Cuy; cluster*; did he calculate the stress forces for the relaxed as well as unrelaxed
Cu21 nanocatalyst slab, and did his calculations faithfully follow the procedures of the original
paper pathways?

Dr. Gusarov attempted to illustrate the instability of our structures of CO* intermediate adsorbed
on the Cuzi, Fezs, Cu72036 and Fes»O72 nanocatalyst slabs. However, Dr. Gusarov’s calculations
are only for one successive reduction point of CO* adsorbate on the Cux1 nanocatalyst slab, with
two orientations of CO*, with hydrogen down and oxygen down to the nanocatalyst. There are no
calculations performed by Dr. Gusarov for any other successive step of the two competitive
reduction pathways, CO»+H, — HCOOH and CO>+H; — CO+H:20 .

Another point that Dr. Gusarov stated is that “the combination of 3D-RISM [23] and PBC DFT
used in [18] is not self-consistent. That means that “the partial charges and geometries obtained
from running the OpenMX software package” are calculated in a vacuum and so do not contain
the effect of solvent. Further, these parameters are used in the molecular theory of solvation
calculations which makes resulting free energies (Table 1 [18]) less accurate.”

We would like to bring readers' attention to the fact that Dr. Gusarov did not perform any
calculations for the adsorbate—nanocatalyst system using 3D-RISM-KH. In order to determine and
justify the accuracy of the two calculations, we need a comparison of the results, which is not
presented in the Comment.

The statement that "these parameters are used in the molecular theory of solvation calculations
which makes resulting free energies (Table 1 [18]) less accurate" is not supported by any reference
or calculation analysis.



Moreover, the calculations we carried out for the CO*+H,0O* adsorbate on the Cuzi nanocatalyst
slab but without solution (Figure 10 in Ref. [2]) showed behavior similar to what Dr. Gusarov
obtained in his calculations [1].

Next, Dr. Gusarov stated: “Another important point is that the combination of 3D-RISM [23] and
PBC DFT used in [18] is not self-consistent. That means that “the partial charges and geometries
obtained from running the OpenMX software package” are calculated in a vacuum and so do not
contain the effect of solvent. Further, these parameters are used in the molecular theory of
solvation calculations which makes resulting free energies (Table 1 [18]) less accurate. At the
same time, there is the freely available self-consistent combination of 3D-RISM with PBC DFT
[24] implemented into the Quantum Espresso package [25]. It was already used to model
properties of the Pt(111)/electrolyte electrochemical interface [26].”

The variant of the 3D-RISM self-consistent field (3D-RISM-SCF) using the plane-wave (PW)
basis set and pseudopotential (PP) technique (PW-PP) as a solute system had been developed and
validated on the formaldehyde-water system, water packed into a zeolite framework, a NaCl
solution in contact with an Al electrode, and an Al thin film immersed in a NaCl solution at
different concentrations [9]. The 3D-RISM-SCF model has been applied recently to study the
charged interface between a Pt(111) surface that is partially covered with chemisorbed oxygen and
an aqueous acidic electrolyte [10]. However, till present, these in-house implementations of the
3D-RISM-SCF are not available for research as open source software.

In his Comment, Dr. Gusarov referred to Quantum Espresso while stating “there is the freely
available self-consistent combination of 3D-RISM with PBC DFT”. The search in the related
literature [11-12], on the Quantum Espresso software [13], and on the OpenMX software [5]
showed that they neither advertise nor offer software with a 3D-RISM-SCF module implemented
for public use. It appears that this claim of Dr. Gusarov is incorrect.

In our work [2], we used the standard way of doing such calculations, when one starts with running
quantum chemical calculations without solvent to obtain the partial charges and the optimized
geometry of the adsorbate, and then using them to calculate the change to the system free energy
due to 1.0 Mol KH,PO4 ambient aqueous solution using 3D-RISM-KH molecular theory of
solvation. We followed the widely known second order Mgller—Plesset calculations (MP2) level
of perturbation theory [6,7]. It gives a major part of the solvent effect on the system free energy.
The next step in the iterative process of calculations would be to:

- calculate the mean field of solvent acting on the adsorbate — nanocatalyst solute;

- repeat the quantum chemical calculations with this mean field of solvent added to OpenMX

so as to recalculate the solute partial charges and geometry;
- repeat 3D-RISM-KH calculations for the solvent distributions and the system free energy.

Conclusion: Ultimately, we agree that “the self-consistent combination of PBC DFT and 3D-
RISM is a perspective way to study the intermediate products of electrochemical reduction of CO2
to hydrocarbon fuels”, and desire future research.

The lack of solid evidence and references leads us to the conclusion that the Comment and its
conclusions are controversial and should be treated with much caution.



Also, the Comment does not change the main conclusion of our study that “we developed and
tested a multiscale modeling description of CO2+H: reduction that couples (i) OpenMX software
for quantum chemical self-consistent field (SCF) calculations of electronic structure with geometry
optimization and (ii1) 3D-RISM-KH molecular theory of solvation for 3D site distribution functions
and solvation free energies of molecules at slab nanocatalysts in electrolyte solutions™.
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