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ABSTRACT: Light-assisted conversion of CO, into liquid fuels is one of several possible approaches
to combating the rise of carbon dioxide emissions. Unfortunately, there are currently no known
materials that are efficient, selective, or active enough to facilitate the photocatalytic CO, reduction
reaction (CO,RR) at an industrial scale. In this work, we employ density functional theory to explore
potential tellurium-containing photocathodes for the CO,RR by observing trends in adsorption
properties arising from over 350 *H, 200 *CO, and 110 *CHO surface—adsorbate structures
spanning 39 surfaces of 11 materials. Our results reveal a scaling relationship between *CHO and *H
chemisorption energies and charge transfer values, while the scaling relation (typically found in
transition metals) between *CO and *CHO adsorption energies is absent. We hypothesize the scaling
relation between *H and *CHO to be related to the lone electron located on the bonding carbon
atom, while the lack of scaling relation in *CO we attribute to the ability of the lone pair on the C
atom to form multiple bonding modes. We compute two predominant orbital-level interactions in the *CO-surface bonds (either
using s or p orbitals) in addition to bonding modes involving both ¢ and 7 interactions using the Crystal Orbital Hamiltonian
Population analysis. We demonstrate that bonds involving the C s orbital are more chemisorptive than the C p orbitals of CO. In
general, chemisorption trends demonstrate decreased *H competition with respect to *CO adsorption and enhanced *CHO
stability. Finally, we uncover simple element-specific design rules with Te, Se, and Ga sites showing increased competition and Zn,
Yb, Rb, Br, and Cl sites showing decreased competition for hydrogen adsorption. We anticipate that these trends will help further

screen these materials for potential CO,RR performance.

B INTRODUCTION

Photocatalytic CO, reduction provides a path to reducing
greenhouse gas emissions, the accumulation of which is one of
the main contributors to climate change.'™> Unfortunately,
identifying an efficient, stable, and selective heterogeneous
photocatalyst with high activity for the CO, reduction reaction
(CO,RR) has proven a formidable challenge. Copper is the
most widely studied electrocatalyst, known to generate C,
hydrocarbons with appreciable activity while limiting hydrogen
production” while, notably, requiring high overpotentials and
exhibiting poor stability and selectivity, limiting its practical
applications.” Compared to electrocatalysts, photocatalysts
have the potential advantage of being powered by (sun)light
rather than an electric bias. Nevertheless, to date, even the
most widely studied materials such as TiO, suffer from similar
deficiencies as copper: low activity and efficiency.® Recently,
materials discovery has led to new compositions that have
shown dramatic improvements in efficiency and activity, such
as W,C for the photocatalytic and Cu—Al for the electro-
catalytic CO,RR, supporting the need for further materials
discovery approaches.”*

In the search for new metallic electrocatalytic materials,
significant effort has been made toward calculating chem-
isorption energies of adsorbates key to the CO,RR process,
including *CO, *H, and *CHO.””"' In many systems
(including transition metals,'” transition metal chalcoge-
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nides,"* bimetallics,"* transition metal oxides'®), these energies
have been linearly correlated to reaction activation energies,
according to Bronsted—Evans—Polanyi (BEP) relations.'®™"®
For example, CO dissociation energies on transition metal
surfaces have been correlated to activity for the CO
methanation reaction, where the transition state energy is
scaling linearly with the CO dissociation energy.'” The
correlation of chemisorption energies to activity in these
material systems has aided in developing design rules for more
efficient catalysts. In transition metals, the protonation of CO
has been highlighted as the critical step toward CO,RR
products, and its reaction enthalpy has been found to be
proportionally related to the overpotential needed to drive the
methanation reaction,” underscoring the importance to
calculating the chemisorption energy of CO, H, and CHO.
In addition to relations between adsorption and activation
energies, linear scaling energy relations have also been found
between chemisorption energies across various metal and alloy
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surfaces as a result of similar orbital bonding contributions
across these materials: mostly due to the varying contribution
from the surface d-orbitals.”" For such systems, these relations
dictate that the adsorption energy of some molecular fragment
(i.e., AHx) is linearly correlated with the adsorption energy of a
subset of that fragment (i.e., A), such that*'

AEy, = yAE, + 11 (1)

Unfortunately, on transition metals, these scaling relations
have been found to limit their activity for the CO,RR.”* For
example, one key step in the CO,RR on transition metals is the
conversion of ¥*CO to *CHO as an intermediate step to
forming value-added products, such as methane. For this to
occur, *CHO must be stabilized over *CO. However, because
of the scaling relations on metallic materials, a stabilization of
*CHO typically indicates a further stabilization of *CO,
negatively impacting the CO,RR process.”” Hence, there is a
need to find materials which can break or improve the scaling
relations typically found for transition metal systems and
alloys.

In the quest for in-silico discovery of photocatalysts for
CO,RR, Singh et al.** conducted a broad search for promising
materials without any bias toward a particular class of
chemistries. The resulting materials were screened to be
synthesizable, stable under CO,RR aqueous conditions, exhibit
theoretical bandgaps in the visible spectrum, and have one or
more surface with band-edges at suitable potentials for the
CO,RR.** An additional study found that (except for three
materials) all of the tellurium-containing semiconductors
resulting from the screening strategy had an integrated
absorption coefficient near or above that of TiO, and that
six of the materials considered had small exciton binding
energies.”* In short, on the basis of their stability and
photochemical suitability, these tellurium-based materials are
promising for the CO,RR. Additionally, one of the tellurium-
containing materials, ZnTe, had recently been experimentally
found to exhibit photocatalytic activity,””~* giving credibility
to the screening. However, semiconducting tellurides have not
been investigated for their adsorption properties relevant to the
CO,RR, and further understanding is desirable. To our
knowledge, there is no comprehensive database of chem-
isorption energies or other properties important to photo-
catalysis that includes data for tellurium-containing materials,
and it is uncertain which of these materials may be more
optimal for this process.

In this work, we present a comprehensive overview on how
*CO, *H, and *CHO interact with various surfaces on
materials of interest to the CO,RR: YbTe, RbTeAu, zinc-
blende, wurtzite, and trigonal ZnTe, low-dimensional materials
including GaTe, GaTeCl, InTeBr, BiTeBr, as well as Ga,TeSe,,
and Zn(GaTe,),. We present a database of relaxed adsorption
structures and chemisorption energies spanning over 350 sites
for *H, over 200 sites for *CO and over 110 sites for *CHO,
across 39 surfaces of 11 materials—to our knowledge, the most
comprehensive set of chemisorption energies (relevant to CO,
reduction) to date on semiconductors, in this case also focused
on those that contain tellurium. Using this database, we
uncover the extent of hydrogen adsorption competition in
these materials, showing that many surfaces exhibit little to no
hydrogen adsorption. Further, we deduce adsorbate—orbital
and surface—orbital interactions as they relate to the
magnitude of *CO chemisorption energies, where specifically,
s-interactions were found to form stronger bonds.

More remarkably, for these tellurium-containing materials
with wide differences in chemistries and structures, we uncover
a scaling relationship between *H and *CHO. As *H is
stabilized on these surfaces, so is *CHO. Meanwhile, we
observe a correlation between *CO and *CHO adsorption,
but it is not as well-defined as in transition metals. We also
observe that *CHO binds more strongly to the surfaces of the
studied tellurium materials than to transition metals™” for the
given range of *CO chemisorption energies. Indeed, *CHO
chemisorption is much more exergonic, below the scaling
relation of transition metals. This suggests more thermody-
namically favorable conditions to convert *CO to *CHO on
semiconducting tellurides compared to transition metal
systems. However, it is unknown if these materials would
undergo such a reaction pathway. While further kinetics and
mechanistic studies are necessary, this first thermodynamic
screening highlights the promising CO, reduction activity of
tellurium-containing semiconductors and presents a compre-
hensive overview of trends across this composition landscape
which could aid the design of photocatalytic CO,RR devices.

B METHODS

The adsorption properties of Te-containing materials were
computed using a previously developed adsorption workflow,*
leveraging the FireWorks,”' atomate and custodian,®* and
pymatgen” python packages. As part of the workflow, density
functional theory (DFT) calculations were performed using
the Vienna Ab-initio Software Package (VASP)**** using a
plane-wave basis set with a typical cutoff energy of 450 eV and
projector augmented wave (PAW) pseudopotentials.’®?’
Calculations were performed using the revised PBE functional
RPBE,* with the Grimme D3 dispersion correction method to
account for van der Waals interactions.”” Dipole corrections
were employed for polar slabs. A force-based convergence
criterion of 0.05eV/A was used, and the self-consistent
electronic convergence criterion was set to 1 X 10~*eV. The
k-points density was chosen using the pymatgen default value
based on the dimensions of the slab, as described in previous
work.>*? For all materials, the surfaces under study are from
the {100}, {110}, and {111} facet sets. The surfaces were
modeled as slabs with a minimum height of 8 A, minimum
length and width of 10 A, and minimum vacuum size of 20 A.
Adsorption sites were found using the Delauney triangulation
method, and for each surface all on-top, bridge, and hollow
sites were considered.’”** Prior to the geometry optimization
of an adsorption structure, four static calculations were
performed at the gamma point with the adsorbate placed at
different distances from the surface: 0.5, 1.0, 1.5, and 2.0 A,
respectively. The *CO adsorbate was placed vertically on the
surface, with the carbon atom nearest to the adsorption site.
The *CHO adsorbate was positioned such that the middle
carbon atom was affixed on top of the site in consideration.
The O and H atom which branch out from the carbon atom
were placed pointing away from the surface. The axis
connecting the H and O atoms was placed parallel to the
“b” direction of the slab. The “a” direction, or any other
configuration, including a bidentate configuration, as an input
was not tested (a sample *CHO adsorption structure can be
found in the Supporting Information). The surface—adsorbate
structure corresponding to the lowest energy on the minimal
energy landscape obtained from the static calculations was then
relaxed. The adsorption energy was calculated from the
adsorption structure ground-state energy E, 4., empty slab
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Table 1. Summary of Material and Surface Properties for Tellurium-Containing Semiconductors

material lattice
BiTeBr a, b =44 (43%%) Vv
c =69 (6.5%)
a, f=90; y =120
ab=74c=110 v
a, f, vy =90
GaTe a =182 (17.4°%), Vv
b =42 (4.14%),
¢ = 10.8 (10.5“*)
a, f =90,y = 106 (104“*)
a =42 (417, X
b =59 (587%),
c = 148 (1437°°)
a, By =90
InTeBr a, b =77 (76", X
c =84 (83"
a,y=90,4=117 (117"
a=53 (537, x
b =60 (6.07%),
c= 7.4 (74%%%)
a, B,y =90
YbTe a, b, c =64 (64" X
a, B,y =90
a b =61 (59" Vv
¢ =120 (12
a, By =90
a, b, c=62(61") \/
a, B,y =90
ab=44c=72 Vv
a, f=90; y =120
a, b =44 c=107 v

Ga,TeSe,

GaTeCl

RbTeAu

Zn(GaTe,),

ZnTe (mp-2176)

ZnTe (mp-8884)

ZnTe (mp-571195)
a, f=90; y =120

“Experimental study. bTheoretical study.

. o TE 24
low exciton binding energy

high int abs coefficient™®  surface {hkl}  cleavage energy (J/m?)

X (001) 0.15
v (UV) (101) 0.66
V (Vis) (100) 0.52
x (001) 0.12
x (001) 0.11
x (001) 023
(010) 0.67
(100) 0.68
(101) 0.29
v (UV) (100) 0.54
(110) 0.89
v/ (UV—vis) (100) 53
(101) 0.55
(110) 0.57
v (UV) (110) 0.53
(111) 092
v (UV) (100) 047
(110) 0.48
v (UV) (100) 0.76
(101) 0.82
(110) 0.53
(111) 0.69

ground-state energy Eg,;, and adsorbate reference energy
E

adsorbate*
Eadsorption = Egorsab — Eaab — Eadsorbate (2)

Charge transfer analysis was performed using the DDEC6
charge partitioning scheme,*" where the charge transfer from
the slab to the adsorbate was calculated from the charge of the
bare slab pP and the charge of the slab in the adsorption

structure pip *** using the following formula:

__ ,slabtads _slab
padsorption — Fslab slab (3)

In addition, a Crystal Orbital Hamiltonian Population
(COHP) analysis"* was performed for the CO and H
adsorption structures using the LOBSTER code® built into
pymatgen.”* The highest integrated COHP value, up to the
Fermi level, for any adsorbate—surface atom pair was selected
for further analysis. The adsorbate—surface atom pair was
further decomposed into orbital contributions, and the set of
orbitals with highest integrated COHP value was recorded.

The DFT binding energies corresponding to the lowest
energy (strongest adsorption) structures for each surface and
adsorbate were used to investigate any emergent scaling
relationships. To convert DFT binding energies into Gibbs free
energies of adsorption, the zero-point energy, along with

temperature, entropy, and an experimental to theoretical
correction term were considered in the following way:

AGfree orads — EI?FT + ZPE + Cp dT + TS + 'ucorr

(4)

The values for the zero-point energy (ZPE), heat constant
(c,), entropy contribution (TS) at 292 K, and empirical
correction (i) term for the adsorbates under consideration
were sourced from the literature**° and can be found in the
Supporting Information. The p.,, accounts for the difference
between experimental chemical potential and calculated
chemical potential of these molecules. The i, correction
term was only applied to the free molecule and not the
adsorbate. In the case of adsorbed CO, the correction is
negated by the solvent destabilization, and for H it is
negligent.46 To obtain the electronic energy of free CO, H,
and CHO, each molecule was relaxed in a large vacuum cell
(20 A x 20 A x 20 A) using the RPBE functional.

The Gibbs free energy of reaction for the formation of CHO
(CO + H* + e — CHO) was computed using the
computational hydrogen electrode (CHE) model,”” which
allowed for the calculation of *CHO formation energies
through the proton—electron coupled process, using the
binding energies of *CHO and *CO on each surface. In this
model, the proton—electron chemical potential contribution is

https://doi.org/10.1021/acs.jpcc.2c04810
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assumed to be equal to that of molecular hydrogen 1/2 y(H,)
= pu(H" + e7). Chemical potential corrections for the adsorbed
*CHO were obtained from the literature and can be found in
the Supporting Information.*’

B RESULTS AND DISCUSSION

Materials and Surfaces. The compounds studied as part
of this work are YbTe, RbTeAu, three different phases of ZnTe
including zinc-blende, wurtzite, and trigonal, low-dimensional
materials including GaTe, GaTeCl, InTeBr, BiTeBr, as well as
Ga,TeSe,, and Zn(GaTe,),. These are 11 of the 17 tellurium-
containing materials resulting from the previous computational
screening > and here prioritized due to their low number of
atoms per unit cell and/or low-dimensionality, making them
feasible for more advanced computational studies. Because of
the novel materials discovery approach of this study, all but
ZnTe, YbTe, GaTe, InTeBr, and BiTeBr lacked surface,
optoelectronic, or photocatalytic experimental studies, and
even more so, two of the materials (RbTeAu and Ga,TeSe,) to
our knowledge have never been synthesized. While this proved
challenging in benchmarking our calculations, we nonetheless
performed an exhaustive search of surfaces within the family of
{100}, {110}, and {111} facet sets. For much of the analyses,
only surfaces with a surface cleavage energy below 1.0_]/m2
were considered, omitting only seven surfaces which did not
satisfy this criterion.

Three of the compounds considered exhibit a metal—
tellurium-halogen composition (M—Te—X). These two-
dimensional materials have few unique terminations: for
BiTeBr (referenced in the Materials Project™® as “mp-
33723”) we considered two nonequivalent surfaces, one
bromine and one tellurium-rich, while for both InTeBr
(“mp-29236”) GaTeCl (“mp-27449”), one single surface was
considered due to symmetry (Te—Br-rich for InTeBr and Te-
Cl-rich for GaTeCl). Both InTeBr and BiTeBr have been
synthesized and their photoluminescence was measured, and
we report the computed lattice constants in agreement with
experiments within 0.4 A for the c-axis and 0.1 A for the
other.*®*! Similarly, in the case of GaTeCl, similar lattice
constants were found using higher-order functionals,®® within
0.5 A for the c-axis and 0.1 A for the others. The M—Te—X
class of materials showed the lowest cleavage energies of all
surfaces considered, in the range of 0.10—0.15 J/m”. Detailed
lattice constants and surface energies can be found in Table 1.
Furthermore, the valence band of the M—Te—X compounds
was found to be dominated by tellurium states. In the case of
BiTeBr, the conduction band was bismuth-rich, on par with
published literature.”” The conduction band was equally
indium- and tellurium-rich for InTeBr, and equally gallium-
and tellurium-rich for GaTeCl, consistent with published
literature.”® None of the metal tellurohalogen materials under
study present small exciton binding energies, but all have had
at least one anisotropic integrated absorption coefficient
component above TiO,.**

Another layered material considered in this study, GaTe
(referenced in the Materials Project as “mp-542812”), is well
studied experimentally for solar cells and optoelectronics,
among other applications.””*” Because of its layered structure,
only the (100) GaTe surface was considered. This surface has
equal parts gallium and tellurium species. We overestimated
the lattice parameters by 0.8 A for the a-axis and 0.4 A for the
c-axis, as compared to experimental results.”” The difference
between the calculated and experimentally reported values

could potentially be attributed to the expitaxial growth nature
of 2D GaTe, or the fact that GGA functionals such as PBE
tend to overestimate lattice parameters’”®' (RPBE in-
cluded®). The (100) surface of GaTe exhibits a cleavage
energy of 0.52]/m” Our calculated density of states for GaTe
shows a predominant tellurium valence band character, with
slightly increased gallium character in the conduction band, on
par with published literature.”> Additionally, it has been
previously reported that GaTe exhibits a higher absorption
coefficient than TiO, and a small exciton binding energy.”*

The consideration of the correct surface is critical when
evaluating materials for their photocatalytic CO,RR capa-
bilities. In the case of YbTe (referenced in the Materials
Project as “mp-1779”), a rock-salt structure, it is expected that
the nonpolar (100) and the (110) surfaces are experimentally
accessible, while the (111) surface is polar and thus
energetically unfavorable. Our computed cleavage energies
support the expected relative stability of the terminations: 0.54
_]/m2 for the equally Yb—Te-terminating (100) surface, 0.88]/
m? for the equally Yb—Te-terminating (110) surface, and 1.82
J/m? for the (111) Te-rich surface, one of the highest values
reported in our calculations. We emphasize that the
stabilization and the possibility to oxygenate, hydroxylate, or
hydrogenate these surfaces could change under a reducing
aqueous environment.”* The calculated lattice constant agreed
well with experimental studies of bulk YbTe.>® Unfortunately,
YbTe has been reported to exhibit both a large experimental
exciton binding energy and a lower absorption coefficient than
TiO,, hindering its use for photocatalytic CO,RR.**

Trigonal ZnTe (referenced in the Materials Project as “mp-
571195”) is a ZnTe phase that has been reported to exist at
high pressure (above 8—9 GPa), thus limiting experimental
accessibility.”* Seven out of 24 surface geometry optimizations
successfully converged for trigonal ZnTe: one (100) (equally
zinc, tellurium in termination), one (101) (equally zinc,
tellurium in termination), three (110) (all tellurium-rich), and
two (111) tellurium-rich surfaces. All of the converged surfaces
were found to exhibit a cleavage energy below our threshold of
1.0 J/m?, with the (110) surfaces being the most stable with a
cleavage energy of 0.52]/m? Two other polymorphs—
zincblend and wurtzite—of ZnTe have been experimentally
explored under ambient conditions. All seven surfaces in zinc-
blende ZnTe (referenced in the Materials Project as “mp-
2176”) relaxed successfully, and the (110) surface was found to
be the most stable with a surface energy of 0.53J/m? closely
followed by the (111) facet. In qualitative agreement, previous
experimental work shows exposed (110) surface facets when
ZnTe grows in the (111) direction and reports similar surface
cleavage energetics.® All surfaces considered were equal parts
zinc and tellurium in composition. In the case of wurtzite
ZnTe (referenced in the Materials Project as “mp-8884”), the
geometry optimizations of 10 out of the 16 potential surfaces
were successfully completed. Experimentally, wurtzite ZnTe is
reported to grow preferentially in the “c” axis direction of its
hexagonal crystal system,’” which indicates that the (001) is
highly reactive, e.g.,, higher energy. Our computed cleavage
energies reveal the (100) and (110) surfaces to be the most
stable ones (0.47]/m” and 0.48 J/m?, respectively), while the
(001) surface is the least stable one (1.76 J/m?), in qualitative
agreement with experimental findings of growth direction
preferences. All surfaces considered had an equal zinc and
tellurium composition. The similar energetics of the (100) and
(110) surfaces, along with the high energy of the (001)

https://doi.org/10.1021/acs.jpcc.2c04810
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AE, CHO binding energy (eV)

Material, surface

or relation

=== Tellurium scaling relation

5 AGpy = 0; CO* + (H* +e) > CHO"

___ Transition metal scaling
relation, FCC 211
Transition metal scaling
relation, FCC 111

_ Transition metal scaling
relation, FCC 100

98 ZnTe (Zinc-Blende), (111)

gk ZnTe (Zinc-Blende), (110)

gh ZnTe (Wurtzite), (110)

@ ZnTe (Wurtzite), (100)

gp Zn(GaTe,),, (110)

< Zn(GaTe,),, (100)

O Zn(GaTe,),, (101)

g8 YbTe, (110)

< YbTe, (100)
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AE, H binding energy (eV)

Figure 1. Electronic binding energy of CHO in relation to both (a) CO and (b) H on various tellurium-containing semiconducting surfaces. The
minimum energy for each surface is plotted—the optimal site for chemisorption. Transition metal surfaces scaling relations for FCC (100), (111),
and (211) are included for comparison.”” Additionally, a light orange dotted line demarcates where CHO formation is in equilibrium with CO
formation, from the CHE model (detailed calculations in Supporting Information). Many materials show increased chemisorption of CHO over
CO, especially in comparison to transition metal scaling relationships. A linear relationship can be observed between the H and CHO adsorption
energies across the studied tellurium-containing materials (slope of 0.72, an intercept of —1.71, an R? value of 0.86, a p-value of 9.07 X 107, and
RMSD of 0.44 eV). There is no clear correlation between CO and CHO adsorption energies.

termination, could lead to a rod-like Wulff shape and
nanowire-like growth, which has been previously reported.’”
Out of the considered ZnTe phases, only cubic ZnTe exhibits a
higher absorption coeflicient than TiO,; however, all ZnTe
phases exhibit low exciton binding energies.”*

Zn(GaTe,), (referenced in the Materials Project as “mp-
15777”) has been predicted computationally to possess
promising absorption properties and low exciton binding
energies.”" Our calculations present both a lattice constant and
band gap in close agreement to experimental values.”* Four
surfaces fell below the cleavage energy criterion of 1]/m?
including the gallium-rich (100), tellurium-rich (101), and two
tellurium-rich (110) surfaces with the (101) surface being the
most stable one (0.55 J/m?), while calculations for 31 surfaces
did not converge. A predominant tellurium character is found
in Zn(GaTe,), for both the conduction and valence band,
consistent with published literature.’®

To our knowledge, a few of the materials considered here
have not yet been experimentally explored or synthesized,
including RbTeAu (referenced in the Materials Project as “mp-
9008”) and Ga,TeSe, (referenced in the Materials Project as
“mp-28423”). If these materials can be realized synthetically,
we here identify promising surfaces for CO, reduction. For
example, geometry optimizations of 6 out of 20 possible
surfaces in RbTeAu completed successfully: equally rubidium-
and tellurium-rich (001), gold-rich (101), equally gold- and
tellurium-rich (100), one tellurium-containing and one non-
tellurium containing (010) surface, and a high energy equally
tellurium- and gold-rich (011) surface (see Table 1). The
(001) Te—Rb-terminating surface has previously been studied
computationally, including a dynamic stability evaluation® and

corresponded to our lowest cleavage energy surface of 0.29J/
m? In the same theoretical study, the (100) Au—Te
terminated surface was also investigated showing no signs of
instability, and the computed cleavage energy for this surface
was identified as one of the more stable surfaces.”> The
calculated lattice constants for RbTeAu were found similar to
previously reported values.”” Existing literature reports
RbTeAu to exhibit a strong exciton binding energy and poor
absorption of visible light, hindering its use for photocatalytic
CO,RR.**

The Ga,TeSe, structure has been previously predicted
computationally to exhibit a low exciton binding energy.”* The
structure has low symmetry, and only one surface structure,
gallium- and tellurium-terminated (101), out of the five that
converged successfully, was found here to satisfy the 1J/m”
surface energy criterion.

Scaling Relations. To inform design of future photo-
catalysts, we examined trends in chemisorption energies on
tellurium-containing semiconductors between three adsorbate
species: *H, *CO, and *CHO. Figure la shows the minimum
chemisorption energies of *CHO as a function of the
minimum chemisorption energies of *CO across each surface
and suggests (at best) a weak correlation between surface
stabilization of *CHO (more negative chemisorption energy)
and *CO adsorption. Breaking down the chemisorption energy
site by site rather than surface by surface confirms the absence
of a strong scaling relationship between adsorption energies of
*CHO and *CO. Given the wide range of composition,
chemistries, and structures present in this study, this is not
surprising, especially considering that scaling relations in
transition metals are partly attributed to the d-orbitals varying
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Figure 2. Crystal Orbital Hamiltonian Population Analysis (COHP) between (a) C from CO and nearby Yb atom for CO bonding exhibiting 7
bonding interactions and having a stronger chemisorptive bond, (b) C from CO and nearby Yb and Te atoms for CO bonding exhibiting no 7
bonding interactions and having a weaker chemisorptive bond, and (c) C from CHO and nearby Yb atom for an on-top adsorption site. The 7
interactions result from a summation of the p,-p,, p,-p,, d,>_,2 -py d;2_,> -p,, and d,.-p, interactions and the ¢ interactions from any s orbital

interaction as well as d 2 -p,, and p_-p, interactions. In COHP, the area of the curves are proportional to the number of electrons in the system. All

the systems represented above consist of the same number and types of atoms, and thus same number of electrons.

contribution.”” Specifically, in transition metals, strong scaling
relationships exist between the adsorption energies of *CO
and *CHO for multiple surfaces including the FCC (211),
(111), and (100) surfaces.”” However, in the broad class of
semiconducting materials, the role of d-orbitals in the bonding
to surface adsorbates is unclear. As shown in Figure la, *CHO
forms a significantly stronger bond with all the studied telluride
surfaces than with any previously investigated transition metals
for the observed range of *CO chemisorption energies.””
Moreover, the chemisorptive strength of *CO falls within a
relatively narrow range of values. These observations suggest
that if the CO,RR mechanism on tellurides is similar to the
ones reported on transition metals, the tellurium-containing
materials presented in this study may exhibit lower over-
potentials from absorbed CO toward the formation of
desirable CO,RR products than transition metals due to
their stronger affinity for forming *CHO.”>* However, further
studies are warranted to confirm the potential mechanistic
pathway on these materials.

Applying the CHE model to the reduction of adsorbed *CO
to *CHO reveals that many of the studied surfaces exhibit a
strong tendency to produce *CHO over *CO, with a few
surfaces exhibiting CO hydrogenation exothermic energetics
below —1 eV, including two of the RbTeAu (010) surfaces,
two of the Zn(GaTe,), (100) surfaces, one of the ZnTe
(Wartzite) (110) and ZnTe (zinc-blende) (110) surfaces,
Zn(GaTe,), (100), and Zn(GaTe,), (110). Other surfaces,
including the (001) surfaces across all materials, ZnTe
(wurtzite) (100), InTeBr (100), YbTe (100), as well as one
of the Ga,TeSe, (101) surfaces straddle the equilibrium Gibbs
free energy of the reaction and show limited drive to
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hydrogenate *CO (dotted yellow line in Figure 1 a). These
surfaces show weak inclination to form *CHO over *CO.
While transition metal scaling relations dictate a proportional
*CHO to *CO chemisorption, in the tellurium-containing
materials considered here, certain surface terminations
correlate more or less with the *CHO chemisorptive strength:
across these materials, we observe that the (001) surfaces tend
to stabilize *CHO and *CO the least (weakest chemisorption
energies), followed by the (100) surfaces. The higher index
miller planes tend to stabilize *CHO more. The (110) surfaces
and the (010) surface of RbTeAu stabilize *CHO the most,
which is likely a result of the higher degree of unsaturated
bonds in the higher Miller index surface facets.

Remarkably, across all tellurium-containing semiconductors
studied in this work, spanning a broad range of structures and
chemistries, a strong positive, linear scaling relation was
observed between the chemisorption energies of *CHO and
*H (Figure 1 b), where surface-stabilized *H correlates
strongly with *CHO adsorption. Compared to the scaling
relationships reported for transition metals,”” the one observed
for tellurides has a lower slope (0.71 vs 1.7—2.1) and exhibits
stronger *CHO chemisorption than on transition metals
(except for the Ga,TeSe, (101) surfaces and the GaTe (100)
surface, for which the computed adsorption energies are close
to the transition metal relationships). Similarly to what was
observed for *CHO and *CO, the adsorption of *H is least
stable on the (001) surfaces, followed by the (100) surfaces,
while the (101) and (110) surfaces exhibited the lowest/most
negative *H adsorption energies.

We hypothesize that the lack of a scaling relationship
between *H/*CHO and *CO is due to the ability of *CO to
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Figure 3. Gibbs free energy of adsorption for CO and H on various surfaces of tellurium-containing semiconductors. Scatter points indicate the
minimum of the CO and H adsorption energy on each surface, while error bars indicate the range of adsorption energies on each surface. The
points are color-coded by cleavage energy, where purple denotes the most stable surfaces, and yellow denotes the least stable ones. The vertical red
line and blue horizontal line indicate the equilibrium Gibbs free energies of adsorption for CO and H, respectively. Most data points are close to,
but to the left of, the CO equilibrium line indicating a weak attraction of the corresponding surfaces to CO. A few sites disfavor CO adsorption.
While most CO binding energies fall within a narrow range of values (—0.25 to 0.75 eV), H binding energies are spread over a broader range (—1.5
to 2.5 eV). Points above the blue line denote surfaces where *H adsorption is not favored and which might therefore present lower competition
from the HER reaction, facilitating the CO,RR. The points near or below the blue line represent surfaces that are expected to be promising HER

catalysts or catalysts poisoned by *H adsorption.

form multiple bonding modes and the similarity in chemistry
of *H and *CHO. It is known that *CO can interact with
surface species, e.g., by forming both ¢ and 7* backbonding, as
well as by forming more complex bonds. On transition metals,
the 7* backbonding mechanism has been observed, while
showing a range of orbital character due to hybridization.
Nonetheless, the propensity for backbonding can be attributed
to the availability of a partially filled metal d orbital.”>”!
However, the tellurium-containing semiconducting materials
studied here exhibit predominantly anionic p-like character. In
some materials (such as YbTe), the evidence of a bimodal
chemisorption energy profile is clear depending on which site
the *CO adsorbs to (Yb or Te). YbTe also exhibits a strong d-
character projected density of states on its Yb site. As a result,
CO positioned close to Yb sites manifests chemisorptive bonds
around 1eV, while *CO positioned near Te show
chemisorptive bonds around 0.6 eV. A representative COHP
analysis of this behavior is shown in Figure 2a, for a CO
positioned near a Yb site of the (100) surface of YbTe, and
Figure 2a, for a CO positioned near a Te atom on the (100)
surface of YbTe. In this analysis, the *CO bonded to a Yb site
exhibits both 7- and o-like bonding character, while the *CO
bonded to a Te site only shows o-bonding character. The fact
that some materials can form different and multiple bonding
modes with CO may explain why CO does not exhibit a
distinct scaling relation with the other adsorbates tested.
Meanwhile, *CHO and *H do not exhibit any such element-
specific trend on YbTe. In *CHO and *H, the main
contribution to bonding originates from the lone electron
localized on the C/H atom, respectively. In both cases, we
observe predominantly o-like interactions with the anionic Te-
and p-character electrons of the semiconductor surfaces (see
Figure 2c) where the on-top Yb site on (100) YbTe for the
*CHO adsorbate exhibits little z-bonding interactions, unlike
its CO counterpart. For *H, with only a s orbital contributing
to bonding, only ¢ bonds are expected. On-top sites exhibit
chemisorptive energies of around —0.5 and 2 eV for *CHO
and *H respectively, regardless of the species they adsorb to.
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Meanwhile, bridge sites exhibit chemisorptive energies of —0.7
and 1.6 eV for *CHO and *H respectively. The positional
rather than chemical specificity implies a lack of rearrangement
flexibility of bonding modes in these adsorbates, indicating the
participation of similar bonding orbitals and physical overlap.

Furthermore, *CHO and *H exhibit a wide range of
DDECG6 charge transfer; meanwhile, *CO exhibits little to no
charge transfer activity on these materials—reflecting the
higher reactivity of the radical. Further, the increased
stabilization (decreased chemisorptive energy) of *CHO and
decreased stabilization of *H (increased chemisorptive energy)
in comparison to transition metals imply that these materials
are likely more carbophobic and oxyphilic;”* however, further
atom probe experiments are warranted. This potentially
explains why many *CHO species tend to relax with the O
atom tilted toward the surface.

Since the most stable site for *H adsorption is also the most
stable site for both *CHO and *CO adsorption on transition
metals, scaling relationships limit their ability to drive
hydrogenation of *CO. However, while a scaling relationship
was observed between *H and *CHO for the studied tellurium
materials, the optimal sites for *CO adsorption were typically
not the optimal sites for *H or *CHO adsorption. This means
that, on these surfaces, even if the *CO binding energy is
correlated with the *CHO binding energy, such a scaling
relation does not limit the materials’ ability to hydrogenate
*CO due to the availability of multiple sites. It is important to
note that this analysis could only be performed for the surfaces
for which the optimization of most adsorption structures
converged.

Adsorption Energies. The computed Gibbs free energy of
adsorption for *H and *CO is a measure of the
thermodynamic drive for these species to bind on the various
surfaces and can indicate which of the two adsorbates is more
likely to be found on each surface. The computed Gibbs free
energy of *H adsorption is positive for many of the surfaces
under consideration, including GaTeCl (001), InTeBr (001),
both surfaces of BiTeBr (001), RbTeAu (001) (equally
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rubidium- and tellurium-rich), and (101) (gold-rich), YbTe
(100) and (110), ZnTe (trigonal) (100) (equally zinc- and
tellurium-rich), Zn(GaTe,), (110) (tellurium-rich, with zinc
present on surface), and all the (110) surfaces of all ZnTe
phases (see Figure 3). On these surfaces, *H adsorption is not
expected to compete significantly with *CO adsorption,
therefore limiting their *H evolution reaction (HER)
capabilities. In contrast, on GaTe (100), Ga,TeSe,, the
Zn(GaTe,), (100) (gallium-rich) and (101) (tellurium-rich)
and one (110) (tellurium-rich but with no zinc on surface),
RbTeAu (010), YbTe (111), ZnTe (trigonal) (111)
(tellurium-rich) and two zinc-blende (111) (a zinc- and an
equally zinc- and tellurium-rich) surfaces and one ZnTe
(trigonal) (101) (equally zinc- and tellurium-rich) surface, *H
displayed a favorable Gibbs free energy of adsorption (Figure
3). Finally, a few of the analyzed surfaces present similar free
energies of adsorption for *H and *CO: Ga,TeSe, (101) (Te-
rich) (for which both *H and *CO binding free energies were
negative and within 0.03 eV), RbTeAu (010) (equally Rb- and
Te-rich), and ZnTe (trigonal) (111) (Te-rich) (Figure 3)).
On these surfaces, *H is able to compete with *CO for
adsorption, and thus CO,RR activity may be limited by the
HER.

On the basis of the computed values of the Gibbs free
energy of adsorption, ¥*CO is weakly repelled on most of the
studied surfaces. Surfaces that show Gibbs free energies of
adsorption of *CO near or below 0 eV may be more likely to
participate in CO reduction if the CO,RR activity mechanism
is similar to that of transition metal systems. Such surfaces
include one gallium—tellurium terminated Ga,TeSe, (101)
and one gallium-terminated Zn(GaTe,), (100); however, both
of these surfaces also indicated strong *H adsorption
competition. Some surfaces are much less likely to adsorb
*COQ, including the other two Ga,TeSe, (101) surfaces (one
Te-rich and one equally Te- and Ga-rich), GaTeCl (001),
InTeBr (001), all RbTeAu surfaces, two Zn(GaTe,), (110)
(both Te-rich) and one Zn(GaTe,), (101) surface (also Te-
rich), and all of ZnTe (wurtzite) and ZnTe (zinc-blende)
(110) surfaces and two ZnTe (trigonal) surfaces including a
(110) Te-rich and (111) also Te-rich surface. Other surfaces,
including GaTe (100), all YbTe surfaces, two ZnTe (trigonal)
(111) (both Te-rich), two ZnTe (trigonal) (110) (also both
Te-rich), and one ZnTe (trigonal) (101) surface (equally Zn-
and Te-rich) straddle the equilibrium line for *CO adsorption
(Figure 3). These surfaces may not adsorb CO and therefore
exhibit a low drive to participate in CO,RR.

Because of the narrow distribution of *CO chemisorption
energies (from —0.25 to 0.75 eV) and the broad distribution of
*H chemisorption energies (from —1.0to 2.5eV), *H
adsorption acts as a key lever to tune selectivity toward either
the HER or CO,RR. In the case of surfaces that are more
prone to binding *H over *CO, the adsorption of *H can
impede the adsorption and further reduction of *CO. Out of
the studied materials, only the ZnTe (trigonal) (111) surface, a
Te-rich surface, adsorbs *CO through an exergonic process
with a *CO binding energy that is stronger than the H binding
energy.

The propensity of low-coordination, undersaturated surface
sites to bind adsorbates more strongly than high-coordination
atoms has been documented for a variety of systems.””’* For
H and CHO adsorption, a positive correlation was found
between the adsorption energy and increasing coordination
number as well as the number of valence electrons of the

surface site closest to the adsorbate (see Figure 4). Though not
as strongly correlated, an increasing H chemisorption energy
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Figure 4. Trends in the coordination number of surface adsorption
site and the Gibbs free energy of adsorption for *H.

was found to correlate with an increase in the number of
valence electrons of the surface site closest to the adsorbate. In
the case of CHO, a similar trend was observed with respect to
the valence of the nearest site neighbor of the C atom
adsorption site: as the valence electron number of the nearest
site increased, so did the chemisorption energy of CHO and
the coordination number. CO adsorption data revealed a
similar trend with respect to the valence of the nearest surface
atom; however, because of the CO chemisorption energy range
being so narrow, this correlation is not as strong. These
emerging trends indicate that the chemisorption energies of
*H, *CO, and *CHO are influenced by the nature of the
element nearest to the adsorbate. When comparing CO and H
adsorption for CO,RR applications, photocatalyst design rules
can be compiled by identifying species with a lower tendency
toward H adsorption which can therefore aid in preventing
HER activity. Typically, for Zn, Yb, Rb, Br, and ClI sites, it was
observed that H tends to be less favored than CO for
adsorption, indicating that active sites with these elements may
limit HER (elemental breakdown figure in Supporting
Information). In contrast, Te, Se, and Ga sites showed *H
adsorption to be more competitive than CO adsorption,
suggesting that these sites could potentially suffer from *H
poisoning during the CO,RR.

Charge Transfer. A charge transfer analysis using the
DDEC6 method*' on over 650 adsorbate-site combinations
revealed that very little charge transfer occurs between the
adsorbate and the surface, especially for *CO (Figure S). Most
notably, a significant oxidizing charge transfer (near or above
0.1e”) of *CO was only observed for a single surface: YbTe
(111). This surface also showed a similar propensity to oxidize
hydrogen. All other surfaces showed insignificant charge
transfer with *CO, typically below 0.05e™. The charge transfer
values computed for *H adsorption span a broader range than
for CO, where many surfaces prefer to form hydride ions upon
H adsorption, a reaction shown to be detrimental to the
CO,RR reaction rate in other systems.”> The hydride forming
surfaces include the tellurium-rich surface of BiTeBr (001),
GaTe (100), one Ga,TeSe, (101) (tellurium-rich) surface,
RbTeAu (101) (gold-rich) and (001) (equally rubidium- and
tellurium-rich) surfaces, all Zn(GaTe,), surfaces except for one
(110) (tellurium-rich) surface, and most ZnTe surfaces except
two, one ZnTe (zinc-blende) (111) (equally zinc- and
tellurium-rich), and one ZnTe (zinc-blende) (100) (also
equally zinc- and tellurium-rich) surface. Generally, surfaces
which tend to form hydride ions also tend to reduce *CHO
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not attempted due to their increased computational cost.
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Figure 6. Bonding strength by the predominant carbon orbital in CO as calculated by LOBSTER.* When carbon forms a bond with the s orbital,
the bond tends to be stronger than when it forms bond with the p-orbital.

and vice versa. Within the materials under consideration, YbTe
reduces *H and *CHO the most, followed by RbTeAu, then
Zn(GaTe,),, while Ga,TeSe,, InTeBr, and BiTeBr tend to
oxidize both species. Surfaces which promoted hydride
formation typically exhibited much larger charge transfer
than surfaces which were on the oxidizing side of the charge
transfer. In general, it was more likely for *H to be significantly
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reduced than oxidized, a natural consequence of these
materials being chosen for proper band alignment with the
CO, redox couple, which is typically in alignment with the
HER redox couple. The correlation between CHO and H
charge transfer serves as a linear scaling relationship for the
tellurium-containing semiconductors considered here (slope of
0.86, intercept of —0.04, R? value of 0.88 and p-value of 1.22 X
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1079). 1t is interesting to note that the identified scaling
relations on these materials for both chemisorption energy and
charge transfer are only between H and CHO, but not for CO.
This is different from chemisorption scaling relations found on
transition metal systems which scales between all adsorbates.
While the chemisorption scaling relation had a strong surface
dependence, the charge transfer relation was more material-
dependent.

Both *CHO and *H charge transfer values showed a strong
dependence on the number of valence electrons of the nearest
adsorbed site. For both H and CHO, charge transfer into the
slab from the adsorbate increased as the valence of the nearest
atom increased. This is to be expected, based on the increased
stability of closed shells: elements with nearly full valence shells
would rather receive charge to achieve a closed shell
configuration, while those with near empty valence would
rather give charge. The valence dependence implies that the
nature of the charge transfer process could potentially be
deduced from the nearest element to the adsorbate: both *H
and *CHO tend to be reduced by Au, Bi, Rb, Ga, and Yb sites
and oxidized by Se, Cl, and Br sites. Our analysis revealed that
little charge transfer occurs near Te sites and that Zn sites tend
to reduce *H and oxidize *CHO (detailed figure can be found
in Supporting Information). Only two of the studied surfaces
have the tendency to reduce *CO and oxidize *H: one
Ga,TeSe, (101) (equally Ga- and Te-rich) surface and one
RbTeAu (010) (equally Rb-, Te-, and Au-rich) surface.

Orbital-Level Contributions. A Crystal Orbital Hamil-
tonian Population analysis*> of over 450 relaxed adsorption
structures allowed for an orbital-based analysis of the bonding
between the surface sites and CO or H. Bonding between the
C atom in CO and the surface sites is dominated by the C s or
p orbitals, and the p orbital of the surface site. In addition, in
the cases where the C s orbital provides the largest
contribution to the interaction between CO and the surface,
the bonding tends to be much stronger than in the cases in
which the main contribution is from the C p orbital (Figure 6).
Within the investigated adsorption sites across all materials,
very few bonds between the C atom and the surface atom
involved a surface d or s orbital. This could partly be explained
by the similar electronic structure reported across these
materials. As discussed in the Materials and Surfaces section,
many of the semiconductors under investigation have a
conduction band character dominated by the tellurium species.
More specifically, it is typically the tellurium “anion” p orbital
which dominates the conduction band character of these
chalcogenides, and we therefore expect to observe a strong
surface p orbital contribution to the bonds they form with
adsorbates. The similarity in bonding contributions and
electronic density of states character could also explain the
strong scaling relationship observed between CHO and H
charge transfer values and chemisorption energies.

B CONCLUSIONS

In this work, we present a comprehensive set of surface—
adsorbate calculations for tellurium-containing semiconduc-
tors, containing over 650 calculations across 39 surfaces of 11
materials. The analysis of this data set reveled two important
scaling relationships: between the CHO and H chemisorption
energies, as well as between their charge transfer properties.
The charge transfer scaling relationship identified is, to our
knowledge, a novel relationship for semiconductor adsorption.
The scaling relations between *CHO and *H could
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significantly lower the cost of future computational work and
serve as a descriptor for *CHO adsorption. Additionally, we
hypothesize that the scaling relation behind *CHO and *H
originates from the lone electron on the H and C atom, while
*CO exhibits multiple bonding modes which breaks the
relationship. We compared the calculated chemisorption
energies and scaling relationships to what has been previously
reported for transition metals, and the observed differences
between these two classes of materials suggest that tellurium
semiconductors have the potential to exhibit enhanced CO,RR
capabilities compared to their counterparts. We identified
surfaces with both high and low *H adsorption competition
and investigated the orbital contributions to the bonding
between the surface and adsorbates, and found that in general
in many surfaces, *H adsorption is not as competitive as *CO
adsorption; however, many surfaces are not thermodynamically
inclined to adsorb *CO. Meanwhile, *CHO is found to
stabilize on these surfaces. The computed Gibbs free energies
of adsorption could serve as a guide for investigating the
propensity of the studied surfaces to facilitate CO,RR;
however, further mechanistic studies are needed to allow for
a definite assessment of CO,RR capabilities. Finally, we
provide a series of element-specific design rules for improved
charge transfer and chemisorption properties for the CO,RR to
aid in the design of selective and efficient photocatalysts.
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