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ABSTRACT: The eflicient conversion of methane into valuable hydrocarbons, @ @

q q CH, = 2CH, »C,Hg +H,
such as ethane and ethylene, at relatively low temperatures without 2 N SCHy 20, (™
deactivation issues is crucial for advancing sustainable energy solutions. %
Herein, AP-XPS and STM studies show that MgO nanostructures (0.2—0.5 nm 4
wide, 0.4—0.6 A high) embedded in a Cu,0/Cu(111) substrate activate
methane at room temperature, mainly dissociating it into CH, (x = 2 or 3) and
H adatoms, with minimal conversion to C adatoms. These MgO nanostructures
in contact with Cu,0/Cu(111) enable C—C coupling into ethane and ethylene
at 500 K, a significantly lower temperature than that required for bulk MgO
catalysts (>700 K), with negligible carbon deposition and no deactivation. DFT
calculations corroborate these experimental findings. The CH,,,, — *CH; +
*H reaction is a downhill process on MgO/Cu,0/Cu(111) surfaces. The
activation of methane is facilitated by electron transfer from copper to MgO
and the existence of Mg and O atoms with a low coordination number in the oxide nanostructures. The formation of O—CHj
and O—H bonds overcomes the energy necessary for the cleavage of a C—H bond in methane. DFT studies reveal that smaller
Mg,0, model clusters provide stronger binding and lower activation barriers for C—H dissociation in CH,, while larger Mg;0;
clusters promote C—C coupling due to weaker *CH; binding. All of these results emphasize the importance of size when
optimizing the catalytic performance of MgO nanostructures in the selective conversion of methane.
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INTRODUCTION

Natural gas, primarily composed of methane, stands out as a
versatile energy resource that has garnered considerable
attention from researchers since the 1950s.'”> Nowadays,
this interest stems from the urgent need to identify greener fuel
alternatives capable of replacing conventional petroleum-based
fuels. Methane’s high hydrogen-to-carbon ratio (4:1) makes it
ideal for hydrogen or syngas production through reforming or
partial oxidation reactions, offering the potential for reduced
carbon dioxide emissions.” > Other approaches demonstrated
that methane can be transformed directly into oxygenates, low
alkanes, or olefins.' > All of these approaches will require
catalytic activation of the molecule at temperatures below 500
K to prevent the decomposition of CH, fragments that can be
used in the production of high-value chemicals."”* There is a
continuous search for materials that can achieve methane
activation at moderate temperatures.l’z’6

Bulk MgO is not really active for methane activation or
conversion.””” The oxide must be activated by the addition of
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alkali or late transition metals.””* Catalysts combining MgO
and nonexpensive metals (Co, Ni, Cu) display a good activity
for dry reforming (CH, + CO, — 2CO + 2H,, AH, = +247 k]
mol™).*>* Li-doped MgO is useful for the conversion of
methane to ethane or ethylene.”'' It can be a direct
conversion (CH, — 0.5 C,Hys + 0.5 H,, AH, = +33 kJ
mol™ ; CH, — 0.5 C,H, + H,, AH, = +101 kJ mol™), or it
can be facilitated by oxidative coupling (CH, + 0.250, —
0.5C,Hg + 0.5H,0, AH, = —88 kJ mol™; CH, + 0.50, —
0.5C,H, + H,0, AH, = —142 kJ mol™"). Again, the main
bottleneck is in the dissociation of methane on bulk
magnesium oxide.” Theoretical calculations predict an energy
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barrier of ~460 kJ/mol for the dissociation of the first C—H
bond of methane on MgO(lOO).9 This implies that all the
above cited chemical transformations will have to be carried
out at temperatures much higher than 500 K, making the
survival and transformation of CH, groups into high-value
chemicals extremely difficult." ™ Since MgO is a nonexpensive
and very common material, it is worthwhile to explore different
ways to enhance its reactivity toward methane.

Inverse oxide/metal catalysts where MgO is deposited on
the surface of late transition metals offer interesting
opportunities that deserve to be tested.'””'® The catalytic
properties of supported MgO films are influenced by metal-to-
oxide electron transfer."”'® This transfer enhances chemical
activity, })articularly at the corner or edge atoms in the oxide
phase. " A recent theoretical study predicts that the
integration of MgO nanostructures with copper oxide (CuO,)
on copper surfaces is a promising strategy for methane
activation.'® This approach offers synergistic effects, combining
the high activity of MgO nanostructures'” with the excellent
conductivity of Cu surfaces.'*”'® Notably, Cu-based catalysts
have been shown to selectively activate methane and promote
its conversion into methanol, a valuable chemical feedstock, at
relatively low temperatures.'” ™"

This study uses a combination of synchrotron-based
ambient-pressure X-ray photoelectron spectroscopy (AP-
XPS), scanning tunneling microscopy (STM), catalytic batch
reactor tests, and calculations based on density-functional
theory (DFT) to investigate the activation of methane on
MgO/CuO,/Cu(111) surfaces at room temperature and the
subsequent transformation of CH,, fragments into C,H,, C,H,
and H,. Indeed, nanostructures of MgO dispersed on Cu(111)
can catalyze the nonoxidative coupling process of methane at
moderate temperatures (500 K). Our findings provide a valid
approach for the development of efficient technical catalysts
for methane conversion.

RESULTS AND DISCUSSION

MgO Nanocluster on Cu,0/Cu(111): XPS and STM
Analysis. XPS and STM techniques were utilized to examine
the growth of MgO nanostructures on Cu,O/Cu(111)
surfaces. On purpose, following the results of previous
theoretical studies,'® small quantities (<0.15 ML) of Mg
metal were vapor-deposited onto a single-layer Cu,0O/Cu(111)
substrate, which was prepared by preoxidizing Cu(111) with 1
X 107 Torr of O, at 500 K for 15 min, followed by cooling to
room temperature under the same oxygen background.'” The
corresponding O 1s XPS spectrum at the bottom of Figure 1
shows two components at binding energies of 529.8 and 529.3
eV, attributed to lattice (Op) and non-lattice (Oy.) oxygen
atoms within a defective Cu,O(111) film."”**™>* This film was
less than two monolayers thick, and the bulk of the copper
crystal remained in a metallic state (Figure S1).

Mg was vapor deposited on the Cu,O/Cu(111) substrate at
300 K, and the resulting system was oxidized at S00 K under
an atmosphere of O,. Figure 1 shows the corresponding XPS
measurements for the O 1s and Mg 2p XPS regions. The
deposition of Mg coverages ranging from 0.036 to 0.11 ML
induced oxygen transfer (Mg + Cu,0O — MgO + CuO,) from
the Cu,0O/Cu(111) substrate to the deposited metal, leading
to the formation of MgO and CuO,. In the O Is region,
decreases in the peaks at 529.3 and 529.8 eV, corresponding to
O atoms bound to copper, were observed, along with new
peaks for MgO appearing at 531.4 eV, matching previously
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Figure 1. O 1s (a) and Mg 2p (b) XPS spectra for Cu,0/Cu (111)
and Mg/Cu,0/Cu(111) surfaces with 0.036 and 0.11 ML of Mg.
In the O 1s spectrum for Cu,0/Cu, features for lattice (L) and
non-lattice (NL) oxygen atoms in a defective Cu,0(111) surface
are seen. The Mg was vapor-deposited at 300 K, and the sample
was exposed to O, (1 X 107 Torr) at 500 K for 15 min.

reported values for MgO clusters and fall ng within the range
of O Is binding energies for MgO films.”"**>?® In the final
oxidation step, the intensity of the peaks for copper-bound O
clearly increased with relatively minor changes in the
photoemission features associated with MgO. Although the
amount of copper-bound O increased on the surface, the bulk
of the copper crystal remained in a metallic state (Figures S1—
S3).

STM was used to gain insight into the surface morphological
changes associated with the XPS experiments. Figure 2 displays
the structure of a freshly prepared Cu,0/Cu(111) surface.””**
It exhibits an atomically flat domain of copper oxide, known as
the “29” structure,'”*”° with a height of approximately ~18
pm (Figure 2g: line profile 1) spread across large terraces.
Deposition of Mg atoms on this substrate at coverages ranging
from 0.036 to 0.11 ML induces oxygen transfer (Mg + Cu,O
— MgO + CuQ,) from the Cu,0/Cu(111) substrate to the
deposited admetal, leading to the formation of MgO and CuO,,
(Figure 1). A disruption in the structure of the copper oxide
film by Mg is depicted in Figures 2c and 2d. One can see dark
depressions (inside blue dotted circles) coupled with bright
spots (inside green dotted circles), reflecting the removal of O
by Mg. The bright spots also indicate that there are no
preferential landing sites for the Mg on the copper oxide film.
The high thermochemical stability of MgO relative to that of
copper oxides facilitates instant oxygen removal. Introducing
O, to the sample at 750 K results in the healing of the copper
oxide film, forming a well-ordered film with small clusters
(Figure 2g line profile 4: ~0.35 nm in width, 13 pm in height)
of embedded MgO clusters, some of which are incorporated
into the hexagonal holes on top of the rows (Figure 2f: inside
green dotted circle) or in between them.”®*’ These results are
consistent with the increase of the intensity of the O 1s peak at
529.3 and 529.8 eV after oxidation (Figure la) and with the
existence of sites where one to three atoms of Mg are
embedded in the copper oxide film (Figure S4), producing
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Figure 2. STM images for plain Cu,0/Cu(111) (a) and a 0.04 ML MgO/Cu0O,/Cu(111) surface (b—f). Cu,0/Cu(111) was prepared by
exposing the pristine Cu(111) surface to O, (5 X 1077 Torr) at 750 K for 20 min (a), and Mg was deposited on top of the surface at 300 K
(b, c). (d) 3D representation of part c. In the final step, the Mg/CuO,/Cu(111) surface was exposed to O, (5 X 1077 Torr) at 750 K (e, f).
(g) Line profiles over various regions on a, ¢, and f. Imaging parameters: I, = —0.13 nA, and V, = —0.6 V.

Mg—O units where both atoms have a low coordination
number. In Figure 2e,f, there is no disruption in the “29”
structure characteristic of the copper oxide film.

At a coverage of 0.11 ML, the O 1s peak in Figure la
displays a slight shift toward lower (—0.4 eV) binding energy,
attributed to increased surface MgO coverage. In Figure 1b, a
Mg Zg peak at approximately 49.6 eV is observed, indicative of
MgO”***" presence atop a CuO,/Cu(111) substrate. This
coverage level also induces a minor shift toward lower binding
energy in the Mg 2p peak, reflecting the expected mixture of
metallic Mg and MgO. Panels a and b in Figure 3 show images
of a Cu,0/Cu(111) surface after depositing 0.1 ML of Mg at
300 K. Relatively big aggregates of MgO coexist with small
clusters of the oxide (Figure 3g). Upon oxidation of the system
at 500 K, the MgO gets incorporated into rows of copper oxide
(3Figure 3c—g). Bright spots come from the MgO
nanostructures and parts of the copper oxide film, and they
can be separated by their height (see Figure 3d and
corresponding line profiles 3 and 4 in Figure 3g). In general,
the sizes of the MgO nanostructures are 0.4—0.5 nm in width
and 20—70 pm in height. As in the case of the low coverage of
0.04 ML seen in Figure 2, clusters of one to three atoms of Mg
(Figure S4) are mixed with the copper oxide. Most of the MgO
units are within the copper oxide rows, but some of them are
between (Figure 3f). At this MgO coverage of 0.11 ML, some
disruption is seen in Figure 3ef for the “29” structure
characteristic of the copper oxide film. Thus, the initial loss of

order seen in Figure 3b upon Mg deposition is removed by the
dosing of O,, but the final copper oxide layer is not exactly a
pristine Cu,0/Cu(111) substrate.

It is important to mention that at higher coverages of
magnesium (>0.15 ML), the MgO forms on the CuO,/
Cu(111) substrate two-dimensional (2D) islands that are not
part of the copper oxide film.'® The well-defined nanostruc-
tures seen in Figures 2ef and 3ef were not seen for these
islands.'® At large coverages of the oxide overlayer, separated
domains of MgO and CuO, coexisted and the film of copper
oxide was in an amorphous state.'®

Reaction of CH, with MgO/CuO,/Cu(111): AP-XPS
Analysis. Figure 4 displays C 1s XPS spectra collected while
exposing Cu0,/Cu(111) surfaces precovered with 0.036 (left-
side panel) and 0.11 ML (right-side panel) of MgO to different
pressures of methane at 300 K. Neither plain CuO,/Cu(111)
nor bare Cu(111) will dissociate methane at room temper-
ature. In Figure 4, the three peaks near 286 eV come from gas
phase methane.'*'> At a low pressure of 107° Torr, a clear
signal is seen around 284 eV that denotes the presence of CH,
(x = 2 or 3) fragments” > on the surface produced by the
partial dissociation of methane:

CH,,, - “CH, + (4 — x)'H 1)

Near 289 eV is seen a weak si%nal that points to the
formation of a carbonate (¥*COQ,):*"~*
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Figure 3. STM images of 0.1 ML of MgO/CuO,/Cu(111) surfaces. Cu,0/Cu(111) was prepared by exposing a pristine Cu(111) surface to
0, (5 X 1077 Torr) at 750 K for 20 min, and Mg was deposited on top of the surface at 300 K (a, b). In the final step, the MgO/CuO,/
Cu(111) surface was exposed to O, (5 X 1077 Torr) at 500 K (c, d, and e). (f) 3D representation of e. (g) Line profiles over various regions
on b, d, and e. Nanostructures of MgO are shown inside a green circle in d, MgO embedded in a row of copper oxide, and e, MgO embedded

in between rows of copper oxide. Imaging parameters: I; = —0.13 nA, V, = —0.6 V.
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Figure 4. C 1s AP-XPS spectra collected while exposing 0.04 ML
(left panel) and 0.11 ML (right panel) of MgO dispersed on
Cu20/Cu(111) to different pressures of CH, at 300 K. The MgO/
CuO,/Cu(111) surfaces were prepared following the procedure
shown in Figure 1 with the deposition of Mg on Cu,0/Cu(111) at
300 K and subsequent oxidation in O, at 500 K.

*CH,~*C + «™H )

*C + 300xide - >l<CO?’ (3)

Evidence for the production of *C and *CO; becomes
clearer when the methane pressure is increased to 10 mTorr,
but the peak for adsorbed CH,, fragments is always dominant.
The ratio of coverage for the *C/*CH,, species is larger for the
surface with only 0.04 ML of MgO. The small clusters of MgO
embedded in copper oxide (Figures 2 and 3) truly had special
chemical properties.

Figure 5 displays sequential C 1s and O 1s AP-XPS spectra
obtained during exposure of the 0.11 ML MgO/CuO,/
Cu(111) surface to methane pressures from 1 gTorr to S00
mTorr at 300 K, followed by evacuation of the molecule and a
final XPS scan. In the O 1s spectra, peaks at 529.5 and 528.9
eV, corresponding to Op and Oy atoms in copper oxide, are
shifted (—0.4 eV) to lower binding energies compared with
Figure 1. MgO peaks at 531.3 eV are consistent with previously
reported data.”'”’® The peak for the O-bound copper
decreased continuously when the surface was exposed to
methane. The H adatoms produced by reactions 1 and 2
spilled onto the copper oxide and probably removed oxygen by
the formation of water:
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2888 2885 2632 5313 5289 This is a process that is known to happen for the reduction of
Cts 2644 O1s 6288 Cu,0/Cu(111) with H, at room temperature.”” Interestingly,
: : i B the supported MgO nanostructures were not reduced, while
vy pure copper oxide disappeared (Figures S and S2). This trend
UHV reflects differences in the thermochemical stability of MgO and
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Figure S. C and O 1s AP-XPS spectra collected while exposing a
0.11 ML MgO/CuO,/Cu(111) surface to 1 gTorr to S00 mTorr of
CH, at 300 K. Then, all CH, was evacuated, and the final XPS scan
was taken. In a preliminary step, the surface was exposed to O, (1
X 107 Torr) at 500 K for 15 min; see Figure 1.

ik
2’H + Ooxjde - HZOgas (4)

copper oxides.” In previous studies examining the reaction of
H, with MgO/Cu,0/Cu(111) surfaces,'® we found no signs
for the reduction of MgO nanostructures or Mg—O—Cu
interfaces at temperatures between 300 and 500 K. On the
other hand, the pure copper oxide was reduced.'® In Figure S,
we can see that the removal of copper-bound O is happening at
the same time that CH,, C, and CO; intermediates are being
deposited on the surface. After gas evacuation, the MgO and
*CH, groups are the dominant species.

Following the evacuation of all gases, the same MgO/CuO,/
Cu(111) surface was exposed again to S00 mTorr of the
methane at 300 K and then heated to 500 at 100 K intervals
(Figures 6 and S3). The peak features around 284 and 285 eV
clearly changed. As the MgO/CuO,/Cu(111) surface was
heated, a signal appeared near 285 eV that can be assigned to
C—C coupling and the formation of C,H, groups.”> > The
intensity of the carbonate features gradually decreased,
probably as a consequence of surface decomposition. At 500
K, the O 1s peak at ~531.4 eV could contain contributions
from Mg—OH and some form of *CO species.”>*” The AP-
XPS results in Figures 4—6 show a very rich surface chemistry
for methane on the MgO nanoparticles dispersed on CuO,/
Cu(111).The oxide nanostructures are far from being an inert
system as bulk MgO is.” Previous studies have shown that
corner sites in particles of MgO bind CO better than flat
surfaces of the bulk oxide.”® A similar phenomenon probably
happens for methane adsorption. A hypothesis that is
supported by the theoretical studies is described in the next
section.

Reaction of CH, with MgO/CuO,/Cu(111): DFT
Studies. DFT calculations were carried out to gain an
understanding of the methane dissociation process on the
MgO/Cu,0/Cu(111) surfaces. The STM images and line
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Figure 6. C 1s, O 1s, and Mg 2p AP-XPS spectra collected while exposing a 0.11 ML MgO/CuO,/Cu(111) surface to 500 mTorr of CH,
between 300 and 600 K. In a preliminary step, the surface was exposed to O, (1 X 107 Torr) at 500 K for 15 min (Figure 1) and then

exposed to CH, at 300 (Figure 3).
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Figure 7. DFT-calculated potential energy diagram and DFT-optimized structures for CH, adsorption and dissociation on Mg,0,/Cu,0/
Cu(111) and Mg;0;/Cu,0/Cu(111) surfaces. See Figures S6 and S7 for detailed top and side views.

profiles in Figures 2 and 3 indicate that the active
nanostructures contain two or three units of MgO in contact
with copper oxide, with sizes ranging from 0.3 to 0.4 nm. MgO
size effects associated with methane activation were described
using Mg;0;/Cu,0/Cu(111) and Mg,0,/Cu,0/Cu(111)
models (0.27—0.38 nm in size for the MgO units; see
structural details in Figure S4). Herein, Mg;0;/Cu,0/
Cu(111) was reported previously as a selective catalyst for
methane to methanol conversion.'® The interaction of CH,
with both surfaces was weak (Figures 7 and Figure SS), with
Mg,0,/Cu,0/Cu(111) providing slightly stronger binding
(adsorption energy: E 4 = —0.26 eV) than that on the Mg;05/
Cu,0/Cu(111) model (E,4 = —0.14 eV). A more significant
promoting effect was observed for the first C—H bond
dissociation on Mg,0,/Cu,0/Cu(111) (reaction energy: AE
= —1.43 eV, activation energy: E, = 0.31 eV, Figure 7, Figure
S6) compared to Mg;05/Cu,O/Cu(111) (AE = —1.17 eV, E,
= 0.39 eV, Figure 7,Figure S7). In this case, the smaller size of
Mg, O, helps to stabilize the dissociated *CHj fragment and
thus lowers the activation barrier as compared to that of
Mg,;0; (Figure 7). Nonetheless, the size effect is moderate.
The final state on the supported Mg,O, and Mg;0; clusters
involved *CHj; and *H fragments bonded to low coordinated
O sites of magnesium oxide, and both structures offered low
enough activation barriers to enable the first hydrogen
abstraction of CH, at room temperature, which is consistent
with the XPS observations (Figure 4). Such exceptional activity
for methane activation has not been observed previously for
bulk MgO® and for several copper-based systems.”'*~>""* For
example, an energy barrier of ~4.7 eV has been calculated with
DFT for the dissociation of the first C—H bond of methane on
MgO(100).” This energy barrier can be reduced to ~1.3 eV
after doping the oxide with Li.” An electron transfer from the
alkali metal to the oxide facilitates C—H bond breaking."”'* As
we will discuss below, an electron transfer from copper to
MgO could be enhancing the reactivity of the oxide
overlayer'™'® and help with the dissociation of methane.
Differences in the Madelung potential when going from a bulk
system to nanoparticles also could help to enhance the
reactivity of our MgO systems.” In addition, the MgO
nanostructures in Figures 2, 3, and 7 have Mg and O sites with
a low coordination number, which are not seen in a flat
MgO(100) surface, and help in the binding and dissociation of
the alkane (Figures 7 and S5—S7).

Resistance of the supported MgO clusters to reduction
(Figure 7) was seen for the active O sites. These sites bind *H
strongly enough (adsorption energy, E,4 = —1.44 eV) to
hinder further reduction and oxygen vacancy (O,) formation
on the MgO clusters (formation energy of O,, E; = 3.74 eV)

according to our DFT calculations. Instead, the *H species in
Figure 7 could migrate to O centers bound to Cu, which are
less active to anchor *H (E,4(*H) = —0.64 eV, —0.67 eV at
non-lattice fcc and hcp O sites) and allow subsequent
reduction of the Cu,O layer as seen in previous DFT
calculations and AP-XPS experiments.””

Coupling of CH, to C;Hg and C,H, on MgO/CuO,/
Cu(111): Catalytic Studies. As mentioned in the introduc-
tion, over a MgO-based catalyst, activated methane has the
potential to be transformed into ethane or ethylene.”~"" The
AP-XPS results in Figure 6 suggest the formation of C,H,
groups at 400 and 500 K. As a case study, we decided to
investigate methane coupling on MgO/CuO,/Cu(111) with
0.1 ML of MgO (Figure 8). C,Hy, C,H,, and H, were detected
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Figure 8. Production of ethane, ethylene, and hydrogen through
methane coupling on a 0.1 ML MgO/CuO,/Cu(111) surface
exposed to S Torr of CH, at 500 K.

as products of methane coupling. The results in Figure 8 were
obtained in a batch reactor with an initial pressure of S Torr of
methane at 500 K. By far, ethane was the main C, hydrocarbon
produced, and the amount of H, generated was close to that
expected for a mixture of C,Hs/C,H, as reaction products.
The MgO nanostructures in contact with copper operate at a
much lower temperature than those used for methane coupling
on bulk MgO (>700 K).”~'"'* The MgO/CuO,/Cu(111)
surface shows catalytic activity at a temperature that is
comparable to that found for a Pt/SiO, catalyst (520 K),*'
but our system is stable with time.

Figures S8 and S9 show the O and C 1s XPS spectra
collected after performing the CH, — C,H,, C,H, reactions
on the MgO,/CuO,/Cu(111) catalyst. In the O 1s region,
there were distinct features that point to the coexistence of
MgO and CuO, on the Cu(111) substrate, in good agreement
with the O 1s AP-XPS data displayed in Figure 6 for a MgO/
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CuO,/Cu(111) surface exposed to methane at 400 and 500 K.
The well-ordered surface morphology seen in Figure 3 did not
survive under the reaction conditions. The pure copper oxide
was removed, and only the CuO, that was associated with
MgO remained. Essentially, the active phase of the catalysts
contained composite nanostructures of Mg—O—Cu. The
coverage of C present on the 0.1 ML MgO/CuO,/Cu(111)
catalyst was negligible (Figure S9). The system in Figure 8 did
not undergo deactivation due to carbon deposition or coke
formation as seen for bulk MgO”” or a Pt/SiO, catalyst.*!
When the MgO coverage was increased in the MgO,/CuO,/
Cu(111) systems, the amount of C deposited increased
(Figure S9) and there was a significant drop in catalytic activity
(Figure S10). However, even with a partially blocked surface
by C, the MgO,/CuO,/Cu(111) catalysts were always much
more active than bulk MgO.”” Clusters and nanostructures of
MgO in contact with CuO,/Cu(111) (Figures 3 and 4, and ref
16) displayed a substantial ability to enable the CH, — C,Hj,
C,H, conversions.

28377

Coupling of CH; to C;Hg on MgO/Cu,0/Cu(111): DFT
Studies. The results in Figure 7 for the activation of methane
on Mg,0,/Cu,0/Cu(111) and Mg;0;/Cu,O/Cu(111) sur-
faces can be used as the starting point for the generation of
ethane. Compared to CH, dissociation, the C—C coupling of
dissociated *CHj; species to produce *CH3;CH; is a more
difficult process,”””"" and here we just focus on qualitative
aspects of the reaction, which can be effectively hindered by
stabilization of the *CH; groups on the catalyst surface.
Indeed, due to the strong binding of *CHj species on Mg,0,/
Cu,0/Cu(111), the C—C coupling is very difficult both
thermodynamically and kinetically (AE = 0.94 eV, E, = 2.26
eV, Figure 9, Figure S11). As a comparison, this process is
significantly favored by decreases in reaction and activation
energies when increasing the size of the MgO cluster from
Mg,0, to Mg;0; (AE = 0.54 eV, E, = 1.70 eV, Figure 9,
Figure S12). Upon the formation of *CH;CHj species, the
removal is facile on the Mg,0,/Cu,0/Cu(111) (E4,, = —0.28
eV) and Mg;0,;/Cu,0/Cu(111) models (Eg,, = —0.17 eV)
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(Figure S13). That is, the production of C,H, that was
measured experimentally can strongly depend on the size of
the supported MgO cluster (Figure 9).

In principle, the optimal conversion of CH, to C,H, requires
a moderate binding to *CHj, strong enough to facilitate a C—
H bond scission in CH,, but weak enough to enable C—C
coupling with the generated *CH,.””” For MgO/Cu,0/
Cu(111), the energetics of the two steps (ie, C—H bond
cleavage and C—C bond formation) display different depend-
ence on the size of the MgO cluster, with the former being less
sensitive than the latter. Specifically, a small MgO cluster, i.e.,
Mg,0,, binds *CH; strongly to enhance C—H activation in
methane but significantly hinders the C—C coupling to yield
C,Hy, while a larger MgO cluster, i.e., Mg;O;, still enables CH,
dissociation but destabilizes the binding of *CHj to facilitate
its coupling to C,Hy. The difference in dependence on the size
of MgO between C—H bond scission and C—C coupling is
attributed to the selective bond-tuning by varying the MgO
size. For the reaction intermediates, more tuning on binding
energy to the open-shell *CHj is observed than seen for the
closed-shell *CH, and *C,H, (Figures 7 and 9) molecules.
This is reflected in significant changes in the 2p position
according to the calculated density of states (Figure 10). The
selectively stabilized *CH; on Mg,0,/Cu,0/Cu(111) is
associated with higher lying O 2p states in Mg,O, than in
Mg;0O;, resulting in a more significant down-shift and thus
stronger binding on interaction with *CH, (Figure 10).

In terms of the transition states, the dissociation of CH, is
featured with an early transition state, resembling the
configuration and energetics of the initial state (Figure 7).
Therefore, the weakened *CH; binding on moving from
Mg,0, to Mg;O; does not effectively increase the activation
energy (0.31 vs 0.39 €V). On the other hand, the C-C
coupling adopts a late transition state, where the energy
differences in the final and transition states of Mg,O, and
Mg;0; are small (Figure 9). As a result, the stability of the
initial states, *CH;, dominates and determines the activation
barrier (2.26 vs 1.7 eV). But, on both MgO clusters, the energy
barrier for C—C coupling is much smaller than on bulk MgO.’
In qualitative terms, the DFT results demonstrate size-
dependent C—H bond breaking and C—C bond formation of
methane over MgO clusters. Accordingly, as the size of the
MgO cluster increases toward bulk MgO, binding to CH, and
*CH; weakens to the point that it is extremely difficult to
dissociate methane and subsequent C—C bond formation,”
and, at the same time, at high temperatures there is a problem
with the formation of a MgOC, compound as a side reaction
during the alkane activation."”””

Previous works examining the behavior of MgO overlayers
on metal substrates have reported a charge transfer from the
metal to the oxide that can enhance the chemical reactivity of
MgO."" Note that in the model systems of Figures 7 and 9,
the Cu,0O/Cu(111) substrate also helps stabilizing *CH; and
thus tuning C—H bond scission and C—C coupling.
Specifically, there is a charge transfer from the Cu ion that
binds to the active O sites neighbor to *CHj, which is again
more significant for Mg,0, as compared to Mg;0; (Figure
S14). For both systems, a redistribution of electrons occurs in
the Mg—O—Cu units once the H;C—CHj; bond is formed.

CONCLUSIONS

AP-XPS studies, supported by STM observations, indicate that
MgO nanostructures (0.2—0.5 nm in width and 0.4—0.6 A in

height) embedded on Cu,0/Cu(111) surfaces can activate
methane at room temperature. These nanostructures primarily
dissociate methane into CH,, (x = 2 or 3) and H adatoms, with
only a small amount of methane fully decomposing to yield C
adatoms, which can further react with surface oxygen to form
CO, species. Unlike bulk MgO, MgO nanostructures on
CuO,/Cu(111) display a large reactivity, enabling C—C
coupling to yield ethane and ethylene at a relatively low
temperature of 500 K without deactivation from carbon or
coke deposition.

DEFT studies reinforce these experimental findings, pointing
to a highly exothermic CH,,,, — *CH; + *H process on the
MgO/Cu,0/Cu(111) surfaces. Methane activation is facili-
tated by electron transfer from copper to MgO and the
presence of Mg and O atoms with a low coordination number
in the oxide nanostructures. Smaller Mg,0, clusters provide
stronger binding and lower activation barriers for C—H bond
dissociation compared to larger Mg;O; clusters. While Mg,0,
enhances initial methane activation, Mg;O; promotes sub-
sequent C—C coupling to form ethane due to weaker *CHj;
binding.

Catalytic studies in a batch reactor confirmed that methane
coupling over MgO/CuO,/Cu(111) catalysts primarily
produces ethane at 500 K, a significantly lower temperature
than that required for bulk MgO catalysts (>700 K), with
minimal carbon deposition. This performance is comparable to
that of a Pt/SiO, catalyst but without the deactivation issues
associated with carbon deposition, ensuring stable catalytic
activity. These findings emphasize the importance of the size
when optimizing the catalytic performance of MgO nanostruc-
tures for selective methane conversion.

METHODS

Ambient-Pressure X-ray Photoelectron Spectroscopy. All
AP-XPS investigations were conducted at beamline 23-ID-2 (IOS) of
the National Synchrotron Light Source II (NSLS-II) at Brookhaven
National Laboratory (BNL), following established procedures for this
specific beamline and end station.*” The Cu (111) crystal (SPL
EU.01) was cleaned by successive cycles of Ar* ion sputtering (2 X
1075 Torr Ar gas, 1 keV, 20 min) at 300 K, followed by UHV
annealing at 900 K for 10 min, repeated until carbon and oxygen
traces in the XPS C 1s and O 1s regions were eliminated.
Subsequently, a thin copper oxide film was generated on the Cu
(111) surface by exposure to 1 X 107 Torr of O, at 600 K for 10 min,
with subsequent cooling to 300 K in the same environment. MgO
nanostructures were synthesized through physical vapor deposition,'®
involving the deposition of Mg onto the Cu,O/Cu (111) surface
using a commercial metal evaporator (CreaTec low-temperature
effusion cell) at ambient temperature. The varying Mg coverages on
the copper oxide substrate were determined by analyzing the surface
atomic ratios of Mg and Cu using their respective 2p peaks in XPS
spectra.'® To facilitate both CH, activation and its coupling studies,
the Mg/CuO,/Cu (111) surface underwent oxidation by heating at
500 K for 15 min in the presence of 1 X 107 Torr of O, in the
background.

AP-XPS spectra were obtained under CH, pressures spanning from
1 uTorr to 500 mTorr (equivalent to 1.33 X 107° to 0.666 mbar). To
investigate the CH, reaction on the Mg/Cu,O/Cu (111) surface,
CH, gas was initially introduced at 1 pTorr at 300 K, gradually
increasing the pressure to 500 mTorr, followed by stepwise
temperature increments (100 K intervals) to 700 K. XPS spectra
were collected for the C 1s, O 1s, Cu 2p, and Mg 2p regions at each
step. Photon energies of 250, 450, 680, and 1050 eV were employed
for exciting the Mg 2p, C 1s, O 1s, and Cu 2p regions, respectively,
ensuring uniform probing depths. Data collection utilized a step size
of 0.05 eV, with an overall energy resolution of approximately 0.2 eV.
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The binding energy scale was aligned to the valence band Fermi edge
at each photon energy, maintaining a consistent value (74.9 £ 0.1 eV)
for the bulk 3p;/, peak of Cu. After binding-energy positions were
calibrated with the valence band spectra, a Shirley-type background
was applied to Mg 2p, O 1s, and C 1s spectra.

Scanning Tunneling Microscopy. The STM images were
collected in an ultrahigh-vacuum (UHV) system with a base pressure
of 1 X 107" Torr, which housed a variable-temperature scanning
tunneling microscope (Omicron VT-STM).'® A single-side-polished
Cu (111) single crystal (MaTeck GmbH) was meticulously cleaned
through cycles of Ar" ion sputtering (Scienta Omicron, 2 kV, 15 min)
and subsequent annealing (750 K, 10 min) within the UHV
preparation chamber (P, < 1 X 107'° Torr). The Cu,O thin film
was formed via annealing at 750 K for 20 min, followed by cooling to
room temperature over 10 min, maintaining a background pressure of
5 X 1077 Torr O, Verification of sample cleanliness and the
formation of a Cu,O “29” structure’ were conducted through STM
measurements. The growth of MgO nanostructures on pristine copper
oxide took place at 300 K by utilizing the same metal evaporator
employed in the AP-XPS studies. STM imaging was performed at
room temperature using a sharpened Pt—Ir tip (Unisoku Japan) in
constant current mode, with typical tunneling conditions specified as
V, for sample bias and I, for tunneling current, often set at I, = —0.13
nA and V; = —0.6 V. MgO coverage was achieved through estimation
of the area of protruding features on the CuO,/Cu(111) surface,
while the determination of MgO particle size in data analysis involved
averaging across all particles in the images rather than relying on a
single value.

Catalytic Tests. The catalytic activity of the MgO/Cu,O/
Cu(111) surfaces for the coupling of methane was investigated
employing an instrument that combines a UHV chamber for surface
characterization (equipped with XPS, Auger electron spectroscopy,
low-energy electron diffraction, and ion scattering spectroscopy) and
a small reaction cell in a batch conﬁgurextion.19_21 The MgO/Cu,0/
Cu(111) samples were prepared following the methodology shown in
Figure 1. They were moved to the batch reactor at 300 K and exposed
to a reaction feed of S Torr of methane (99.999% purity). The
production of C,Hy, C,H,, and H, was followed using a combination
of mass spectroscopy and gas chromatography.'”~*' The kinetic
studies were done always under a low conversion of methane (<5%).
Steady state was reached after 2—3 min of reaction, and under pure
methane no signs of catalyst deactivation were found in a period of 2
h when the measurements ended.

Density Functional Theory Calculations. Spin-polarized
DFT* implemented in Vienna ab initio simulation package
(VASP)* was used to perform all the calculations. A 400 eV kinetic
energy cutoff and the projector-augmented wave method (PAW)™*
together with the GGA exchange—correlation functional plus the PBE
functional*® were employed. Monkhorst—Pack*” meshes with 3 x 3 X
1 were used to sample the Brillouin zone for all the surface
calculations, while gamma points were employed for all gas-phase
species. The nudged elastic band method (NEB)*® for each
elementary reaction intermediates was performed to derive the
transition states. The criteria for total energies and forces on all atoms
were set as 107° eV and 0.02 eV A™! for convergence, respectively.
Gaussian smearing with a width of 0.05 eV was used to improve the
convergence. The dispersion forces were not considered here due to
the overestimation of the strong interactions, according to our
previous studies.'®™* MgO/Cu,0/Cu(111) catalyst was simulated
with a three-layer 4 X 4 Cu(111) surface and one monolayer of Cu,O
(x = 1.13) with M30; or M, 0, clusters deposited on top (Figure $4).
The Mg (2p, 3s), Cu (3p, 3d, 4s), C (2s, 2p), O (2s, 2p), and H (1s)
electrons were treated as valence states, while the remaining electrons
were kept frozen as core states. The Hubbard-like U term®’ was
considered to address Cu 3d electrons for the Cu,O surface (U =
5.2),%° in which the Coulomb U and exchange ] parameters were
combined into a single parameter, Ug = U — J. During DFT
optimizations, the bottom two layers were fixed while the rest were
allowed to relax with adsorbates.
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