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ABSTRACT: A novel CuO-MoS, based heterostructure catalyst
model system is proposed where a CuO nanosheet with exposed
{001} facet with proper termination is the active surface for the
catalysis and a MoS, nanosheet is the supporting layer. Density
functional theory (DFT) calculations were performed to validate the
model. The MoS, bilayer forms a stable heterostructure with {001}
faceted CuO with different terminations exposing oxygen and copper
atoms (active sites) on the surface. The heterostructure active sites
with a low oxidation state of the copper atoms and subsurface oxygen
atoms provide a suitable chemical environment for the selective
production of multicarbon products from CO, electrocatalytic
reduction. Furthermore, our heterostructure model exhibits good
electrical conductivity, efficient electron transport to active surface
sites, and less interfacial resistance compared to similar heterostructure systems. Additionally, we propose a photoenhanced
electrocatalysis mechanism due to the photoactive nature of MoS,. We suggest that the photogenerated carrier separation occurs
because of the interface-induced dipole. Moreover, we utilized a machine learning model trained on a 2D DFT materials database to
predict selected properties and compared them with the DFT results. Overall, our study provides insights into the structure—
property relationship of a MoS, supported 2D CuO nanosheet based bifunctional catalyst and highlights the advantages of
heterostructure formation with selective morphology and properly terminated surface in tuning the catalytic performance of
nanocomposite materials.
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B INTRODUCTION and power generation among other energy-related applications.
However, the inertness of CO,, the high C—C coupling barrier,
and the abundance of competing reactions leading to the
creation of C, products make the synthesis of C,, compounds
more difficult.” ™

Copper-based materials, specifically Cu oxides (CuO,), have
garnered significant interest as catalysts for the electrochemical
reduction of CO, (CO,RR), and oxidized copper based
catalysts have been observed to improve the selectivity and
activity for C,, products.”” These materials exhibit broad
chemical selectivity enabling the production of diverse
multicarbon products including C,, hydrocarbons and oxy-
genates. According to a report, researchers have identified a
diverse range of 16 distinct types of products utilizing gas
chromatography and nuclear magnetic resonance that can be

According to the International Energy Agency, global energy
consumption experienced a notable increase to 9938 million
tons of oil equivalent in 2018. Notably, approximately 70% of
this energy consumption was derived from fossil fuel sources,
consequently leading to an unprecedented surge in carbon
dioxide (CO,) emissions surpassing 33 gigatons.l Moreover,
two-thirds of the total electricity usage is expected to be
generated from renewable resources by 2040,” and there is a
potential requirement for long-term storage of this electricity
for a reliable electric grid. The possibility of producing
multicarbon (C,,) products by reducing the amount of CO,
presents opportunities to store renewable energy on a large
scale and reduce carbon emissions.

Economically and energetically, C,, hydrocarbons and
oxygenates excel above C; compounds (e.g, methane or
methanol). Plastics, textiles, and pharmaceuticals, to name a
few, rely on C,, hydrocarbons such as ethylene and propylene
as fundamental building blocks. C,, compounds also have
higher energy density compared to C, products such as
methane, meaning that they can supply more energy per unit
volume. They are thus better suited for use in transportation
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Figure 1. Supercell structure of the (a) CuO nanosheet with Cu termination before coming into contact with MoS,; perspective view for the
relaxed structures of (b) MoS,-CuO (001: Cu) or NC: Cu and (c) MoS,-CuO (001: O) or NC: O showing the CuO active layer. Top and side
view of the slab and interface models of (d) pure MoS, and MoS,-CuO heterostructure with Cu (NC: Cu) and O (NC: O) termination showing

different interfacial distances after relaxation.

generated on copper catalysts via multiple proton-coupled
electron transfer mechanisms.

Different geometric shapes of CuO nanoparticles have been
observed depending on precursor materials and synthesis
routes, with each shape exhibiting a specific surface orientation.
Their surface properties have been thoroughly investigated,”
and activation of CO, on those surfaces has also been
calculated theoretically using the DFT + U method."® Among
them, the {111} oriented surface planes are the most stable,
and CuO nanobelts (nanosheets) with (001) termination are
less reducible than CuO nanoplatelets with (011) termination
under a CO atmosphere.'' Additionally, the {001} faceted
CuO nanosheets have been synthesized by a simple hydro-
thermal approach with outstanding electrochemical perform-
ance.'” More recently, researchers have synthesized (001)
oriented CuO nanosheets with high C,, production rate, good
selectivity at industrially relevant current levels, and neutral
pH;13 however, with continuous reduction, these nanosheets
agglomerate as metallic Cu dendrites. Thus, a good support
material must be designed to increase its stability without
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sacrificing the catalytic properties of (001)-oriented CuO
nanosheets.

MOS, can be a suitable choice for support material due to its
good stability.'* Moreover, MoS, with molybdenum-termi-
nated edges has shown good CO, reduction performance with
low overpotential and high current density."> MoS,-CuO based
nanocomposite (NC) heterostructures have been successfully
synthesized by many authors, and these NCs have shown an
exceptionally wide range of applications such as asymmetric
supercapacitors, enhanced photocatalysis, pollutant degrada-
tion, photothermal therapy, and nonenzymatic glucose
sensors.' ">’ However, synthesis methods used in those
studies do not select for any specific morphology and proper
surface termination of CuO nanostructures, and most of them
are nanoparticles or nanoflowers with {111} surface termi-
nation, which is not suitable for CO,RR, and the staggered
type-II band alignment formed at the heterostructures shows
low conductivity, decreasing electrocatalytic efficiency. Addi-
tionally, in MoS, and CuO based NCs, intercalation of CuO
(001)-oriented slices into MoS, layers has been observed,

https://doi.org/10.1021/acsomega.3c05213
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indicating that our proposed heterostructure model can be
experimentally synthesized.'>"”

To understand and design catalysts for electrocatalysis, the
two most popular methods are in situ experimental methods
and DFT calculations.”’ In this study, we used the DFT
methodology with appropriate corrections for our proposed
chemical system. Most of the DFT papers primarily focus on
the thermodynamics of absorbate molecules onto catalysts'
surface; however, it has been shown through on-chip
microreactor measurements that the significance of electron
injection at the interface between the catalyst and current
collector as well as the intralayer and interlayer charge
transport within the catalyst has more influence than
thermodynamic energy considerations.”> Thus, we focused
our DFT calculations on understanding the atomistic electron
transport mechanisms in our NC heterostructure catalyst
models. Furthermore, machine learning techniques have
become popular for direct structure to property prediction,
accelerating conventional methods such as DFT. Thus, we
performed machine learning inference for selected properties
of our model catalyst systems using a model trained on the
JARVIS-DFT 2D data set that is arranged by the Materials
Genome Initiative (MGI) under the National Institute of
Standards and Technology (NIST).*

In this study, we have shown that the CuO monolayer with
exposed {001} facets can form a stable heterostructure with
MoS,, and this interaction does not alter the CuO surface
chemistry negatively for selective CO, reduction to C,,
products and shows high electron transfer efficiency due to
the synergy of different mechanisms with possible photo-
enhanced electrocatalysis.

B COMPUTATIONAL METHODOLOGY

Heterointerface Geometry. The crystal structure of CuO
exhibits a monoclinic structure with C2/c symmetry, as
depicted in Figure S1b. The (001) crystal orientation allows
for the occurrence of both Cu and O surface terminations.”*
Therefore, a CuO supercell was constructed in a manner that
accurately represented the termination behavior (Figure S1d).
The constructed CuO monolayer along the [001] direction has
a structure where a Cu centered rectangle sits on top of a Cu—
O zigzag layer with an angle of 129.6°. The Cu—O bond length
is ~2.0 A, and they formed a 99.8° angle (Figure la).

The chosen base structure for modeling the bilayer
molybdenum disulfide (MoS,) is the 2-H MOS, polytype.
This polytype exhibits a hexagonal structure with space group
symmetry P63/mmc, as depicted in Figure Sla. In experiments
where 2H-MoS, with flower-like nanospheres is synthesized, it
mainly exhibits a preferential orientation of {002} planes.” In
this study, MoS, nanoflowers (MS) were simulated using a 2 X
2 supercell consisting of two MoS, layers aligned along the
direction [002] (Figure Slc). Chemical bonding occurs
between molybdenum (Mo) and sulfur (S) atoms, resulting
in the formation of a single layer. However, there is an absence
of chemical bonding between these layers. Instead, adjacent
layers are stacked in the [002] direction through the influence
of van der Waals (vdW) forces.

In our study on nanocomposite heterostructures, we
employed a monolayer of relaxed CuO structure. This
structure exhibited both copper (CuO: Cu) and oxygen
(CuO: O) terminations. Both heterostructures were modeled
with identical lattice parameter values for a and b, along with a
20 A vacuum in the ¢ direction to prevent self-interaction

errors. The values of a and b were determined to be 6.1338 A,
whereas variable ¢ was measured to be 37.3742 A. Additionally,
the angle between a and b was found to be 105.038° as
depicted in Figure 1d. A (2 X 2) supercell of the CuO
monolayer and MoS, bilayer with a lattice mismatch parameter
of approximately 0.35% was utilized to construct the
heterostructures. The lattice mismatch (&) was calculated
using eq 1:

ZAMOSZ—CUO(CII,O) % 100%

Aptos, T Acuo(cu,0) (1)

a=|1-

where Ay, and Ac,o are the surface areas of pure slabs and
Apos,—cuo 18 the overlapping area of the composites. Figure 1d

illustrates the relaxed structures of the heterostructures
pertaining to both Cu and O terminations of CuO. These
structures are denoted as NC: Cu and NC: O with exposed O
and Cu atoms on surface, respectively, in subsequent
discussions. Multiple candidates for global lowest energy
configuration can be extracted through Ilattice vector
matching26 or from other latest methods such as the
nonperiodic screening approach.”” With the assumption that
our local minimum configuration is close to that of the global
minimum, the conclusion derived in the later sections of the
paper will hold without loss of any generality.

After ionic relaxation, the CuO monolayer was reconstructed
significantly. For NC: Cu, the previous rectangular structure
has morphed into a tetrahedron with Cu atoms at the center
and O atoms at the vertices. The average bond distance in the
tetrahedron is 2.06 A with a bond distortion index of 0.07, and
it has a near perfect effective coordination number of 3.94. The
zigzag structure has formed a triangular plane with a Cu atom
at the center and two O atoms and a S atom, forming the three
vertices of the triangle. The Cu—O bond length decreased, and
the angle between them increased (Figure 1b). For NC: Cu,
the changes are not that drastic as the overall morphology of
the CuO monolayer has not changed much with slight changes
in angles and bond lengths, which is also evident from the top
view after relaxation (Figure 1d). Moreover, the subsurface O
atoms have come closer to the surface Cu atoms due to the
decreased Cu—O bond length and increased angle in the zigzag
structure (Figure 1c). This structural change is very important,
as these exposed Cu atoms with subsurface O atoms form the
basis of enhanced CO,RR that will be discussed later.

Calculation Details. The present study employed the
Vienna Ab Initio Simulation package (VASP) code®® to
conduct first-principle DFT calculations. The projector
augmented wave (PAW) method””*" as implemented in the
code captures the valence electrons and core ion interactions,
which was originally proposed and utilized by Blochl®® and
developed by Kresse.”' The valence electron configurations
that were investigated include Mo (4s2 4p6 Ss1 4dS), S (3s2
3p6), Cu (3d10 4s1), and O (252 2p4). To address the issue of
band gap underestimation in highly correlated materials, the
analysis of CuO in this study employed the Hubbard DFT + U
correction scheme. This correction scheme was initially
introduced by Anisimov et al.>* The aforementioned method-
ology has been extensively employed in the investigation of
various transition metal compounds.’*** There exist alter-
native computation methods that offer higher accuracy, such as
the hybrid functional (HSE06)*° and GW functional,®® albeit
at a higher computational cost.

https://doi.org/10.1021/acsomega.3c05213
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The approximated functional employed was the Perdew—
Burke—Ernzerhof (PBE) functional using the generalized
gradient approximation (GGA).”” In all calculations, a uniform
cutoft energy of 520 eV was employed for the plane-wave basis
set. The Monkhorst—Pack scheme was used to generate a
gamma-centered K-point grid automatically. The k-point
reciprocal space sampling was conducted by using a spacing
of 0.03 between adjacent points. To optimize the geometry,
ionic relaxation was conducted until the energy variations and
atomic forces reached values below 1077 eV and 0.03 eV/A,
respectively, and the cell volume was kept fixed. A Hubbard
potential with an effective energy of Ug = 7.14 eV was
introduced to the highly localized 3d orbitals of copper based
on the value reported in the relevant literature.” DFT-D3
(semiempirical-based)-type van der Waals (vdW) corrections
were used in this study to account for dispersion errors.

The inference of electronic and optical properties was
performed using the JARVIS-ML model that was trained on
the JARVIS-DFT data set with classical force-field inspired
descriptors (CFID).”* This data set contains 674 nonmetallic
exfoliable 2D materials with 226,779 possible vdW hetero-
structures. Predictions from the model were then compared to
our DFT values.

Van der Walls Correction. Van der Waals corrections are
required to account for the interactions between layers in 2D
heterostructures. These corrections are typically accurate and
can be applied using interatomic potentials or exchange
correlation functionals such as DFT-D and vdW-DF. In the
present study, the DFT-D3 method, an updated version of
DFT-D, was utilized to conduct density functional theory
calculations with van der Waals correction.” This implemen-
tation is based on interatomic potentials of the form C®R™S,
which is added to the total Kohn—Sham energy. The R™® term
accounts for the long-range dispersive interactions between
atoms, and the C° coefficient represents the strength of the
interaction.

From Figure 2a, it can be observed that distance between
MoS, layers decreased (7.23 to 6.18 A) after using the
dispersion corrected methods. This decrease can be attributed
to the fact that the D3 scheme successfully captured the van
der Waals interactions between the layers, which counteracted
the repulsion between the layers. The decreased interlayer
distance also increases the interlayer coupling between them,
which mainly affects the states near the I" point. This strong
coupling effect near the I" point is due to the combination of
Mo d-orbitals and S antibonding p*orbitals on the S atoms.*’
Because of this effect, the indirect band gap (I' - K) with
dispersion correction is 1.17 eV (Figure 2c), which is lower
than the band gap of 1.52 eV (Figure 2b) without any
correction. The conduction band states at the K-point
primarily originate from the localized d-orbitals on the Mo
atoms and are situated in the center of the S—Mo—S sandwich
structure.”’ These states are comparatively unaffected by
interlayer coupling and thus do not play any role in the
decreased band gap. This correction scheme also has an
important effect on the heterostructure energetics, as can be
seen from the higher contribution from dispersion energy (E4)
compared to unmodified MoS, (Table 1).

B RESULTS

Structures and Interaction Energies. Following the
relaxation process in the case of NC: Cu, the distance between
the MoS, layer and CuO was calculated to be 2.129 A.

a L/
o o 5 1{1 .
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Figure 2. Effect of D3 based dispersion correction on (a) layer

distance in the optimized bilayer MoS, structure and band structure
(DOS) calculation (b) without and (c) with dispersion correction.

Table 1. Interfacial (Surface) Interaction Energies, Bonding
Energy, Work Function, Schottky Barrier Height and
Intrinsic Electric Field for MoS, and NC: Cu, NC: O
Heterostructures

interaction
energies (eV) ’ /Wag SBH E.
configurations  E, /E, E, J m™) ¢ (eV)  (eV) (eV)
MoS, —1.06 5.48 0.015 5.138
NC: Cu —4.8 8.68 0.132 5.279 0.2 3.07
NC: O —0.879 8.63 0.026 5.280 0.62 2.88

Additionally, the distance between the MoS, layers increased
from 6.181 to 7.7946 A. In the case of NC: O, the interfacial
distance between the two heterostructures decreased to 1.564
A, whereas the interlayer distance of MoS, decreased from
7.7946 to 7.7401 A, as depicted in Figure 1d.

When two MoS, layers are separated, two extra surface areas
are generated. Thus, the surface energy can be calculated using
eq 2:

y = _(EMOSZ—bulk - EMOSZ—slab)

24 (2)
where Ejyos, pui and Epios surface stab are the total energy of the
bulk MoS, and bilayer slab of MoS,, respectively, and A is the
area of the newly created surfaces.

The energy required to separate two heterogeneous crystal

slabs is defined as the interfacial binding energy (E,), and it
can be calculated using eq 3:

E}, = Eptos,—cuo(cu:0) — (Enmos, T Ecuo) (3)

where Ejgos,.coo(Cu: 0y Emosy and Egyoare the total nano-

composite energy for both terminations, MoS, bilayer slab, and
CuO slab after contact, respectively. The greater the negative
value of E, is, the higher is the interlayer adhesion.
Furthermore, the evaluation of the stability involved the

https://doi.org/10.1021/acsomega.3c05213
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Table 2. Distance between Mo§S, Layers and Average Bond Distance between Mo—S, Cu—S§, O—S, and Cu—O Bonds Located
near the Surface (interface) Sites for MoS, and NC: Cu, NC: O Heterostructures

MoS, interlayer distance (A)

average bond distance near (surface) interface (A)

20

configurations this work exp. theory40 Mo—S Cu-S§ 0-S Cu-0
MoS, 6.18 6.2 7.884 2411
NC: Cu 7.79 7.2 2.474 2.131 1.951
NC: O 7.74 2422 1.577 2.152
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Figure 3. Spatial mapping of charge density differences before and after contact (3D plot, yellow = charge accumulation and blue = charge
depletion) of (a) NC: Cu and (b) NC: O and average line density differences after contact for (c) both heterostructures.

utilization of the work of adhesion (W,;), which takes into
account the distinct cross-sectional areas of the slab models.
W,q is defined as the interfacial binding energy needed (per
unit area) to reversibly separate the interface into two free
surfaces (eq 4):

A (4)

Here, interfacial binding energy is expressed in joules, and
contact area A is in m” Apparently, the work of adhesion
exhibited a similar trend as the binding energy.
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Table 1 displays that the surface and binding energies have
negative values, signifying their stability. Notably, NC: Cu
stands out as the most stable structure with the lowest binding
energy of —4.8 eV. The increase in the MoS, interlayer
distance due to the incorporation of CuO has been observed
experimentally (Table 2). Moreover, according to previous
research, adsorption distances between 2.0 and 2.5 A are
indicative of chemical interactions.*” On the basis of this
criterion, all studied systems exhibit chemisorption behavior.

Charge Density Difference and Bader Charge
Analysis. We conducted calculations of charge density
differences to gain a deeper insight into the evolution of

https://doi.org/10.1021/acsomega.3c05213
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electronic structure as a result of interfacial interaction (Figure
3). The charge density difference was computed using eq S:

A'Ddifference = 'Dtotal - Z ’Di (5)

where o and Y pjare the total charge density and summation
of crystal fragments’ charge density, respectively.

As can be seen from Figure 3a for NC: Cu, before coming
into full contact, the charge density has accumulated near the
MoS, side of the interfacial vacuum region, and charge
depletion has occurred at the CuO side. In the case of NC: O,
the situation has fully reversed as charge accumulated near the
CuO side and depleted near the MoS, side (Figure 3b). This
inversion can be easily explained as sulfur is more electro-
negative than copper and less electronegative than oxygen (2.4
vs 3.5). This inverse charge redistribution behavior between
MoS, and CuO creates oppositely charged poles, which in turn
can cause these slabs to come into contact more easily.

Upon contact, NC: O shows greater charge separation than
NC: Cu due to strong S—O bonds formed at the interface,
driving charge transfer. Charge accumulation on the CuO side
extends 0.87 A for NC: Cu and 2.2 A for NC: O, whereas
charge depletion on the MoS, side extends 3 A for NC: Cu and
3.22 A for NC: O. These polarized interfaces can serve as
active sites for redox reactions in electrocatalytic”’ and
photocatalytic** reactions. Moreover, from the average charge
density difference plots, the charge redistribution magnitude in
the case of NC: O is around three times greater than that of
NC: Cu. This difference will be more obvious from the amount
of total electron transferred calculated through Bader charge
analysis method in the following paragraph.

Bader charge analysis, also known as the atoms-in-molecules
theory, involves the partitioning of molecules into individual
atoms by using zero flux surfaces. A surface that exhibits zero
flux is characterized as a two-dimensional surface where the
density of electric charge experiences a minimum value upon
traversing the surface. The Bader charge of an atom refers to
the aggregate charge that exists within the atomic volume, also
known as the Bader volume.”> As charge density calculated
from VASP code only contains valence electrons, the reference
charge states have been taken as 14, 6, 11, and 6 for Mo, S, Cu,
and O, respectively.

For NC: Cu, the Cu atoms on the first layer have lost on
average ~1 electron, and for the second layer, it is higher at
around 1.11 electrons. In comparison, for NC: O, the loss of
electrons is less around 0.58 and 0.8 for the first and second
layers of Cu atoms (Figure 4a,c). Thus, the oxidation state of
Cu atoms is a gradient, lower at the surface layer and higher
toward the bulk. For Mo atoms near CuO, they lost around 1
and 1.1 electrons for NC: Cu and O, respectively. In the case
of the anions, O atoms in the first layer have gained around
0.77 and 1.03 electrons for the NC: Cu and O, respectively,
and for the second layer, they have gained around 0.95 and 1.8
electron) (Figure 4b,d). In this case, the oxidation state trend
is similar to the cations, low at the surface and high at the bulk.
For the interfacial S atoms, they gained on average 0.82 and
0.94 electrons for NC: Cu and O, respectively.

In the previous section, electron transfer between the atomic
species was discussed. In terms of electron transfer between
different layers, if the electrons from Bader analysis for all the
atoms in a slab are summed up after the contact and compared
with the reference number of total electrons in the slab before
the contact, the electron transfer between the slabs can be

Figure 4. Bader charge analysis for (a) cations (Cu, Mo), (b) anions
(O, S) for NC: Cu and (c) cations, (d) anions for NC: O with

isosurfaces indicating the corresponding Bader volume.

determined. According to the calculations, 1.28 electrons are
transferred from CuO to MoS, for NC: Cu on average. For the
case of NC: O, the transfer direction was reversed, and 5.74
electrons were transferred from MoS, to CuO. This transfer
amount can be normalized with respect to the area, and the
electrons transferred per unit area were 0.035 and 0.158 e. A7
for NC: Cu and O, respectively.

From the previous section and charge difference analysis, it
is obvious that for the NC: O system, the MoS, slab was acting
as electron donor and the CuO slab as acceptor. However, for
the NC: Cu system, the case is not as simple. From the charge
difference calculation, the electron charge density had
accumulated at the center of the Cu—S bond, and the charge
transfer is very localized at the interface. Thus, there is a
possibility that Bader charge analysis has counted this
accumulated charge for the S atoms at the interface, and as a
result, the MoS, slab seems like an electron acceptor in this
case. Moreover, as the work function of both CuO:(Cu/0O)
models are larger than the MoS, bilayer, electrons are directed
spontaneously from the MoS, bilayer to the CuO layer (Figure
SS); thus, we can assume for both cases an n-type Schottky
contact considering the anomaly. According to the Schottky—
Mott rule, the n-type Schottky barrier height (SBH) can be
calculated using eq 6:

SBH = Ecpy — Eg (6)

where Ecgy is the conduction band minimum of the MoS,
bilayer and Ep is the Fermi level of the heterostructure.
According to the calculation presented in Table 1, the NC: Cu
and O have SBHs of 0.2 and 0.62 eV, respectively. For
comparison, MoS, and graphene (MS-G) and SWSe and
graphene (SWSe -G) have n-type SBHs of 0.49 and 0.35 eV,
respectively.*®

From the charge difference calculation, it has been observed
that because of electron transfer between MoS, and CuO slab,
an intrinsic electric field (E;,) had been formed. This intrinsic
field can be quantified by the following formula (eq 7):

Ein = #cu0 ~ Pnci(cu0) (7)
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MoS, nanoflower CuO@MoS,
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Figure S. 2D color map of ELF before and after the contact between MoS, (002) and (a) Cu (001): Cu and (b) Cu (001): O. ELF profile of the
interfacial regions between neighboring atoms of S—Cu, Mo—S, and Cu—O for (c) NC: Cu and S—O, Mo—S and O—Cu for (d) NC: O. (e)
Schematic illustrating the destacking of 2H-MOS, layers due to interaction with CuO. See Figure S2 for the 3D ELF isosurfaces.

Here, ¢nc. (cu, 0) and @c,o are the work functions of NC:
(Cu, O) heterostructures and CuO slab, respectively. The E,, is
slightly higher for NC: Cu compared to NC: O (Table 1). The
SWSe-G heterostructure shows a much lower intrinsic field
(0.81 eV) due to similar electron transfer.

Interfacial Bonding Characteristics. The measurement
of electron localization in atomic and molecular systems,
known as ELF, is determined by the probability density of
locating another electron with the same spin near the reference
electron and is connected to the electron density. It is also a
differential scalar field in three-dimensional space, which

means that it is a function that assigns a scalar value to each
point in space, and its definition is presented in eq 8:

1

) = Tm ®

1 N 2 11Vp(r)l
2 Zi:l IV',I/I(T)l - g—p(r)

Dy (r) (9)

x(r) =
_ 3 2\2/3 o Ns/3
Dy(r) = 2 (52500 o)
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The electron localization D(r), the numerator in eq 9, is the
difference between the kinetic energy density and the bosonic
kinetic energy density. The y; represents Kohn—Sham orbitals,

and p =), Il//il2 stands for electron charge density. The

uniform electron gas Dy(r) is defined as eq 10. This ELF
technique can be used to separate chemical type bonding from
physical binding."”

When n(r) is greater than 0.7, electrons are considered
localized with core or bonding regions or lone pairs, whereas
electron localization is similar to electron-gas and characteristic
of metallic bonds when n(r) ranges from 0.2 to 0.7. Between
the two MoS, layers, the electron localization near the sulfur
atoms of the L-1 before contact is high compared to the L-2.
The situation has reversed after contact, and thus, the net
localization has decreased. This phenomenon is more prevalent
for the NC: Cu system (Figure Sab). According to Bader
analysis, the sulfur atoms of L-1 gained on average less electron
compared to L-2 (0.51 vs 0.58 for NC: Cu and 0.56 vs 0.58 for
NC: O) with respect to reference. Thus, the L-1 sulfur atoms
along the MoS, bilayer vdW interface have less polarizable
electron cloud as the lower count of available electrons is more
tightly bound to the sulfur nucleus. As the interaction between
MoS, layers is of a vdW origin and the magnitude of the
attractive vdW force depends on the polarizability of electron
cloud, the vdW attraction between MoS, layers had decreased,
and as a result, the interlayer distances had increased after the
introduction of CuO. The NC: Cu system has comparatively
less polarizable sulfur atoms, and as a consequence, it
showcases a larger interlayer distance compared to NC: O
(Table 2). This property can be used to destack the MoS,
monolayer from bulk nanoflowers by sonicating MoS,/CuO
solution as illustrated in Figure Se. The formed nano-
heterostructure will be more active for catalytic reactions due
to the increased surface area.

For both NC: Cu and O systems, a centered delocalized
zone can be observed with an ELF value of around 0.5 due to
Mo carrying o-aromaticity inside every hexagonal ring of the
MoS, structure.”® The bond type between Mo and § is mixed
ionic—covalent.”” However, separation of localized electron
density can be observed in both heterostructures, and a non-
nuclear minimum of around 0.35 at 1 A from Mo atom can be
observed (Figure Sc,d). This bond tearing can be due to the
increased bond length of Mo—S for both systems (Table 2)
resulting from the interfacial interaction with CuO. The
interfacial bond between S and Cu in the NC: Cu system has a
bond length of 2.131 A, and the localized electron cloud is near
the S atom with a maximum ELF value of around 0.9 at 0.6 A
from the S atom, making the Cu—S bond strongly ionic (Table
2 and Figure Sc). On the other hand, the interfacial bond
between O and S in the NC: O system is smaller compared to
NC: Cu with a value of 1.577 A, and mostly a diffused covalent
type bond can be deduced from the maximum ELF value of
around 0.8 at 0.9 A from the S atom (Table 2 and Figure 3d).
In case of the Cu—O bond for both systems, they are both
ionic with maximum electron localization near the O atom, and
this localization is more dominant for surface O atoms in the
case of the NC: Cu system as can be seen from the after-
contact structure compared to the before-contact structure in
Figure Sa.

Electronic Structure. To acquire a deeper understanding
of the electronic characteristics of MoS,/CuO heterostruc-
tures, with particular focus on the impact of interface and

termination type on the electronic structure, band structure
and density of states (DOS) calculations were conducted and
are presented in Figure 6.
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Figure 6. Band structures showing the atomic band projection for (a)
NC: Cu and (b) NC: O heterostructures with orbital projected DOS
(PDOS) in the inset and (c) total density of states (TDOS) for all
models and local density of states (LDOS) of NC: Cu and NC: O.
The Fermi energy level is set at zero.

The NC: Cu and NC: O heterostructures both show a
metallic behavior due to the formation of states near the Fermi
level as can be seen from the band structure and total density
of states (TDOS) (Figure 6a—c), and these states are
dominated by O-2p orbitals in the case of NC: Cu; however,
these orbitals have little influence on NC: O as can be seen
from the projected states on to Mo-4d, Cu-3d, and O-2p
orbitals (Figure 6c inset). Moreover, these states near the
Fermi level of NC: Cu mainly come from the O atoms on the
surface of the heterostructure (Figure S3a). The interfacial
atoms Cu—S§ for NC: Cu and O-S for NC: O have little
contribution toward those states as they mainly constitute the
states deep into VBM and CBM (Figure S3b,c). Moreover, the
interactions with these active O-2p orbitals have modified the
Mo-4d orbitals for both heterostructures, especially as they
have merged from both band edges to form a continuous band.
For experiments where MoS, is the main constituent and CuO
is used as a modifier, the electronic properties are mainly
dominated by MoS,, with the MoS,—CuO interactions playing
an important role in modifying the base electronic structure
and the influence of these interactions becoming more visible
with increasing CuO content. To comprehend the impact of
the interface formation on the electronic properties of MoS,,
we projected the bands onto the MoS, slab to derive the local
density of states (LDOS), which had a profound effect (as
demonstrated in Figure 6c LDOS). The most prominent
characteristic of this projected DOS is that there is limited
overlap between the CBM and the VBM bands. Although the
GGA + U functional used in this study led to an
underestimation of the calculated band gaps of MoS, and
CuO (001: Cu, and O), the relative trends between these
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Figure 7. Band structures showcasing the metallicity of CuO (001) along with isosurfaces of the electron wave function corresponding to bands
inside the conduction band, sampled at the I point, for the slab model of (a) CuO (001): Cu and (b) CuO (001): O along with VBM and CBM of
pristine MoS, for reference. Band projected onto the CuO layer for (¢) NC: Cu and (d) NC: O nanocomposite heterostructures. The Fermi energy

level is set at zero.

values remain valuable. This metallicity is mainly due to the
hybridization between the O-p orbital and the modified d
orbital from Mo sites, and from the charge redistribution
analysis, it was evident that these interactions do not penetrate
deep into the MoS, layers. As a result, there is a gradual
transition from metallic CuO toward semimetallic MoS,
layer(s) near the MoS,—CuO heterointerface and ultimately
to the bulk semiconductor like behavior of MoS,. Another
important observation can be made that the LDOSs have
shifted toward lower energy, and this is more prominent for
NC: O due to the existence of a stronger interfacial dipole than
NC: Cu as calculated previously.

Metallic CuO Modulated Electrocatalysis. From the
previous section, the electronic activity near the Fermi level
(which is important for understanding catalytic processes) is
mainly due to CuO, more specifically the 2p orbital in CuO.
To fully understand the metallicity, we calculated the projected
band structures for only CuO slabs with {001} facets (Cu and
O terminations in Figure 7a,b). As can be seen from the plot,
they both show metallicity on their own. The states inside the
conduction channel are mainly due to the surface oxygen
atoms, as can be observed in the isosurface wave function plot
corresponding to the energy bands. Surface atomic site
induced metallicity has been previously observed in similar
CuO structures and is demonstrated to be an authentic
electronic effect at the surface, unaffected by surface unit-cell

size and symmetry.”® The CuO (001): O also shows
metallicity; however, the DOS in the conduction band region
is very low compared to CuO (001): Cu. Unlike the Cu
termination, the chemical environment of these O atoms will
be strongly modified when MoS, is brought into contact,
forming a strong covalent bond that will influence the
metallicity. Additionally, from the reference band edges of
pristine MoS,, these O induced conductive channels sit right
between the VBM and CBM of MoS, and, along with
hybridized Mo 4-d orbitals, create a continuous conduction
channel for the metallic heterostructure. A similar level of
metallicity of CuO persists even after the formation of the
heterostructure as can be observed from the projected bands in
Figure 7¢,d with the CuO slab showing the presence of more
conduction channels in the NC: Cu heterostructure compared
to NC: O.

Optimizing the electron transport path and minimizing
interfacial resistance between the catalyst/cathode and
interlayer interface are crucial, as the transfer of charges within
the catalyst system holds greater significance than thermody-
namic energy considerations. The matter of the electron
transport path is trivial for this case. Thus, the cause of
interfacial resistance, which is mainly due to two physical
phenomena, resistance due to (I) Schottky barrier height
(SBH) and (II) electron tunneling through the interfacial
electrostatic potential barrier, will be presented.
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Because of chemisorption between MoS,-CuO and the
presence of electronic states near the Fermi level, there are no
large vdW gap and SBH induced barrier. However, tunneling
barriers exist because of electrostatic potential differences,
which are shown in Figure 8a. The barrier has a width (w,) of
0.54 and 0.36 A and a height (®,) of 1.241 and 1.08 eV for
NC: Cu and NC: O, respectively, marked blue in the
electrostatic potential profile. This induces a tunneling
resistivity due to tunneling barrier probability (PTB),** and
it can be defined by eq 11:

Py = ¢ 2/ M (11)
where m is the mass of a free electron and 7 is the reduced
Planck constant. To understand the tunneling barrier, eq 11
can be simplified to obtain a comprehensive factor: C = w;®,.
It is evident that a lower C value is beneficial owing to the
increased likelihood of a larger tunneling barrier probability
and a decline in tunneling resistivity. Regarding this metric,
NC: O has lower value of C (0.14) compared to NC: Cu
(0.36). For comparison, the semimetal—semiconductor heter-
ostructure Bi and MoS, has a tunneling width of 1.66 A, a
height of 3.6 eV, and a corresponding C value of 9.9 that is
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very large compared to our models.”" This is mainly due to the
vdW interactions between MoS, and bismuth (Bi). A slight
contrast exists between the mechanism in which the two
structures avoid gap state induced Fermi-level pinning. In the
case of MoS,-Bi, the Fermi level of MoS, is shifted into the
conduction band, yielding a degenerate MoS, in contact with
Bi. However, in the case of MoS,-CuO, the band edge states,
which are mainly composed of Mo-4d orbitals, are hybridized
with surface O-2p orbitals from CuO, resulting in a continuous
band from the VBM to CBM. Without this hybridization, the d
orbitals can form discrete gap states in case of direct contact
with the metal electrode. Thus, MoS,-CuO (001) based
heterostructures can be used as both conductive and active
layers for electrocatalysis depending on the termination of
CuO. The activity of this layer can be further enhanced by
using the photoactive characteristic of MoS,, which will be
discussed in the next section.

Directional Photoenhanced Electrocatalysis. We have
calculated the optical properties of pure MoS,, NC: Cu, and
NC: O due to electronic transitions. In this methodology, the
excited states are delineated as unoccupied Kohn—Sham states.
The electric field of the photon instigates the transitions
between the occupied and unoccupied states. The collective
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cases.

excitations are known as plasmons. On the other hand, single
particle excitations are considered independent transitions.
The spectra that ensue from these excitations can be regarded
as a joint DOS between the valence and conduction bands
with appropriate matrix element weights.

A fraction of the total incident energy is lost as the wave
passes through the material. This lost fraction is identified as
the absorption coefficient, and it can be defined in terms of
complex dielectric constants at a given frequency as &(w) =
e(w) + ig(w), where £,(w) and &(w) are the real and
imaginary parts, respectively, and the absorption coefficient can
be written as eq 12:

I(w) = V20 Er(w)2 + Ei(a))2 + Er(w)]l/2 (12)

The absorption coefficient with positive magnitude can be
achieved only when ¢(®) > 0. &(w) can be represented as a
full many-electron wave function as eq 13:>

) 2
e(hw) = g—e > Wy flurly?)PS(EL — B — E)
€o k,v,c (13)

Here, Q, , ¢, 1, and u are the total unit cell volume,
frequency of incident photon, conduction bands (CBs),
valence bands (VBs), and vectors defining incident electric
field polarization, respectively. For materials that lack complete
cubic symmetry, their optical characteristics will exhibit a
certain degree of anisotropy. This feature can be incorporated
into computations by considering the polarization of the
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electromagnetic field. As previously stated, the polarization
orientation of the electric field is defined by the unit vector u.

From the analysis presented in Figure 9a, it is evident that
the absorption coefficient exhibits a decrease for the entire
range of photon energy when subjected to light irradiation
along the z axis. Furthermore, a red shift toward lower energy
is observed for both heterostructures as compared to the
pristine MoS, slab model. This red shift will result in increased
absorption of low energy photons in comparison to that of the
MoS, surface slab. The optical band gaps (Figure 9a inset) are
around 1.2 0.9 and 0.95 eV for MoS,, NC: Cu, and NC: O. For
irradiation along the transverse direction (Figure 9b), a similar
behavior can be observed with optical band gaps (Figure 9b
inset) of around 1.3 0.8, and 0.9 eV for MoS,, NC: Cu, and
NC: O, respectively.

The motion of the photogenerated electrons will vary
depending on the direction. For the lateral direction (Figure
9¢), the movement will occur between modified bulk *MoS,
and the active NC: O heterostructure. Upon absorbing a
photon, *MoS, generates electron—hole pairs. Most of the
electrons instead of recombining with holes are transported to
the active layer because of the intrinsic electric field. This
electric field is induced because the work function of NC: O is
slightly lower than *MoS,. As a result, after coming into
contact, the free electrons will transfer from *MoS, to NC: O
until the Fermi levels are aligned and an equilibrium has been
established. The induced electric field will propel the electrons
from *MoS, to NC: O, and as a result, a positively charged
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region is created at the *MoS, side. The positive region
attracts the photogenerated electrons, and they are transported
to the NC: O side quite quickly as they face an energy drop of
around 0.62 eV due to SBH between *MoS, and NC: O.
These energetic electrons are further propelled to Cu active
sites because of the intrinsic electric field between MoS, and
CuO in the NC: O active layer and participates in the CO,
reduction reaction to form C,, products.

For the transport of photogenerated electrons in the
transverse direction, the NC: O heterostructure faces
decreased sheet resistance due to CuO induced metallicity
and overall lower electrostatic potential (Figure S4), and the
transported electrons are propelled into the active surface
because of the intrinsic vertical electric field. The contact
resistance between these two regions is very low, as the work
function of NC: O is 5.28 eV, which is very similar to the
conduction band energy relative to the vacuum level of the
adjacent MoS, sheet. A similar kind of low sheet resistance was
observed with two phases of MoS, (1T-2H) with a contact
resistance of 200—300 Q ym.>* The varying conductivity also
means that the band gap is reduced from the pristine MoS,
band gap toward zero band gap, and as a result, the
nanostructure can absorb a wider range of energetic photons
(0—1.2 eV). This is obvious from Figure 9a (inset) as the
absorption coefficient slowly increases from zero to a high
value for both NC: Cu and NC: O. In contrast, for the
unmodified MoS,, there is a sharp transition around 1.2 eV.
Thus, the previously presented absorption values for the NC:
Cu and O nanostructures were averages, and this wide range of
absorption coeflicient along the sheet means that they can
absorb more of the sun energy spectrum.

Comparison between DFT and ML Predictions. We
performed inference from the JARVIS-ML model on our
model systems and compared them to the DFT calculations
(Figure 10). The band gap and average refractive index were
the target properties. According to the calculations, the
predictions of the band gap from the ML-OptB88vdW
model were closest to our DFT calculated values across all
of the model systems considered (Figure 10a). The model
predicted the lowering of the band gap even for the most
physically unique 2D-CuO-(001) slab where it shows
metallicity according to our DFT calculation. As the model
was trained on nonmetallic 2D materials, it fails to predict out
of distribution zero band gap for the model slabs. The ML-
TBmB] model overestimates all band gap values. For
predicting the average refractive index, a similar outcome can
be observed where ML-OptB88vdW model predictions come
closer to the DFT values. According to the DFT calculations,
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both NC: Cu and O models show a refractive index lower than
MoS,. The ML-OptB88vdW model correctly predicts this
trend for NC: O; however, it fails to do so for NC: Cu, where
it predicts a refractive index higher than MoS,. The predictions
are overestimated by the ML-TBmBJ model; however, the
difference is not drastic compared to the band gap predictions.
Taking into account that the JARVIS-DFT model was trained
on nonmetallic 2D materials and vdW heterostructures, the
predictions were quite robust as the heterostructures in
question are both metallic and non-vdW.

B DISCUSSION

In this study, we performed detailed first-principle calculations
to understand the effect of non-vdW heterostructure formation
between the {001}-faceted CuO monolayer with different
terminations and {002}-faceted MoS, bilayer on its structural
(both surface and interface), charge distribution, electronic,
and optical properties and how these changes can be used in
the context of optically enhanced electrocatalytic reduction of
CO, to suitable C,, products.

From the binding energy, it is evident that the hetero-
structure formed between CuO and MoS, is stable and that
MoS, can be used as a stabilizing support material for the
active CuO monolayers as they face instability due to
agglomeration in a reducing environment."> Because of the
lack of any dangling bonds in the electron-filled sulfur atoms in
MoS,, the long-term stability of S edge in water has been
theoretically shown.'* This combined strong binding energy
and intrinsic stability of MoS, are capable of protecting the
CuO monolayer from the reducing environment by only
exposing the active surface. The incorporation of {001 }-faceted
CuO monolayer also weakens the MoS, layer-to-layer
attraction, resulting in destacking that in turn increases the
active surface area.

For the active layer NC: O, reduction reactions are
occurring continuously and thus require continuous supply
of electrons that can be met because of the abundance of
electrons on the CuO layer as has been shown by the layer-
wise Bader calculation. Another insight from this calculation
was that the oxidation state of surface copper atoms was lower
than that of the bulk region. This result is important because it
has been experimentally shown that locally reduced Cu atoms
(i.e., lower oxidation state) are active for hydrogenation of
*CO intermediate along with dimerization and protonation,
which is an important step toward CO, reduction to C,,
products. A higher oxidation state such as Cu®* oxide forms a
copper carbonate passive layer hindering charge transport.”*
Moreover, a higher oxidation state is more selective toward
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methane (CH,) formation as the binding of *CO intermediate
is stronger, and thus, further hydrogenation is possible
especially with a solid solution with other metal oxides such
as Ce0,.”° Additionally, from the theoretical study, it was
found that subsurface oxygen as present in the NC: O system
stabilizes the physisorption of CO, molecules onto the Cu
surface, which is the first step of the COZRR.56 Thus, it is clear
that the NC: O model system presents a suitable surface
chemistry for CO,RR to form C,, products such as ethylene,
ethanol, etc., selectively. Moreover, the reduction of low
oxidation state Cu to Cu’ is much slower than reduction of
Cu** to Cu%,”” and the MoS2 nanosheets keep the CuO
nanosheets separated, thus preventing dendritic Cu formation.
However, without an efficient supply of electrons to the
reducing active sites on the surface, the effectiveness of the
active layer will suffer, and this charge transfer characteristic is
captured by the Tafel slope, which is an important
experimental screening factor to identify good catalysts.

The logarithmic form of the Tafel equation (eq 14), which is
in turn a simpler version of the Butler—Volmer equation,
linearly relates between electrode current density (j) and
overpotential (1) as follows:

logj = logj + —2&
(0] = 1o —_—
&) & 2.303RT” (14)

where the inverse of the factor before 7, i.e., 2303;”, is the Tafel
az)

slope, and it is clear that the Tafel slope has an inverse relation
to the charge transfer coefficient (a). Thus, to achieve a small
Tafel slope, good charge transferability is required. One of the
defining factors of this charge transferability is different contact
resistances in a catalytic cell.

Direct contact between MoS, and metal suffers from partial
Fermi level pinning due to the interface dipole modified wave
function near the metal contact and the presence of gap states
near the MoS, layer.”® Although vdW 2D heterostructures are
a common choice for catalytic applications®” and they have
some advantages, for example, the SBH for a vdW
heterostructure MS-G has been calculated to be only 0.18
eV,%" physisorption type interactions between them cause a
large tunneling barrier due to vdW gap, resulting in a large
interfacial resistance.

The NC: Cu heterostructure has a smaller (5.28 eV) work
function compared to 2D CuO (001): Cu slab (8.35 eV).
Moreover, because of the high conductivity of the nanostruc-
tures due to CuO induced metallicity, no Fermi-level pinning
in the absence of gap states between the contact material and
the conductive layer unlike direct MoS,-metal (Au, Cu, etc.)
contact, and SBH assisted (0.62 eV) electron hopping from
modified bulk MoS,(*MoS,) to NC: O heterostructures in the
active layer, the electron transport is much more efficient.
Thus, this heterostructure model is a suitable candidate for the
conductive layer, where electrons can be easily injected from
the metal cathode through the conductive layers to the active
layers, as shown in the schematic in Figure 8b. For the active
layer, the main concern is the swift transport of the hot
electron coming from the conductive layer to the surface Cu
sites, where the CO,RR mainly occurs. The NC: O shows low
tunneling barrier resistance due to chemisorption (no vdW gap
like MS-G and MS-Bi), and the interfacial electric dipole
induced bias controlled one-way flow of electrons from MoS,
to CuO. The electron hopping between conductive layer and
active layer is also eflicient compared to layer-to-layer electron

hopping in pristine MoS, nanoflower. The latter shows a large
van der Waals gap induced potential barrier of around 4.33,
4.54, and 5.68 eV (Figure 8) for bulk MoS, to surface MoS,,
bulk MoS, to surface NC: Cu, and bulk MoS, to surface NC:
O, respectively. Because of NC: Cu showcasing greater binding
energy than NC: O, there is a high probability that NC: Cu is
the dominant species in normal solution-based synthesis
(solvothermal, hydrothermal, etc.) methods. However, this
limitation assumes that we have an equal portion of Cu and O
terminated CuO nanosheets. Moreover, they have two exposed
surface area, and we can preferentially synthesize nanosheets
with Cu termination on both surfaces using proper control of
the synthesis conditions and utilizing recent development in
bottom-up electrochemical synthesis of atomically thin TMOs
based non-vdW nanostructures.’’

Although the NC: O system does not directly fulfill the
required energy level positions for both half reactions of
photocatalytic reduction of CO,, the spatially separated
photogenerated carriers due to the intrinsic dipole®” allocate
extra electrons for the electrocatalysis CO,RR reactions. This
kind of Schottky enhanced photocatalysis has been validated
experimentally for the CoP/g-C3N, heterostructure, which is a
similar metallic-semiconductor system.”’ In this case, the
photoluminescence lifetime decreased because of rapid
electron injection from semiconducting g-C;N, to metallic
CoP. This suppressed carrier recombination in g-C;N,
significantly enhanced the photocatalytic H, evolution
performance.

Bl CONCLUSIONS

In conclusion, MoS, based monolayer or bilayers are suitable
support materials for active CuO monolayer due to good
binding characteristic and good stability of MoS, in reducing
conditions. The NC: Cu based heterostructure shows promise
as a conductive support material for the main active material
due to high conductivity, low interfacial resistances between
external metal contact and the heterostructure (no Fermi level
pinning), intralayer MoS, and CuO (low tunneling resistance),
and interlayer conductive and active layers (SBH assisted
electron hopping). For the NC: O based active layer, the
combined effect of an interfacial electric field, low interface
resistance, and active surface Cu sites with a low oxidation
state with subsurface O atoms makes it a promising choice for
the CO,RR reaction for selective C,, production. The
electrocatalysis performance of our model system can be
further enhanced through Schottky enhanced photocatalysis
due to the good separation of photogenerated carriers. Thus,
this study proposes a promising and unique heterostructure
catalyst model that can be used in electrocatalytic reduction of
CO, for selective production of C,, products with a possible
photo enhancement method. As the study solely focused on
how the electrons behave in a chemical environment formed
by chemisorption of the metallic CuO monolayer onto MoS,,
future studies should focus on the thermodynamics of this
system for CO,RR, specially to understand how this
heterostructure changes the active surface sites and reaction
pathways for the CO, conversion compared to only 2D-CuO
nanosheets.
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Supercell structures with lattice parameters for (a)
bilayer 2H-MoS, and (b) CuO and lattice planes
showing preferential surface plane(s) for (c) 2H-MoS,
(002) and (d) CuO (001) with both Cu and O
terminations (Figure S1); 3D ELF isosurfaces for (a)
NC: Cu and (b) NC: O models before and after the
contact (Figure S2); PDOSs showing the (a) surface
oxygen contribution to the NC: Cu model system and
contributions from interfacial atoms (Cu, S) and (O, S)
for (b) NC: Cu and (c) NC: O models, respectively
(Figure S3); electrostatic potential profile for MoS, slab,
NC: Cu, and NC: O models along direction a or b
(symmetric) (Figure S4); and energy level diagram with
work functions before contact for (a) NC: Cu and (b)
NC: O models (Figure SS) (PDF)
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