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ARTICLE INFO ABSTRACT
Keywords: A combined theoretical and experimental study was performed to elucidate the photocatalytic
Photocatalysis potential of tenorite, CuO (1 1 0) and to assess the evolution pathway of carbon dioxide (CO,)

Solar fuels
Density functional theory
CO, transformation

evolution pathway. The calculations were performed with density functional theory (DFT) at
a DFT + U + JO and spin polarized level. The CuO was experimentally synthesized and
characterized with structural and optical methodologies. The band structure and density of states
revealed the rise of band gaps at 1.24 and 1.03 eV with direct and indirect band gap nature,
respectively. These values are in accordance with the experimental evidence at 1.28 and 0.96 eV;
respectively, which were obtained by UV-Vis DRS. Such a behavior could be related to enhanced
photocatalytic activity among copper oxide materials. Experimental evidence such as SEM images
and work function measurements were also performed to evaluate the oxide. The redox potential
suggests a catalytic character of tenorite (1 1 0) for the CO, transformation through aldehydes
(methanal) intermediate formation. Furthermore, a route through methylene glycol CH,(OH),
was also explored with the theoretical methodology. The reaction path exhibits an immediate
reduction of H,0, into a *OH radical and an [OH]~ anion, in the first step. This *OH radical
attacks a double bond (C = O) of CO, to form bicarbonate ([HCO3]~) and subsequently, carbonic
acid (H,CO3). The carbonic acid reacts with other *OH radical to finally form orthocarbonic acid
(C(OH)y).

1. Introduction

The effects of global warming are evident on a general scale. As a consequence, the meteorological phenomena such as El
Nifio and La Nifna occur at a larger extent [1], as is widely known [2]. CO, accumulation is responsible to boost these effects, the
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overproduction of this gas is mainly due to human activity. Therefore, reducing the high concentration of CO, into the atmosphere
represents a challenge that the scientific community is aimed to face [3,4]. In this regard, photocatalyst materials are very attractive
to overcome this issue, and one of the most promising semiconductors to be used in the CO, photoreduction process [5-8].

Recently, the photocatalytic CO, reduction using nanostructured semiconductors has become essential to remove pollutants, in
this process the chemical reactions are activated by solar energy. The semiconductor materials are required to allow electron transfer
from the valence band (VB) to the conduction band (CB), favoring the formation of charge carriers (e~ /A*) at the semiconductor
surface. This process enables the CO, reduction towards added-value products, such as methanol (CH;OH), methane (CH,), formic
acid (HCOOH), formaldehyde (HCHO) and carbonic acid (H,COj3) [9]. In recent years, different nanostructured semiconductors have
been proposed to improve the efficiency of current CO, photo-reduction processes [9-16]. The role played by the catalyst surface
in the CO, evolution process has been elucidated by computational modeling [17]. Despite a large number of works aimed on
the CO, photoreduction, the design of the synthesis to enhance the adsorption ability is still in debate, since the understanding of
the recombination rate of the charge carriers and the photocatalytic performance in the novel photocatalysts represent a current
challenge.

Cuprous-based semiconductors are low-cost materials with a suitable range of band gap energies and favorable band alignment
for the CO, reduction reaction [18]. Copper oxide (CuO) is considered an important p-type semiconductor with a band gap ranging
from 1.2 to 1.9 eV, which also shows efficient light absorption [18]. Recently, Guo et al. [19] performed the synthesis of Sn catalysts,
dispersed on a defective CuO, support in order to enhance the CO, electroreduction to methanol. They obtained a high methanol
Faradaic efficiency of 88.6% with a current density of 67.0 mAcm~2. Jia et al. [20] synthesized a sulfur-doped spherical coral-
like CuO (S-CuO) catalyst. They reported a Faradaic efficiency of 48.4%, in the electrochemical CO, reduction to ethylene. DFT
calculations show the direct participation of the S atom in CO, activation [20]. It is worth mentioning that the catalytic potential of
tenorite has been theoretically studied in previous works for different applications to those of CO, transformation. That is Kasai et
al. [21] investigated the CuO (1 1 0) surface in the NO adsorption and dissociation process via spin-polarized DFT calculations. They
found an energy barrier of 1.08 eV in the NO adsorption process, which is close to that obtained with the CuO, (111) surface [21].
Jiang et al. [22] incorporated CuO into the structure of graphitic carbon nitride (g-C3N,) structure to enhance the CO, reduction
to methanol via photoelectrocatalytic reaction. They found that the CuO/g-C;N, heterostructured photocatalyst exhibits a Faradaic
and a quantum efficiency of 75.0% and 8.9%, respectively. In this context, the use of CuO nanostructure has been widely studied in
photoelectrocatalysis applications. However, a deeper understanding from an atomistic point of view is still required on the role that
the CuO surface plays in the chemical transformations.

It is essential to realize that, to control a photocatalytic process, two factors are required: the adsorption of the molecules involved
in the process and the absorption of light radiation by the semiconductor. The interplay of these two factors leads to charge carrier
generation, and with the semiconductor redox potential, the enhancement of the oxidation or reduction of the adsorbed molecules.
Tenorite CuO has been studied mainly in heterojunctions due to its low band gap and, consequently, selective photocatalytic potential
[23,24]. Nevertheless, CuO has not been studied in photocatalytic processes for CO, reduction/transformation. The aim of this work
is to evaluate the photocatalytic potential of the CuO (1 1 0) to transform CO, into carbon compounds of added value, using first-
principles calculations. The validity of the tenorite modeling is also assessed with X-ray diffraction (XRD), work function and optical
gap experimental evidence. Scanning electron microscopy (SEM) characterization is also presented to show the morphology of cuprite
oxide.

In the present study, the transformation of the reaction pathway of CO, in the presence of the tenorite (CuO) surface is more likely
to follow than other Cu-based surfaces that consider formic acid, aldehyde, carbon monoxide as intermediates, due to the narrow
band gap and redox potential values present in tenorite. The CuO photocatalytic potential was evaluated with DFT+U+J calculations
and the reaction path was also modeled with the transformation of CO, into H,CO3, C(OH),4, by *OH addition reactions for the CO,
activation. The products CH,(OH),, CH30H, and CH, were subsequently found by reduction reactions in theoretical calculations.

2. Experimental and theoretical methodologies
2.1. Experimental section

Copper oxide synthesis: Copper oxide nanoparticles were initially prepared in a solution of cupric chloride (CuCl,+2H,0, Fer-
mont). Subsequently, a solution of sodium hydroxide (NaOH, Fermont) was added for a molar ratio of 1:2. This mixture was stirred
on a magnetic plate for 30 minutes at 600 rpm. When this time elapsed, the solution was filtered in a filter paper. As the last step,
the final paste was subjected to a heat treatment at 500 °C for 2hr.

Structural characterization: X-ray diffraction (XRD) pattern of CuO was measured on a Rigaku DMAX2200 difractometer using an
X-ray radiation source of Cu Ka at a wavelength of 1.54 nm. The diffractograms were measured at a given interval of 5° < 26 < 80°.

Optical measurements were performed by means of UV-Vis DRS (Diffuse Reflectance Spectrophotometry) on a UV-310PC spec-
trophotometer (Shimadzu), equipped with an integration sphere (coated with a BaSO, as reference), operating in diffuse reflectance
mode (from 200 nm to 900 nm). To determine the experimental band gap (Eg), the Kubelka-Munk equation was used.

To measure the work function value of the sample, the powder was dispersed in deionized water using an ultrasonic bath. Then,
80 pL of the dispersion was deposited onto fluorine-doped tin oxide substrate by spin coating technique and heated in an electric
oven. The work function value was obtained by Kelvin probe system (KP Technology SKP5050) with a gold tip under dark conditions.
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Fig. 1. (a) Tenorite primitive cell, (b) Tenorite (1 1 0) surface unit cell with vacuum (blue arrows represent spin values), (c) Surface super-cell with vacuum in the z
direction.

2.2. Computational details

All calculations were performed using DFT [25] as implemented in the Quantum ESPRESSO code [26]. The generalized gradient
approximation (GGA) at the Perdew-Burke-Ernzerhof (PBE) exchange-correlation level [27] with a Hubbard (U + JO) correction
[28,29] was used for such computations, with the spin-polarization level. The work function calculations and the electronic structure
properties were analyzed with a non-relativistic approach. The calculations were performed with the following convergence criteria:
1 x 107 Ry for the convergence threshold in the SCF scheme and 1 x 10~3 Ry for the initial threshold in the iterative diagonalization
procedure (eigenvalue convergence). The kinetic energy cut-off for wavefunctions was set to 40 Ry (544 eV). The Monkhorst and
Pack grid [30] was set to a 4 x 4 X 4 k-points grid for the Brillouin zone in the primitive cell of tenorite (see Fig. 1 (a)). This
configuration was used for the density of states (DOS) and for the calculation of the band structure by following the path I" - C|C2
-Y2-I'-M2-D|D2-A-T'| L2-T-V2-K path. It is worth mentioning that despite other theoretical works on tenorite have been reported
before, this particular k-path has not been explored. In addition, a 3 x 3 x 1 k-grid was set for the unit cells that were used for
the computations of work function and the search of the minimum energy path (MEP) (Fig. 1 (b) and (c), respectively) in the string
computations, which is described below.

The search for MEPs [31,32] was performed with the Fritz Haber Institute ab initio molecular simulations (FHI-aims) computa-
tional code [33-35]. In this case, the GGA-PBE level was also used [27] and the set of numerical basis set fierl was implemented for
all atoms [34]. London interactions of van der Waals (vdW) type were modeled with the Tkatchenko-Scheffler correction [36]. The
criteria for the energy convergence, electron density, and forces in optimization cycles were set to 1x10~* eV, 10~ electrons, and
0.01 eVA~!, respectively. Moreover, the zeroth-order relativistic approximation (ZORA) [37] was also applied in the calculations due
to the possible significant scalar relativistic effects that play a role in the description of the electronic structure of the metal oxides
under study. A Monkhorst-Pack [30] grid with 3 x 3 x 1 k-points was implemented to sample the Brillouin zone. All criteria were
used to model the reactions of interest on the catalyst surface of the tenorite at the (1 1 0) facet, which was previously optimized
(see Fig. 1 (b)) with cell parameters a = 12.9 A, b =13 A, andc = 30 A (a vacuum is given in the z direction to ensure that there
will be no spurious interactions with the images of the unit cells, which are produced from the definition of periodic conditions). The
angle values in the unit cell are « = 90°, # = 90° and y = 87.497°. Furthermore, to locate the appropriate transition states (TS),
the climbing image (CI) [38] version of the improved string method was performed to identify the saddle points. In this approach,
an equidistant spacing is considered during all interactions for each image along the entire path. The DFT/PBE + vdW methodology
[36] was used to include the intermolecular attractions among the slab models and the species on the surface. The reaction pathways
were obtained with a convergence threshold of 0.5 eV for the string and CI-string methods [38]. The path was evaluated in 16 images
(steps), initializing with a geometrical disposition of the reactants, and ending up with the products in each of the pathways under
study. The details of this analysis are presented in section S2 of the supplementary information (SI).

The adsorption energy (E,;,4,) Was calculated according to the following equation:

EMlads:Etat_EM|surf_EM1|M+EM' @

The interaction energy between M1 with M, and M with CuO (1 1 0) surface is expressed as E ;5 and Ey,, 7, respectively.
In that equation, Ep/y 5, and Eyy ., were calculated by using SCF calculations for the Epyy 5, and Eyy,,., in the same position that
they occupy within the unit cell of the full system. Moreover, M represents the molecules adsorbed onto the CuO (1 1 0) surface in
the same position that they would occupy within the unit cell of the complete system.

Note that in Eq. (1), the energy of the remaining molecules (M) is subtracted twice (in the E ;. , term and in the E,;y),, term).
Therefore, the energy of the isolated M molecule is added back.

In this respect, Eq. (1), considers that the negative E,;,,, values that are larger than 0.5 eV correspond to an enhanced adsorption
mechanism that can be interpreted as chemisorption, and E,;,,, values that are smaller than 0.5 eV represent cases of weak
adsorption, or physisorption [39].
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Fig. 2. XRD diffractogram of the copper oxide nanoparticles that were synthesized in this work. The inset shows the identification card of the corresponding structure
as a reference.
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Fig. 3. Optical response profiles for the CuO (1 1 0) tenorite structure. (a) UV-Vis DRS, (b) Absorbance and (c) Absorption coefficient.
3. Results and discussion
3.1. Experimental section

3.1.1. X-Ray diffraction characterization

The XRD profile depicted in Fig. 2 clearly reveals the presence of the tenorite phase, since the characteristic peaks may be
identified: 32.5° (110), 35.41° (111), 38.7° (111), 46.25° (112), 48.71° (202), 51.43° (112), 53.48° (020), 58.26° (202), 61.52 (113),
65.81 (022), 66.22 (311), 68.12 (220), 72.37 (311), 75.24 (222). This configuration corresponds to a monoclinic structure with
lattice parameters a = 4.67 f\, b = 3.43 A, ¢ =512 [o\, and angles a« = y = 90°, § = 99.54°, which are indexed with the PDF card
48-1548. Additionally, the crystal size was also calculated with the aid of the Scherrer relationship, as given by Eq. (2):

KA
"= 5Cos@) @

where 4 is the X-ray wavelength (given in A), 6 is the diffraction angle, 1 is the crystal size, K corresponds to the form factor of the
crystal, and f is the full width at half maximum of the peak with largest intensity. The final size amounted to 24.51 nm.

Fig. 2 exhibits the XRD characterization of the copper oxide nanoparticles under study. The evaluation was performed in a 20
interval ranging from 5° to 80°. The profile clearly suggests the presence of the tenorite phase, since the identification of such
crystalline phase was performed by comparison with the JCPDS file No. 48-1548 for copper oxide, corresponding to tenorite. It
gently fits the maxima shown in the experimental diffractogram.

3.1.2. Optical gap characterization
The results of the optical gap characterization are shown in Fig. 3 (a - c) in the visible range (200 - 900 nm). From the DRS
measurements, it is possible to find the optical gap by applying Eq. (5), which considers the absorbance related directly with the path
length of the incident light quantum crossing the sample, and also the intrinsic material properties. The relation used to describe
such properties corresponds to the Kubelka-Munk equation, as given by:
K _(1-R,)

F(Roo)= § T (3)
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Fig. 4. Optical response profiles for the CuO (1 1 0) Tenorite, as obtained from Tauc’s law. Absorption spectrum evidencing the presence of (a) Direct optical gap and
(b) Absorption spectrum evidencing the presence of an indirect optical gap.

Fig. 5. SEM images of CuO. (a) 20 kx (um scale) and (b) 200 kx (nm scale).

Rsample

in which R is the diffuse reflectance. Moreover, R, = . The parameters K and S are the absorption and dispersion coeffi-

3 ) ) standar
cients in the material.

The term K /S = (a) depends on the energy in accordance to the following equation:

(ahv)" = A(hv — E,) (€))]

Replacing the term « by the Eq. (3) in Eq. (4), it can then be further rewritten in the following form:

[F(Ry)hV]" = A(hv — E,) (5)

In Eq. (5), h corresponds to the Planck constant, v is the frequency of the incident light, A is a constant associated with the
absorption intensity, and E, is the band gap energy. The constant » represents values of 2 or 1/2, depending on the electronic gap
nature of the material, which corresponds to a direct or indirect band gap, respectively. Fig. 4 (a, b) exhibits the results found from
Eq. (5). That is, direct [Fig. 4(a)] and indirect [Fig. 4(b)]band gaps of 1.28 and 0.96 eV were experimentally evaluated, respectively.

The absorption coefficient is proportional to the absorbance by a factor known as the molar absorption factor. That is, to obtain
the absorption coefficient, the absorbance was multiplied by the corresponding molar absorption factor, which can be obtained from
the well-known Lambert-Beer law.

3.1.3. SEM characterization

The scanning electron microscopy images were acquired using a HITACHI equipment model S-550. In Fig. 5, the SEM images of
copper oxide (CuO) are presented. In Fig. 5 (a), with a magnification of 20 kx (2 pum scale), a laminar shape with irregular edges and
an approximate size of 2 um can be observed. In Fig. 5 (b), the same material is shown, with a magnification of 200,000 kx (200 nm
scale), which reveals an irregular surface with some edges and hollows.

3.2. Work function measurement

Ten measurements with the Kelvin probe were performed in accordance with the experimental methodology given in section 2.1.
An average value of 5.13 eV was found, which is in close agreement with that obtained at the DFT level of 4.81 eV (as presented
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Fig. 6. (a) Electronic band structure of the CuO (1 1 0) tenorite. The doted red line represents the Fermi level. The brown and green arrows exhibit the direct and
indirect band gaps, respectively. (b) Corresponding density of states (DOS) and (c) Projected density of states (PDOS).

below). That is, a difference of 6% with respect to the experimental value was observed. This gives to the theoretical model the
adequate validity to be used in the subsequent calculations of this work.

3.3. Theoretical calculations

3.3.1. Electronic structure properties

The electronic structure properties were analyzed to assess the behavior of the tenorite. The band structure and density of states
(DOS) of CuO (1 1 0) are depicted for the tenorite in Figs. 6 (a) and (b), respectively. In particular, the band structure exhibits two
band gaps; namely, a direct band gap of 1.24 eV at the I point and an indirect gap of 1.03 eV from Y2 to the I" point. Furthermore, as
shown in Fig. 6(b), the DOS exhibits the antiferromagnetic state of CuO. Moreover, Fig. 6 (c) shows the band gap of CuO. The valence
states are evidenced by hybridization of the O,, (purple) and Cu;, (orange) orbitals. However, the O,, orbitals are predominant in
valence states. The conduction band states are dominated by a small density of states corresponding to the Cus, (blue) orbitals. DOS
and PDOS (projected density of states) [Fig. 6 (b) y (c)] shows the antiferromagnetic state of tenorite [40].

3.3.2. Work function and redox potential

The CuO (1 1 0) tenorite structure was subjected to a theoretical analysis to explore its photocatalytic potential to transform
CO, into carbon compounds, capable of being used as solar fuel. The simulated work function (®) was calculated using the dipole
correction in the geometric arrangement depicted in Fig. 7. An electric field was biased in the z-direction of the unit cell (see Fig. 7)
to assess its effect caused by the interaction with the structure. The OV, represents the electrostatic potential at the vacuum in the
direction of the O-termination structure, while CuV_, represents the vacuum potential on the Cu-termination side. ® was assessed
with the aid of Eq. S3, as given in the Computational details section of the SI. That is, ® was calculated on the Cu-termination side
to explore its possible potential to allow the CO, molecule to evolve.

The vacuum potential on the Cu termination (CuV,,) side corresponds to 6.33 eV, while the vacuum potential on the O termination
(OV,,) side is 8.36 eV. The energy at the Fermi level (E) is 1.52 eV. Therefore, the work function (®) (as computed from Eq. S3)
for the CuO (1 1 0) surface (with Cu-termination) is 4.81 eV. This value is in close agreement with the experimental averaged result
that amounts to 5.13 eV for CuO sample, as shown in Table S1 of SI.

That is, a difference of 6% with respect to the experimental value is observed. In this regard, we consider that the addition
of more layers in the theoretical model would not increase the theoretical work function value, since the effect of the simulated
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electric field used for the calculations mainly interacts with the first layers of the model and the effect coming from deeper layers
may be considered to be negligible. Based on the latter arguments and considering that the high performance computing (HPC) cost
of the calculations rapidly increases for the string calculations (reaction routes) with the addition of more layers, we present our
calculations with the 8 layers.

The conduction band minimum (CBM) and the valence band maximum (VBM) were evaluated in accordance to the Eq. S3 and S4,
as given in the Computational Details section of the SI. Such parameters are intended to locate the energy levels at which the redox
potential related to a given reaction is possible to reside. That is, those potentials inside that energy difference are more likely to
evolve. The orange steps in Fig. 8 represent the CBM and VBM values for the CuO(1 1 0) tenorite structure; while the green, blue and
black steps represent the same parameters of the Cu,0 (1 0 0), (11 0) and (1 1 1) for the sake of comparison (see Fig. 8). The cuprous
oxide structure exhibits similar energy levels, which slightly changes the CBM and VBM values that allow them to support several
CO, transformations. The structure of the CuO (1 1 0) tenorite shows a more selective catalytic potential that is primarily focused on
the transformation from CO, to methane. Furthermore, the potential to transform CO, into methanol is marginally observed. As a
consequence, tenorite acting as a catalyst may be implemented as a material to exclusively transform CO, to methane and methanol,
both representing widely used solar fuels. As an additional remark, this selectivity could be advantageous since the pathway to fulfill
the reaction could be performed in a smaller number of steps.
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Fig. 9. Comparison of adsorption spectra for cuprous oxide and copper oxide nanostructures: (a) Photon Energy units, and (b) Wavelength units.

3.3.3. Theoretical optical properties

As it was previously described in the Computational details section, time-dependent density functional theory (TDDFT) compu-
tations were performed to simulate the absorption spectrum of CuO(1 1 0) in order to elucidate the availability of the material to
absorb solar light irradiation. The results are exhibited in Fig. 9, in which the absorption coefficient profiles are plotted with respect
to the photon energy (see Fig. 9 (a)), and with respect to the wavelength (as depicted in Fig. 9 (b)). A maximum is located near the
ultraviolet region for the CuO (1 1 0) system. A second maximum is identified at approximately 400 nm, which could be addressed to
an enhanced potential to absorb visible light coming from solar light irradiation. Moreover, the spectrum extends all over the range
of visible light, with an increasing behavior in the infrared region. For the sake of comparison, the absorption spectra of analogous
copper systems were also calculated. The spectra of the metal oxide surfaces CuO, (1 00), (11 0)and (11 1) and CuO (1 1 0) are
shown in Fig. 9 (a) and (b). Such spectra reveal their maxima located at the ultraviolet region, and a long tail extending throughout
all the visible light range. As depicted in Fig. 9 (b), the long tails of the CuO, surfaces remain under the contribution coming from
the CuO (1 1 0) system. This could be interpreted as an improved potential that intrinsically increases in the CuO (1 1 0) system.
That is, the tenorite is expected to capture a larger amount of visible light than the cuprite structure at different facets. This behavior
testifies to the increased availability of tenorite to allow a photocatalytic reaction to proceed with respect to that observed in the
typical cuprite structure [41].

Additionally, the diffuse reflectance measurements previously presented in section 3.1.2, also corroborate the theoretical obser-
vations. That is, Fig. 3 exhibits the absorption coefficient of the tenorite structure in the range of 200 nm to 900 nm. It is important
to note that the behavior of the absorption coefficient is kept constant in the visible range, which is in close agreement with the
theoretical results given above. It addresses the enhanced availability that CuO tenorite shows to absorb solar light irradiation. This
may be applied directly for a photocatalytic procedure. Such results are also in agreement with previous observations [41]. The
performance of the tenorite with respect to cuprite (CuO,) could be inferred from the nature of direct and indirect band gaps; as it
was evidenced from both approaches, namely theoretical and experimental. That is, such electronic structure disposition gives the
tenorite more accessible states to absorb visible light irradiation and, as a consequence, improves its potential to be adopted as a
photocatalytic material.

3.3.4. Photocatalytic CO, transformation

DFT calculations performed at the PBE + ZORA approach revealed the different reaction mechanisms involved in the evolution
reaction of the CO, transformation. The transformation begins with CO, activation through the *OH radical attack. This radical
is formed by the H,0, reduction as previously observed [17]. The final step considered in this simulation is the formation of
orthocarbonic acid (C(OH),), due to the attack of another *‘OH radical on the carbonic acid. Although C(OH), is considered highly
unstable, its formation on the tenorite surface is feasible, as has been shown in this work. This is likely due to the narrow potential
of the tenorite, which requires an energy barrier to dissociate this molecule into more stable species.

The following reaction pathways are proposed for the CO, evolution reaction onto the CuO (1 1 0) surface in the presence of a
light source. This process is simulated by considering that the electron-hole formation was originally induced:

CO, + Hy0, + ¢ —> CO,+" OH +[OH]~ (6)
CO,+" OH +e¢~ —> [HCO3]™ %)
[HCO3]™ + [H]* — H,COs )
H,CO; + Hy0, + ¢© —= H,CO5+" OH + [OH]™ ©)
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Fig. 10. (a) Geometries of the most relevant steps in the reaction path: I and F are initial and final geometries, respectively. B, C and D are the three transition
states that were identified for the reaction path. (b) Relative energy profile for the evolution of the reaction path, as proposed in Eq. (6) - (10). The TS’s are labeled
in red and the corresponding energy barriers are also given. In item (b), the rise of the species; namely, *OH, [HCO3]~ and H,COj3 is also depicted.

H,CO5+' OH +[H]" +e- —= C(OH), (10

The reaction mechanisms proposed in Eq. (6) - (10) were studied at the DFT level by using the string method as given in the
computational details. This methodology allows us to predict the most probable reaction pathway on the potential energy surface
(PES).

At the first step, the H,O, species adsorbed onto the CuO surface was reduced by an electron ¢~ removed from the catalyst,
forming as a consequence an "OH radical and the respective [OH]~ anion, with virtually null activation energy (0.019 eV). The *OH
radical attacks the CO, molecule and, with the aid of an e7, it forms the HCO3~ bicarbonate anion. Such an anion, in the presence of
the H™ proton, is eventually transformed into carbonic acid H,COs. In step 4, which is described by Eq. (9), another H,0, unit is also
reduced by an ¢~ and forms another *OH/[OH]~ pair. This new *OH radical attacks the H,CO3 double bond (C=0) and with a [H]*
+ ¢, the C(OH), arises. It is important to highlight that C(OH), is highly unstable as an isolated molecule. In this work, it is shown
that this molecule is stabilized due to the interaction with the tenorite surface. The energy barrier of this reaction path corresponds
to the TS D, shown in Fig. 10 (b). It amounts to 0.79 eV and corresponds to the H,CO3 activation, as it can be seen in Fig. 10 (a).
The TS, B and C correspond to H diffusion for water formation and [HCO3]™ hydrogenation, respectively. The adsorption energies
for the molecules of interest were computed in accordance with Eq. (1) of the Computational Details section, and such results are
listed in Table 1.

It is important to denote that the DFT methodology was applied to search the lowest-energy configuration, it guarantees that
a stable attraction was found. Additionally, the adsorption energy of the C(OH), onto the tenorite surface amounts to -2.11 eV,
which can be addressed to a chemisorption interaction type. Additionally, a frequency calculation analysis was performed for the
C(OH), system. The frequencies are presented in Table S7 of SI, exhibiting that all values are real, with no imaginary frequencies.
This indicates that the lowest energy configuration previously found represents a minimum in the potential energy surface, and also
guarantees that a stable molecular geometry was obtained.
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Table 1

Adsorption energies of the species of interest
along the transformation steps of CO, onto the
CuO (1 1 0) surface.

Species Adsorption energy (eV)
CO, -0.89
H,0, -1.27
H,CO; -1.46
C(OH)4 -2.11

Fig. S1 of SI depicts the electronic density difference at the interface of the organic species, and the tenorite structure at the
respective transition state (TS). The two-dimensional slice shows a large contribution at the periphery of the intermediate structures,
revealing that an effective electronic transfer is triggered at this step. Consequently, such charge excess is used by the organic species
to promote the formation of the C(OH), at the products state (as it is shown in Fig. S1 of SI). Such a behavior is corroborated by the
Bader charge calculations, revealing an electronic excess at the oxygen atoms at the transition state of the reaction. This is presented
from Table S2 to Table S7 of SI.

In Table 1, the adsorption energies are listed. The highest adsorption energy is presented by the C(OH), molecule with -2.11 eV.
This result and the charge density isosurfaces presented in SI, suggest a strong interaction between this molecule and the tenorite (1
1 0) surface. Moreover, the rest of the molecules involved in the reaction path, also present an interaction with the surface, which
is a requirement for a photocatalysis process to be feasible. Particularly, the H,0, molecule shows a higher adsorption energy (-1.27
eV) than the CO, (-0.89 eV). This contributes to the H,0, molecule to form the *OH radical onto the CuO(1 1 0) surface.

As a final remark, it is worth mentioning that the feasibility of the CO, transformation into the carbon compounds may be
assessed from the activation energies obtained theoretically via the string methodology. In this respect, we performed a comparison
with respect to other metal oxide catalysts previously studied somewhere else [17,42—45]. In particular, some analogous catalysts
are presented in Table S8 of SI. The activation energies in the transformation of CO,, are even doubled those values observed for the
tenorite structure. This behavior addresses a large potential to the tenorite system to be implemented in photocatalytic applications.

4. Conclusions

Theoretical calculations and experimental measurements evidenced the photocatalytic potential of tenorite, which is limited to
some feasible reaction routes, including the CO, evolution reaction. That is, the material is selective toward certain products, such
as methanol and methane. It was theoretically exhibited that the *OH radical formation is virtually immediate, since it is shown
that in the first step, the energy barrier amounts to 0.019 eV. This is of interest for studies where free radical attack reactions are
involved. Furthermore, a transformation of CO, can be initiated by an addition reaction of the *OH radical to obtain carbonic acid.
Additionally, it was theoretically shown that carbonic acid can also react with other *OH radical to form orthocarbonic acid, an
unstable compound that appears to stabilize on the surface of tenorite, according to theoretical calculations. That is, the species is
formed with sufficient stability to maintain its structure and be adsorbed on the surface. However, its reaction energy is higher than
that of the previous energy step, where carbonic acid is formed. Therefore, as expected, orthocarbonic acid is less stable than carbonic
acid, and the last step of the reaction would correspond to an endergonic reaction. The direct and indirect band gaps observed with
UV-vis DRS experiments and also with electronic band calculations may influence the availability of tenorite to absorb solar light
irradiation, giving the material an enhanced potential for photocatalytic applications with respect to other copper oxides.

The experimental evidence via SEM images revealed an adequate morphology to perform catalytic activity. Moreover, the exper-
imental measurement of the work function with the Kelvin probe exhibited an averaged value of 5.13 eV that differs by 6% with
respect to that obtained theoretically. The band gap value is also in close agreement with the theoretical calculations. Such evidence
gives the DFT modeling the availability to predict novel processes on the tenorite, such as the CO, transformations described in the
present work.
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