Journal of Materials Chemistry A

o
-

Journal of

Materials Chemistry A

Electronic band contraction induced low temperature
methane activation on metal alloys

Journal: | Journal of Materials Chemistry A

Manuscript ID | TA-ART-01-2020-000375.R2

Article Type: | Paper

Date Submitted by the

Author 23-Feb-2020

Complete List of Authors: | Fung, Victor; Oak Ridge National Laboratory, Center for Nanophase
Materials Sciences

Hu, Guoxiang; Oak Ridge National Laboratory

Sumpter, Bobby; Oak Ridge National Laboratory, Computer Science and
Mathematics Division and Center for Nanophase Materials Sci

SCHOLA

—

RONE™
Manuscripts




Page 1 of 19

Journal of Materials Chemistry A

Electronic band contraction induced low temperature methane
activation on metal alloys

Victor Fung,'* Guoxiang Hu,! Bobby Sumpter!

!Center for Nanophase Materials and Sciences, Oak Ridge National Laboratory, Oak Ridge, Tennessee
37831, United States

*E-mail: fungv@ornl.gov Tel.: +1-951-384-5242

Abstract

The catalytic conversion of methane under mild conditions is an appealing approach to
selectively produce value-added products from natural gas. Catalysts which can chemisorb
methane can potentially overcome challenges associated with its high stability and achieve facile
activation. Although transition metals can activate C-H bonds, chemisorption and low-temperature
conversion remains elusive on these surfaces. The broad electronic bands of metals can only
weakly interact with the methane orbitals, in contrast to specific transition metal oxide and
supported metal cluster surfaces which are now recognized to form methane 6-complexes. Here,
we report methane chemisorption can, remarkably, occur on metal surfaces via electronic band
contraction and localization from metal alloying. From a broad screening including single atom
and intermetallic alloys in various substrates, we find early transition metals as promising metal
solutes for methane chemisorption as well as low-temperature activation. These findings
demonstrate a combinatorial diversity of possible candidates in earth abundant metal alloys with
this attractive catalytic behavior.
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1. Introduction

Methane is both a valuable energy source and a prime source of global warming. As a resource,
vast untapped reserves of shale gas and methane hydrates remain on the planet which can provide
fuel as well as be converted to value-added industrial products.'-> As a greenhouse gas, methane’s
contribution is over 25 times larger than CO, by mass, and continues to rise in atmospheric
concentration from anthropogenic sources.> 4 Catalytic materials which can capture and convert

methane would serve dual purposes of removing unwanted greenhouse gas and converting fossil

fuels to greener products. Methane catalytic conversion is often limited by the first C-H activation,!:

3.6 which is closely determined by the methane adsorption strength on the catalyst and the energy
barrier for C-H cleavage. In particular, a strong methane chemisorption can promote facile C-H
activation by the electronic weakening of the C-H bonds, and by shifting the C-H cleavage
transition state energy below the molecular gas phase energy in a precursor-mediated mechanism.”
8 9 The low-temperature activation of methane has recently received intense interest for its

selective conversion under mild conditions.% 10. 11, 12

Methane has been well-established to interact only weakly with metal surfaces in the form of
physisorption on the order of approximately -0.1 to -0.2 eV.”- 13 14 Instead, reports of strong
methane interaction in the literature have been limited thus far to either metal oxide surfaces or
supported metal atoms and sub-nanometer clusters. Strong methane binding on oxide surfaces was
observed on PdO,!> 16 and Ru02.,% 17 and IrO,.'"> '® Further theoretical studies have predicted
similar phenomenon may manifest on B-PtO,,!° single-atom doped rutile oxides?* 2! and doped
ceria.?> Supported metal adatoms and clusters such as Ni;/CeO,'% 23 and Niy/TiC® have also been
shown to exhibit similar low-temperature activation and conversion characteristics. A consistent
picture of the electronic nature of the strong methane interaction in these systems can be linked to
the localized, non-degenerate d-states in metal centers of oxides!? 2%-21-24 or molecule-like orbitals
in metal clusters?> 2627 which can hybridize with the methane C-H ¢ and c* orbitals. Meanwhile,
the broad, energetically degenerate d-band of metals interacts poorly with methane orbitals, while
broad occupied s and p bands lead to a net repulsive interaction with the methane.?* 2% 2% Only a
few examples of weak chemisorption exist in the literature, with only Ir and Ru steps and kinks

showing any appreciable interaction with methane.3% 31,32

Page 2 of 19



Page 3 of 19

Journal of Materials Chemistry A

From a glance, it is evident metal surfaces are intrinsically unsuited for methane chemisorption
and low-temperature activation compared to their oxide counterparts. Nonetheless, there exist
several important reasons to revisit metal surfaces for this process. First, we hope to expand the
list of known materials which can form methane complexes beyond the currently limited set of
metal oxides and supported clusters from this study. There exists a high degree of structure and
compositional sensitivity to specific oxide facets and sites shown in the literature® 152333 such as
for PAO(101) and rutile MO,(110) or specific atomic sizes of supported clusters (ca. 5-10 atoms
or less) which limits a high throughput search for these materials. In contrast, metals and their
corresponding alloys represent a diverse set of possible catalysts hitherto unstudied for methane
chemisorption and low-temperature conversion. Metal alloys containing inert metals such as Cu
could additionally prevent overoxidation of products for improved selectivity as well as coking
resistance.?* 33 Using alloys with these metals would also circumvent the tendency of metal oxides
and undercoordinated metal clusters to overbind to the products of methane activation, namely,
the H and CH3 moieties and their eventual overoxidation to CO,. Finally, metal alloys containing
earth abundant elements have shown promise as a viable inexpensive alternative to catalysts

containing precious metals such as Pt, Pd, Ir, Rh.3637. 38

We propose a means to promote metal surfaces for methane chemisorption by engineering the
contraction of the electronic bands of the metal surface sites from the formation of metal alloys,
illustrated in Figure 1. Previously, density functional theory calculations and X-ray photoemission
and adsorption studies have observed a substantial contraction of the d-band when a metal is
alloyed into an inert host metal such as Cu, Ag and Au.3% %4 The weak hybridization of electron
densities between the solute and solvent metals lead to the formation of an “atom-like” electronic
structure in the solute metals, characterized by sharp, degenerate d bands similar to the free metal
atom. We hypothesize a contraction of electronic bands could better mix with methane orbitals in
much the same way as metal oxide centers and metal cluster edge sites, as well as reduce the
repulsive interaction from the broad sp-band. We also observed more localized d,> states are
conducive to stronger methane chemisorption in metal oxides in earlier studies.?! We believe a
corresponding localization of the d-band in metals will have a similar positive effect for methane
complex formation. In our current work, we focus on the intrinsic ability of the clean surface to
chemisorb methane and activate C-H; for performance in catalysis the specific reaction conditions

will need to be considered as well.
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Figure 1: Scheme of alloying on metal electronic states and adsorbate interaction. The electronic
structure change of the metal site before and after alloying is illustrated here. From the broad electronic
bands of the pure metal (left), there is a subsequent narrowing and shift of the bands (right) when the
metal is alloyed with an inert solvent metal. These narrowed bands, especially the d-band, would result in
stronger methane interaction.

2. Results

2.1 Catalyst screening on single atom alloys

We begin the study by screening methane adsorption on the model system of a single atom site
alloyed in an otherwise inert and weakly bonding substrate of copper. The coinage metal, copper,
along with gold and silver, are well-established to weakly interact with the solute metal. Though
single atom alloys in coinage metals have been well studied for catalysis,3* 33 39,40 42,43, 44 tg our
knowledge no such study has been performed in the context of methane chemisorption and
complex-mediated activation. We furthermore conduct the screening on four different Cu surface
facets, (100), (111), (310) and (331) to model both flat terrace sites and step and kink sites. The
(310) and (331) facets model steps intersecting the (100) and (111) terraces, respectively, which
could serve as catalytically active sites as shown in the case of pure copper.*> “¢ To focus on
chemisorption, we use the PBE functional with no van der Waals correction for the initial screening,
such that an adsorption energy of zero approximately corresponds to a physisorption-only
interaction. The results of the screening, organized in Figure 2, immediately reveals a wealth of
possible methane chemisorbing alloys on all tested surface facets and a surprisingly large number
of elements. It is evident methane chemisorption is indeed possible, even on flat (100) and (111)

metal surfaces, in apparent validation of our approach.
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Figure 2: Methane chemisorption on M/Cu single atom copper alloys. Methane adsorption energies
obtained with PBE, are plotted against the element of the solute single atom in copper. From left to right,
the 3d, 4d and 5d transition metals were screened from groups 4 to 12. Four different surface facets of the
copper substrate were tested, showing chemisorption can occur on all facets.

The methane chemisorption energies obtained on the single atom alloys are comparable to
those on metal oxide surfaces and follow clear periodic trends. These energies can reach up to -
0.40 eV on Zr/Cu(331), are larger than metals Ir(111) (-0.22 €V),3*° Ru(1010) (-0.10 eV),** metal
oxides PdO(101) (-0.17 €V),"> and RuO,(110) (-0.18 ev),!® and similar to IrO,(110) at -0.37 to -
0.41 eV 18,20 with the same level of theory. Of these, we find Ti, V, Zr, Nb, Mo, Ru, Hf, Ta, W,
Re and Os with calculated adsorption energies larger than -0.2 eV using PBE. The strongest
chemisorption appears to fall on the relatively overlooked group 4 metals Ti, Zr and Hf, and
decreases nearly monotonically to group 12. Slight exceptions to the trend can be observed with
strong adsorption energies primarily in group 8 metals such as Ru and Os which is evocative of
similar methane chemisorption on the pure Ru and Ir steps.’® 32 The out-of-trend cases fall
exclusively on the high index facets, (331) and (310), which suggests under-coordination has an
additional role in promoting chemisorption on mid-late transition metals and warrants further
exploration. More generally speaking, the higher index facets exhibit stronger methane binding
by roughly 0.1 to 0.2 eV. We expect electronic effects at play as well as the lower steric repulsion
from the surrounding Cu atoms on the step sites behind the stronger adsorption. Surprisingly, the
better-known single atom alloys such as Pt/Cu do not exhibit any chemisorption of methane of any

kind. The clear periodic trends which favor the group 4 to group 6 metals and disfavor metals such
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as Pt and Pd strongly suggests d-electron count or d-band position and filling could have a primary
role in determining methane chemisorption. We will explore the mechanisms underlying these
trends from electronic structure analyses in the subsequent sections.

2.2 Case study of chemisorption on Zr alloys

CusZr(100) Zr/Cu(100) Zr/Cu(111) Zr/Cu(310) Zr/Cu(311)

A

Figure 3: Methane chemisorption geometries on Zr/Cu. Geometries of the most stable adsorption
geometries obtained with PBE are shown on the various intermetallic and single atom Zr/Cu alloys
(C=grey, H=white, Zr=light blue, Cu=orange). Energies and bond lengths are compiled in table 1.

We investigate the role of alloying here in the case study of Zr, which was revealed to exhibit
one of the strongest methane adsorption energies when alloyed in Cu. The adsorption energies
between the single atom alloys in different Cu facets Zr/Cu(100), Zr/Cu(111), Zr/Cu(310), and
Zr/Cu(331) are compared with pure Cu(100) and fcc Zr(100) as well as the intermetallic alloy
phase CusZr(100)*”> 4 in table 1. With PBE, no apparent chemisorption was found on either
Cu(100) or Zr(100) having energies close to zero, though the C-M distance on Zr(100) is lower
by ~0.5 A with a correspondingly lower adsorption energy by 0.04 eV. These minute differences
could be a possible hint towards the enhanced chemisorption strength of Zr in its alloyed form, but
nonetheless it is clear neither component metal has any significant interaction with methane.
Moving to the intermetallic alloy CusZr(100), methane was found to chemisorb (as well as on
other surface facets shown in the supporting information) with an significant adsorption energy of
-0.22 eV and a further decreased C-M distance of 2.834 A. This finding is highly intriguing as it
suggests the single atom criterion is not as strict as previously thought for the case of methane
chemisorption, which is promising for the practical application of these catalysts. Finally, the

Z1/Cu single atom alloys are found to have the strongest adsorption ranging from -0.3-0.4 eV.
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There does appear to be a slight benefit to extreme dilution of Zr, though the intermetallic alloys

could still serve as active catalysts.

On CusZr(100), Zr/Cu(100) and Zr/Cu(111), we find a stable methane adsorption geometry in
the form of n-H,H in the nomenclature for transition metal complexes,* whereas on the Zr/Cu(310)
and Zr/Cu(331) cases, a n-H,H,H geometry was slightly more favorable. A comparison between
n-H,H and n-H,H,H adsorption energies for M/Cu(331) can be found in the supporting information,
where we find energetic differences between the two adsorption geometries to be around 0.1 eV.
Thus, on metal alloys surfaces, one would expect both adsorption geometries would be detectable
due to similar energetics. Here, the C-M distance is a strong indicator of methane chemisorption,
as the Zr/Cu alloy cases have distances well within the combined van der Waals radius of Zr and
C (4.29 A), and ranges from 2.8-2.5 A. A lengthening of the C-H bond can moreover be observed
with lengths of ~1.11 A.

Table 1: Comparison of methane chemisorption on Zr/Cu alloys

Surface Cu(100) Zr(100) CuZr(100) 7,/Cu(100) Zr/Cu(111) Zr/Cu(310) Zr/Cu(331)
PBEE  (eV) -0.01 -0.05 -0.22 -0.30 -0.33 -0.40 -0.40
C-M distance (&) 3.563 | 3.060 2.822 2.765 2.735 2.549 2.554
C-H distance (A) 1.098 | 1.108 1.110 1.112 1.114 1.116 1.113
PBE+D3 E_ (eV) -0.25 -0.26 -0.43 -0.56 -0.59 -0.62 -0.62
C-M distance (A) 3.125 | 3.016 2.834 2.720 2.689 2.514 2.513
C-H distance (A) 1.101 1.109 1.110 1.114 1.116 1.118 1.115
SCAN+VVIOE

(eV) -0.26 -0.36 -0.71 -0.73 -0.70 -0.86 -0.88
C-M distance (&) 3.600 | 3.110 2.834 2.718 2.798 2.513 2.528
C-H distance (A) 1.098 | 1.120 1.082 1.121 1.104 1.121 1.118

We further extend our calculations on these systems to include van der Waals corrections,
using the D3 damped atomic potential®® and the nonlocal correlation functional rVV 10 paired with
the accurate meta-generalized gradient approximation functional SCAN.>!- 32 SCAN+rVV10 was
chosen due to excellent agreement for energies and geometries for the adsorption of hydrocarbons
such as benzene on coinage metals, outperforming most other functionals.’? Previous studies on
methane chemisorbed complexes have emphasized the need for dispersion corrections to accurate

predict experimental adsorption energies, where the dispersion accounts for approximately 30-60
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percent of the total adsorption energy.!> 33 On metal surfaces we similarly find the D3 correction
to add roughly 0.2 eV to the total adsorption energy across the board, which brings the non-
chemisorbing surfaces to around -0.2 to -0.3 eV and the chemisorbing ones up to -0.62 eV. Here,
we expect the van der Waals correction to preserve the relative energy trends observed in Figure
2. Interestingly, the SCAN+rVV10 functional increases binding energies of the Zr-containing
surfaces even further than PBE-D3, especially in bringing the CusZr(100) energy to a level
comparable to the single atom cases. The strongest adsorption energies using SCAN+rVV10 reach
up to -0.88 eV for Zr/Cu(331), though we would expect overbinding could occur for this method.
Further theoretical validation and eventual experimental data are needed to pinpoint the exact
methane adsorption energies on these alloys, though the PBE-only and SCAN+rVV10 energies

can conceivably serve as plausible upper and lower energetic bounds.

2.3 Low-temperature activation of methane
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Figure 4: Methane adsorption and activation energies. Methane adsorption and activation energies
over M/Cu(100) and M/Cu(331) surfaces calculated using PBE+D?3 are plotted. The region in blue
denotes where the desorption energy of methane is higher than the its activation barrier, predicting where
facile methane activation is likely to occur. The shaded lines show the approximate range of error within
0.2 eV arising from the functional choice. Methane activation energies up to 0.8 ¢V are plotted, with the
full list of surfaces shown in the supplementary information.
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Given the methane chemisorption energies comparable to those on metal oxides, similar low-
temperature activation is expected on metal alloys. We screen the methane activation barriers over
the low-index M/Cu(100) and high-index M/Cu(331) surfaces using PBE+D3, shown in Figure 4.
The blue region in the figure indicates where desorption of methane to the gas phase lies higher in
energy than its activation. To date, IrO,(110) is the only surface which has been found through
experimental and theoretical studies to exhibit this behavior, with methane activation occurring as
low as 150K.!- 18 In the 48 single atom alloys we screened, we find over 20 with this predicted
behavior, with many more to be expected from additional bimetallic combinations. Promising
single atom alloys include Ta, W, Re, and Os in Cu(100) and Nb, Ta, and W, Os, and Ru in Cu(331),
and are primarily found containing early to mid transition metal elements. In comparison, pure
Cu(110) and Cu(331) are poor surfaces for methane activation with barriers of 1.39 and 1.20 eV,
respectively, and the single atom alloys of traditional methane conversion catalysts such as N1 and
Pt still fall well beyond this region. While the higher index surface performed better overall with
stronger chemisorption and lower activation barriers, both low and high index surfaces contained

alloys where facile methane activation is possible.

Another important observation is that the obtained activation energies of the alloys where
chemisorption is present (early and mid transition metals) are significantly lower compared to their
pure metal counterparts. For example, the barrier is reduced from 0.74 eV on pure Zr(100) to 0.43
eV on Zr/Cu(100), as seen in supplementary figure 1. In contrast, for the late transition metals with
no chemisorption such as Pt, the single atom alloy form has a higher activation barrier than the
pure Pt metal, as it was hypothesized the activity had been quenched by the relatively inert Cu.??
These results strongly suggest methane chemisorption over the early and mid transition metals
reduces the C-H activation barriers, which is consistent with the observation of a lengthened C-H

bond in the chemisorbed methane.

We further obtained free-energy profiles for methane first C-H activation using PBE+D3 under
a range of temperatures, shown in Figure 5. We chose Re/Cu(100) and Ta/Cu(331) as promising
candidates from both low and high index surfaces with a combination of both strong chemisorption
and low activation barriers. While Zr/Cu exhibits the strongest chemisorption, it also has a
comparatively higher activation barrier. The energy profiles from these two surfaces show facile

activation up to 300K similar to oxides such as [rO,(110). For both tested facets, activation occurs



via a chemisorbed initial state, followed by C-H cleavage by a M-Cu pair (M being the single atom
dopant). The obtained transition state contains a hydrogen coordinated to both M and Cu.
Following C-H cleavage, the methyl remains bonded to M, while the H binds to a nearby hollow

site. The dissociation is exothermic on both surfaces. A complete list of the adsorption, activation

Journal of Materials Chemistry A

and dissociation energies can be found in the supplementary information.

d

Free energy (eV)
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Figure 5: Energy profile of methane activation on single atom alloys. The free energies of methane
dissociation on (a) Re/Cu(100) and (b) Ta/Cu(331) are shown at various temperatures from 0-300K
calculated using PBE+D3 including zero-point and vibrational contributions to entropy. The geometries
of the initial chemisorbed state 1., the transition state II., and the final state III. are shown to the right.

1.0

0.8

0.6
0.4
0.2
0.0
-0.2
-0.4
-0.6
-0.8
-1.0
-1.2
-1.4

-0.6
-0.8
-1.0
-1.2
-1.4

T

'—— 300K

— 0K

—— 200K
— 100K

Reaction coordinate

T

| [— 300K]
——— 200K

— 0K

— 100K

Reaction coordinate

Page 10 of 19



Page 11 of 19 Journal of Materials Chemistry A

2.4 Electronic properties of the methane surface complex
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Figure 6: Electronic structure of the Zr/Cu alloy and methane chemisorbed complex. (a) Density of
states difference plot of the Zr atom in Zr/Cu(100) before and after methane chemisorption overlaid over
the initial density of states (in grey). Decrease in states are shown in red and increase is shown in blue. (b)
The projected density of states of Zr in Zr/Cu(100) and Zr/Cu(331) single atom alloys are compared with
the Zr surface atom in pure Zr(100) shown in grey. The green region highlights states near the Fermi level
from 0 to 2 eV as the integration range for d, ..., with the values shown in the legend.

The results thus far show clear proof of methane chemisorption and activation on single atom
alloys; we now seek to demonstrate a causal link between the electronic structure of the substrate
and chemisorption. We begin by investigating the electronic structure of the chemisorbed methane
complex on Zr/Cu(100). The density of states difference plot for the same methane complex is
shown in Figure 6a, which shows a clear depletion of empty d states (shown in red) in the region
above the Fermi level from 0 to 2 eV, which is indicative of a dative interaction involving electron
donation from methane C-H bonds into the empty metal states. A possible back-bonding
interaction from filled d-states can also be observed from the slight depletion in the d-band from
-5 to 0 eV below the Fermi level, though further analysis is warranted to identify this interaction.
The observed hybridization of d-states above the Fermi level is characteristic of methane

complexes in other surfaces such as metal oxides.!® 1% 20,21

A look at the density of states plot of the Zr/Cu single atom alloys in comparison with pure Zr

indeed shows signs of electronic band contraction, as shown in Figure 5b. Overall, the d states are
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clearly localized in the region centered around 0.5 eV relative to the Fermi level compared to pure
Zr to form a distinct peak rather than a broad band. The observed d-band contraction falls short of
the “free-atom-like” description for single atom alloys such as Ag/Cu,? *° though the fact that
methane chemisorption can still occur on Zr/Cu over the pure Zr metal suggests even a lesser
degree of contraction can have a substantial improvement. We calculate the number of empty or
unoccupied d-states in the relevant 0 to 2 eV region (dypec) in Figure 6b highlighted in green and
find approximately 2.5-3 times the number of empty states available for donation by methane in

Zr/Cu over the pure Zr, which further corroborates with the observed chemisorption.

From the electronic structure pure in Figure 6, it is clear the methane chemisorption strength
is closely linked to the number of available empty states for electron donation by methane. Here,
we try to correlate these electronic descriptors with the adsorption energies. First of these is the d-
band center, which has already been extensively used to predict adsorption properties for transition
metals, plotted in Figure 7a.%3 Here, we find a lower d-band center (deener) to approximately
correlate to a weaker methane adsorption, with an R? of 0.66 in the energy region where methane
chemisorption is non-zero. Next, we plot the number of empty or unoccupied d-states (dypocc) In
Figure 7b. When considering the 4d and 5d transition metals, the correlation with adsorption
energy works remarkably well, with an R? of 0.94, though the energies for the 3d metals are
consistently underestimated. One such reason for lower-than-expected energies is the greater
contraction of the 3d orbitals which leads to a weaker degree of hybridization.?’ From these
descriptors qualitative predictions can be made, though it is clear other factors can play a role in
the chemisorption energy of methane. Consequently, linear correlations containing individual

descriptors become insufficient to capture all the interactions of the methane complex.

We turn to statistical learning to sample the feature space containing all the possible electronic
parameters involved in determining methane chemisorption, which can aid in descriptor
identification and the development of quantitative predictive models.>* >3 In our feature space we
included solely electronic properties, which are the number of empty s, p and d states from O to 2
eV, number of filled s, p and d states from -2 to 0 eV, the s, p and d centers spanning the full energy
range, and additionally the s, p and d orbital radii.>® We used a compressed sensing method, SISSO
(sure independence screening and sparsifying operator), to identify the best linear combination of

candidate features from the space ®,.3.°” Here, @, is constructed from ®, containing the twelve
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aforementioned primary features. A search over this space reveals a 1D @, descriptor with lowest

RMSE which provides a fit with R?=0.94 (Figure 7¢):

0.5
Tp * dunoce * Punoce
Pocc t Socc

log (1,)

Eads = —0.436 * 10 1 % —0.666 % 10 2

We find the adsorption energy is proportional to the number of empty d and p states (dunocc, Punocc)
which determine the degree of electron transfer from the methane C-H bond to the metal site, and
inversely proportion to the number of filled s and p states (Soce, Pocc), Which can modulate the
repulsive interaction between the methane and the surface. Finally, the orbital radii (r,) is present
in the descriptor due to its role in determining degree of overlap with methane orbitals. Using
compressed sending, we are therefore able to obtain a simple analytical expression describing
methane adsorption energy in close agreement with the observed physical picture of methane
chemisorption, which also performs significantly better than conventional descriptors such as the

d-band center (Figure 7a).
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Figure 7: Descriptors for methane adsorption. (a) Correlations between individual descriptors, d-band
center (left) and (b) # of empty d states (right), with methane adsorption energy using PBE. Linear best
fits (red dashed lines) are plotted for the selected points in red, which correspond to points with a deener
above -1 eV, and the 4d and 5d transition metals. (¢) Correlation between the predicted adsorption
energies from SISSO-derived expression and the DFT energies with linear best fit in red dashed lines
applied to all points.

Overall, we demonstrate the availability of electron acceptor states to have a primary

contribution to methane chemisorption, followed by the repulsion from the sp bands, and finally
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the orbital radii which further determine the degree of orbital overlap. It is clear the first two
contributions listed above are aided by the alloying effect in metals and corresponding electronic
band contraction. In particular, the contracted d band observed in Figure 4 can allow for more
states to exist within the relevant energy window (ca. 0 to 2 eV) for methane bonding. The amount
of electron acceptor states is also further influenced by the identity of the metal solute, whose
intrinsic d-band position determines where the peak of d-states will fall once alloyed. This explains
the favorability of early transition metal solutes (Ti, Zr, Hf) towards methane chemisorption due
to their high d-band centers in their pure forms, whereas the later transition metals with lower d-
band centers (Ni, Pd, Pt) have d-states which are almost completely occupied regardless of band
contraction. The identity of the metal furthermore determines the orbital radii, which is why
chemisorption on flat (100) and (111) surfaces is favored for the 4d and 5d metals with wider radii
than the 3d, though these differences vanish on the high-index surfaces due to the solute atom

becoming more exposed on the surface.

2.5 Stability and expansion to other metal alloys

Table 2: Comparison of methane chemisorption on Zr alloyed in different metal substrates

Zr/Co(100) Zr/Ni(100) Zr/Ag(100) Zr/Au(100)

PBEE , (eV) -0.24 -0.25 -0.25 -0.29
C-M distance (A) 2.829 2.822 2.784 2.770
C-H distance (A) 1.110 1.110 1.114 1.113

Finally, the exceptional performance of Zr and other metals alloyed in Cu raises the question
of whether Cu has an exclusive role in the activity of the solute metal. An additional sampling of
four additional solvent metals Co, Ni, Ag, and Au is organized in Table 2. Ag and Au, being in the
same coinage group, show similar energies with Cu as anticipated. Unexpectedly, we find even
the non-coinage metals, Co and Ni, could serve as effective substrates, though the interactions are
slightly weaker by ca. 0.05 eV with marginally longer corresponding C-M distances. As revealed
earlier in Figure 4, true free-atom-like states are not a necessary condition for chemisorption,
though it may certainly aid in a stronger interaction. Instead, a general contraction of the bands
and a sufficient amount of empty states in the region above the Fermi level appears to be adequate
to allow for methane complex formation. To this end, the degree of dilution and the elemental

identity of the solute metal appear to be the primary determinants in chemisorption strength.
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This observation is highly encouraging for the materials design of active catalysts as it suggests
an extensive range of possible alloy combinations and stoichiometry where methane chemisorption
and facile activation can occur. Within just the bimetallic regime, there exist several thousand
combinations of the solute metals identified in this work (such as Ti, V, Zr, Nb, Mo, Ru, Hf, Ra,
W, Re and Os) with the various metal solvents beyond Cu, and in concentrations ranging from the
single-atom limit to stochiometric intermetallic compounds. Further modifications can also be
applied onto this alloying framework, such as strain and coordination-based modification to induce
further band narrowing and upshift.’® 3® These adsorption properties can be calculated with an
appropriate DFT functional or quickly screened via the electronic descriptors identified in this

work.

Significant advances in metal alloy synthesis have made the predicted materials experimentally
accessible,®% ¢ such as through wet chemistry methods,% 9 physical vapor deposition,** or more
recent ‘thermal shock’ techniques.® ¢ Another concern is whether the active solute metal will
remain on the surface or become hidden in the subsurface. Under reaction conditions, the presence
of reactants and intermediates is known to draw the more reactive metal to the surface,®”-®® which
we find to be similarly true for many of the studied single atom alloys in this work. On Re/Cu(100)
and Ta/Cu(331), we find the segregation energy of the dopant to be 0.27 eV and 0.36 eV,
respectively, in the presence of methyl and hydrogen species on the surface (supplementary figure
3). Here, a positive energy denotes a thermodynamically unfavorable transition from the surface
to the subsurface, aided by the fact that Cu is comparatively more inert and binds much more

weakly to methyl and hydrogen than the dopants.
3. Conclusion

We have investigated whether metal alloys can act as viable surfaces for the chemisorption
and low-temperature activation of methane, via an exhaustive screening of single atom alloys in
Cu and several other substrates. We hypothesized the shift and contraction of the electronic states
of the metal site in the alloy would allow for chemisorption to occur which would otherwise be
impossible in the pure metal. From our screening, we have revealed unprecedented cases of strong
chemisorption and facile activation over metal surfaces such as Re/Cu(100) and Ta/Cu(331). Clear
energetic trends were also observed which favor the early to mid-transition metals. Electronic

structure and statistical learning analyses reveal electron donation from methane to empty metal d
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states as the primary contributor to the formation of the chemisorbed complex, which can be
predicted from d-band center and d-occupancy based descriptors. The origin of strong
chemisorption on alloys can be attributed to both the high intrinsic d-band center of the solute
metals and the contraction of the solute electronic bands from alloying. Metal alloys which exhibit
strong chemisorption furthermore show reduced C-H activation barriers, which can lead to facile
methane activation under 300K. Therefore, metal alloys show significant promise as a class of
inexpensive low-temperature methane conversion catalysts which encompass a broad range of
possible stoichiometries, surface geometries, and elemental compositions of the solute and solvent

metals.
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