Downloaded viaBROOKHAVEN NATL LABORATORY on December 5, 2025 at 21:18:31 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

THE JOURNAL OF

PHYSICAL CHEMISTRY

LETTERS

A JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JPCL

MgO Nanostructures on Au(111) as Catalysts for Low-Temperature
Methane Activation and C—C Coupling

Arephin Islam, Pedro J. Ramirez, Kasala Prabhakar Reddy, Irene Barba-Nieto, Adrian Hunt,

Iradwikanari Waluyo, and José A. Rodriguez™

Cite This: J. Phys. Chem. Lett. 2025, 16, 7600—-7604

I: I Read Online

ACCESS |

[l Metrics & More ’

Article Recommendations |

Q Supporting Information

ABSTRACT: The selective conversion of methane (CH,) under mild conditions remains challenging
due to strong C—H bonds and catalyst coking. We systematically investigated submonolayer MgO cH, | -
nanostructures on Au(111), where two-dimensional (2D) MgO islands with stable Mg—O—Au
interfaces catalyze low-temperature CH, activation and C—C coupling. Upon CH, exposure at 300 K,

CH, H,

. .
e SRR Gliand

surface-bound CH, and C,H, intermediates formed and persisted postevacuation, indicating robust Au
CH,—O—Mg linkages. Temperature-programmed studies revealed that C—H activation and C—C

coupling intensify with heat: the CH,, signal grew continuously while the C,H, signal reached a plateau

at 400—500 K. O 1s and Mg 2p attenuation confirmed adsorption of the hydrocarbons on MgO. Catalytic tests at S00 K yielded
C,H (70%) and C,H, (30%) without coking, underscoring MgO’s role as an active catalyst. These results offer new design
principles for developing coke-resistant and low-temperature methane upgrading catalysts.

he direct conversion of methane (CH,) into higher

alkanes or olefins represents a highly attractive yet
challenging process due to the intrinsic difficulty of activating
CH,. Alkaline earth metals (Be, Mg, Ca, Sr, Ba) have
traditionally been used as promoters,* which influence
surface reaction rates through electronic interactions, surface
reconstruction, or direct bonding with adsorbates rather than
serving as active catalytic centers.”® However, their effective-
ness is highly dependent on surface coverage; excessive
coverage can lead to charge redistribution effects that
deactivate the catalyst by excessive charge transfer. Among
various alkaline earth metals, Mg-based systems have garnered
significant attention due to their tunable basicity, stability, and
potential to activate CH,.'~*

Since the 1990s, a lot of attention has been focused on the
activation of CH, and subsequent C—C coupling to yield
ethane (C,H,) and ethylene (C,H,) on bulk magnesium oxide
(MgO).7’8 The process is challenging because CH, activation
involves the breaking of stable C—H bonds (bond dissociation
energy: 460 kJ/mol).” On bulk MgO, the CHygoe = CH, o4 +
(4 — x)H,q, reaction takes place at high reaction temperatures,
typically exceeding 700 K."* These harsh conditions not only
elevate energy consumption but also promote rapid catalyst
deactivation due to carbon deposition (coking), which blocks
active sites. Strategies to overcome these limitations include
doping MgO with transition metals, such as Ni, or alkali
elements, such as Li, to create metal/oxide interfaces that
enhance catalytic reactivity.”®'" Another promising approach
is the deposition of MgO as nanostructures on metal surfaces,
which modifies the oxide electronic properties and facilitates
charge transfer, improving catalytic efficiency.'"'”> Recent
studies have demonstrated that MgO nanostructures (<1
nm) supported on Cu,O/Cu(111) surfaces exhibit unique
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reactivity toward CH,, dissociating it into reactive intermedi-
ates such as CH, and hydrogen adatoms.'” Notably, these
nanostructures enable C—C coupling into ethane and ethylene
at 500 K — a significantly lower temperature than required for
bulk MgO catalysts (>700 K)."” This process occurs with
minimal carbon deposition, preventing deactivation. Density
functional theory (DFT) calculations corroborated these
findings, indicating that CH, dissociation is energetically
favorable on MgO/Cu,O/Cu(111) surfaces.'” Thus, the Mg—
O—Cu interface was active in the conversion of CH, and a key
question is what would happen if Cu were replaced by a much
less reactive metal? What is the intrinsic activity of MgO
nanostructures in methane coupling? In this study, we
investigated the chemical behavior of MgO nanostructures
on an inert Au(111) substrate.

The structural and electronic properties of MgO overlayers
have been investigated on Au(111) in previous works."> ¢
Different growth modes were observed for the MgO islands
with scanning tunneling microscopy (STM). * Depending on
the deposition temperature and oxygen partial pressure, either
compact MgO patches with a (001) lattice configuration or
triangular/hexagonal islands with a (111) lattice were
found."”"> The MgO grew on the gold substrate forming
two or three-dimensional (2D or 3D) islands.'™'® The results
of density functional calculations showed that the structural
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and electronic properties of the island were strongly influenced
by interactions with the underlying metal.'® Upon deposition
on Au(111), MgO undergoes substantial electronic modifica-
tion, including a reduction in the work function and an upward
shift of the Shockley surface state of gold due to interfacial
charge transfer and lattice mismatch effects.">™' Scanning
tunneling microscopy and spectroscopy studies reveal the
formation of a (6 X 1) superlattice due to lattice mismatch
between hexagonal Au(111) and square MgO(001), signifi-
cantly influencing electron transport."> Additionally, field-
emission resonance shifts and interface dipole formation
indicate strong charge-transfer effects at the MgO/Au
interface."> These modifications can profoundly impact
catalytic performance by altering adsorption energies and
reaction selectivity, making a study of CH, activation on MgO
nanostructures dispersed on Au(111) interesting from
scientific and practical viewpoints.

Figures S1 and S2 display AP-XPS spectra (Au 4f, Mg 2p,
and O 1s regions) collected for gold surfaces with 0.08 and
0.15 ML of MgO,. The Au 4f spectra exhibit two distinct
doublets corresponding to surface Au’ (83.7 eV for the 4f; ),
peak) and bulk Au’ (84 eV for the 4f,, peak).'” The
deposition of the low amounts of MgO, produced a very small
decrease in the 4f features for the Au surface atoms. The Mg
was vapor-deposited onto the gold under a background
pressure of 1 X 107 Torr O, at 300 K, followed by post-
treatment in 50 mTorr of O, at 500 K for 30 min. Following
this oxidation treatment, the Mg 2p binding energy appeared
near the value of 49.5 eV expected for MgO nanostruc-
tures.' "

Figure 1 compares the O 1s spectra for the two coverages of
MgO on Au(111). Peaks can be observed near 529 and 531
eV. The peak at higher binding energy corresponds to O atoms
in MgO nanostructures,'”'” while the peak at lower energy

531.3 529 531.3 529
O 1s (650 eV) O 1s (650 eV)
- s
I
UHV at RT
/\\//s\,w”‘/”

) W e o
o= o
QO [50 mTorr O, o
>|ats00 K >
2 Sy I
0] - 7]
- =
£ P =

50 mTorr O, MgO Mg-O-Au 50 mTorr O,

atRT /?& o n

A s ™
s e
0.08 ML MgO/Au(111) i 0.15 ML MgO/Au(111) .
M\/
NM\AM//‘M‘ '\/\(M"\—\MW
It | e
Au(111) Au(111)

536 534 532 530 528 526
Binding energy (eV)

536 534 532 530 528 526
Binding energy (eV)

Figure 1. O 1s AP-XP spectra for pristine Au(111) and for surfaces
with 0.08 (left panel) and 0.15 ML (right panel) of MgO,. The Mg
was vapor-deposited on the Au(111) substrate under a background of
1 X 107 Torr of O, at 300 K. Then, the systems were treated with 50
mTorr of O, at 500 K for 30 min.
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comes from O atoms bound to Au or present in a Mg—O—Au
interface.'®'” Atomic O can be deposited on Au(111) by
decomposing ozone and has an O 1s binding energy of 529—
530 eV.'®"? Since O, does not dissociate on Au(111),"*"? the
O present on Au or the Mg—O—Au interface probably
migrated from the MgO nanostructures. As shown in Figure
S3, temperature had a strong effect on the relative intensity of
the oxygen features. When the temperature increased from 300
to 500 K, O atoms migrated from the MgO nanostructures and
the intensity of the Mg—O—Au features grew. In contrast the
dosing of O,, as shown in Figure 1, increased the amount of
MgO present on the Au(111) substrate. An analysis of the
peak intensities in Figure 1 points to a dynamic system where
the composition depends on the temperature and chemical
environment around the sample (Figure S4).

Previous studies have shown that M%O can grow on
Au(111) forming 2D or 3D islands.”””'® Results of ion
scattering spectroscopy (ISS) in Figure SS indicate that the low
MgO, coverages examined in Figures 1, S1 and S2 correspond
to 2D islands. At higher oxide coverages (>0.2 ML), 3D
growth occurs (Figure S3). In the next two sections, we will
focus our attention mainly on the chemical and catalytic
properties of small 2D coverages of MgO, (<0.2 ML), which
interact strongly with the gold substrate and exhibit unique
electronic and structural properties.'* "¢

We found no adsorption of methane on clean Au(111).
Also, there was no methane binding on O/Au(111). Figures 2,
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Figure 2. C 1s and O 1s AP-XPS spectra collected while exposing a
MgO,/Au(111) surface with 0.08 ML of Mg to 500 mTorr CH,
between 300 and 600 K. In preliminary steps, the surface was exposed
to S0 mTorr of O, at 500 K, see Figure 1, and then to CH, at 300 K,
see Figure S4.

S6 and S7 show a set of AP-XPS spectra collected while
exposing a Au(111) surface with 0.08 ML of MgO, to methane
at temperatures between 300 and 600 K. This MgO,/Au(111)
system was able to carry out the CHy,, — CH, 4, + (4 -
x)H,q4, reaction at room temperature. A trace of adsorbed CH
(at 283.9 eV)'* was detected after exposing the system to 10™°
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Torr of methane at 300 K (Figure S4), and the signal for this
surface intermediate raised when the CH, pressure was
increased to 500 mTorr. Notably, the CH, signal persisted
after evacuation at 300 K (Figure S6), opening the possibility
of C—C coupling on the MgO,/Au(111) surface.

In Figure 2, the amount of adsorbed CH, substantially
increases when the temperature of the sample is increased from
300 to 600 K under a CH, constant pressure of 500 mTorr. At
temperatures of 400 K and above, the C 1s spectra not only
show the presence of CH,, species at 283.9 eV but also exhibit
an additional peak at 284.8 eV, which can be attributed to
C,H, species' ”*>*! generated by C—C coupling. No signal was
observed in the 283—282 eV region where atomic C
appears.'”*>*! In the corresponding O 1s spectra, the relative
intensity of the MgO features decreases after the generation of
CH,/C,H, on the surface. At the end, they are significantly
smaller than in the presence of O, gas (Figure 1). There was
also a positive binding energy shift (0.4—0.8 eV) in the Mg 2p
features (Figures S6 and S7). Thus, the XPS data suggest that
the CH,/C,H, species are mainly bound on top of the MgO.
This is consistent with our previous finding that methane does
not adsorb on O/Au(111) or Au(111).

Figures 3, S8 and S9 display AP-XPS spectra recorded while
exposing a Au(111) surface with 0.15 ML of MgO, to methane
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Figure 3. C 1s and O 1s AP-XPS spectra collected while exposing a
MgO,/Au(111) surface with 0.15 ML of Mg to S00 mTorr of CH,
between 300 and 600 K. In preliminary steps, the surface was exposed
to SO mTorr of O, at 500 K, see Figure 1, and then to CH, at 300 K,
see Figure S6.

at temperatures between 300 and 600 K. Again, the MgO,/
Au(111) surface was able to activate methane at room
temperature and a CH, pressure of 1 X 107 Torr (Figure
S8). The formation of C,H, (at ~284.6 eV)'**>*! appears
now at 300 K and the signal clearly grows until 500 K (Figure
3). No signal is seen for atomic C (283—282 eV).””*" In the O
Is region, the attenuation of the signal for MgO points to
preferential adsorption of CH,/C,H, on the oxide component.
Indeed, at 500 K, the MgO/Mg—O—Au ratio obtained from
the O 1s spectra tracks the formation of CH,/C,H, (Figure
$10).
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Figure 4 compares the concentration of CH, and C,H,
species on the MgO,/Au(111) surfaces as a function of
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Figure 4. Relative peak areas for CH, and C,H,, species adsorbed on
Au(111) surfaces with 0.08 (Figure 2) and 0.15 ML (Figure 3) of
MgO as a function of temperature under S00 mTorr of methane. The
peak areas were normalized with respect to the gas phase CH, peaks
obtained from Figures 2 and 3.

temperature. Both coverages display high activity for CH,
generation at 400 and 500 K. The presence of C,H, adsorbates
highlights a unique reactivity of the MgO,/Au(111) system at
higher coverage, suggesting that larger or more interconnected
MgO domains provide favorable sites for coupling reactions
beyond simple C—H bond activation.

We also investigated the reaction of CH, with MgO,/
Au(111) surfaces that had medium and large oxide coverages
(>0.15 ML, Figure S9). In these systems, the MgO, was
growing forming 3D islands (Figure S5), they were more active
than plain Au(111), but their ability to dissociate methane
decreased very fast when the oxide coverage increased (Figure
S11). The oxide overlayer was moving toward the chemical
properties of bulk MgO that only dissociates methane at
temperatures above 700 K."°

Au(111) and O/Au(111) were inactive as catalysts for
methane coupling. In contrast, catalytic tests showed that the
MgO,/Au(111) surfaces were able to perform C—C coupling
to generate C,H and C,H, (Figures S and S12). The best
performance as a catalyst was seen for a system with 0.15 ML
of MgO,, which also displayed the highest ability to dissociate
methane (Figure S11). We only detected C,Hy (~ 70%
selectivity) and C,H, (~ 30% selectivity) as the hydrocarbon
products of CH, coupling. Since most of the CH,/C,H,
species were bound to the MgO nanoparticles (see above), it
is valid to assume that these are also the active sites for
catalytic C—C coupling. Assuming that all the Mg cations in a
MgO,/Au(111) surface are chemically active, we estimated
turnover numbers (TONs) of 0.21 molecules/s for the
production of C,Hg and 0.09 molecules/s for the production
of C,H, on the catalysts with 0.15 ML of MgO,. Compared to
other catalysts for methane coupling reported in the
literature,”*'* our system is very competitive in terms of
yield and a relatively low temperature of operation. The 0.15
ML MgO,/Au(111) catalyst has an activity at a temperature
that is comparable to that reported for a Pt/SiO, catalyst (520
K),”” but our system is stable with time (Figure 5a and S12)
and does not deactivate by rapid coke deposition as seen for
Pt/SiO,”” and catalysts containing bulk MgO.”*'® After
several cycles of continuous operation for 3 h (Figure S12),
we saw no signs of catalyst deactivation and the coverage of C/
CH, species remained very low (<0.15 ML after 18 h of
operation). In Figure 3, the C 1s AP-XPS spectra show that the
coverage of carbon (expected at 283—282 eV)*”*"** generated
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Figure S. (a) Production of ethane (C,H;) and ethylene (C,H,)
through methane coupling on a 0.15 ML MgO,/Au(111) surface
exposed to S Torr of CH, at 500 K. (b) Effect of the MgO, coverage
on the production of C,H4 and C,H,.

on the MgO,/Au(111) system at 300—500 K was negligible, in
agreement with the findings of postreaction characterization
with XPS (see Figures S11a and S12) for the catalyst in Figure
S. Thus, our system does not undergo deactivation due to
carbon deposition or coke formation as seen for Pt/SiO, and
catalysts based on bulk MgO.

In Figure Sb, the reduction in catalytic activity seen when
the MgO, coverage increases matches well the drop observed
for the activation of CH, (Figure S11) and probably reflects
the formation of 3D islands of MgO, on the gold substrate
(Figure SS). The 2D islands of MgO, are the ones that exhibit
the largest structural and electronic perturbations in the
supported oxide,"*™'® and these are probably responsible for
the high chemical and catalytic activity seen in Figures 2, 3 and
S. A charge transfer from the Au substrate through the MgO
overlayer is known to facilitate the bonding of adsorbates such
as CO, water or 02,24’25 and probably enhances the reactivity
of the oxide toward methane as seen for MgO,/Cu(111)."

The efficient conversion of methane (the main component
in natural gas) into valuable hydrocarbons is crucial for
advancing sustainable energy solutions. In a previous work, we
found that MgO nanostructures embedded on a CuO,/
Cu(111) substrate were able to activate methane at low
temperatures.'” It was not clear if the activation of the alkane
was done on top of the embedded MgO or on the Mg—O—Cu
interface. On an inert Au(111) substrate, the AP-XPS results in
Figures 2 and 3 point to a direct role of the MgO
nanostructures in the activation of methane. Our results
show that these oxide nanostructures do not need to be
associated with a metal with a high chemical activity.

7603

Interestingly, the selectivity for the yield of a high-value
product like ethylene on MgO,/Au(111) was 2—3 times larger
than seen on MgO,/CuO,/Cu(111)."”” For the medium
temperature of 500 K tested in Figure Sa, the TON for the
production of C,H, was 0.09 molecules/s on MgO,/Au(111),
while a value of 0.05 molecules/s was measured on MgO,/
CuO,/Cu(111)."” Due to their low cost and high catalytic
performance, the MgO nanostructures deserve special
attention when the goal is to transform methane into high
value chemicals.

In summary, our ambient-pressure XPS study reveals that
MgO,—an oxide of an alkaline earth metal—functions as an
active catalyst center rather than a mere promoter, with 2D
islands supported on Au(111) effectively activating methane at
room temperature and enabling C—C coupling to produce
C,Hg and C,H, at a relatively low temperature of 500 K. At
300 K, CH,, intermediates readily form on terminal oxide sites
and persist after gas evacuation, while C,H,, species emerge at
higher MgO coverages, pointing to surface C—C bond
formation without catastrophic coking. Heating from 300 to
600 K under CH, further enhances both C—H dissociation
and C—C coupling. The observed behavior of MgO,/Au(111)
surfaces highlights the critical roles of oxide—metal interfacial
chemistry, nanostructure morphology, and reaction temper-
ature in controlling low-temperature methane activation and
coupling, thereby offering clear design principles for develop-
ing coke-resistant and efficient catalysts for selective upgrading
of methane under mild conditions.
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