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Physical Chemistry Chemical Physics

Surface Characterization and Methane activation on
Sn0,/Cu,0/Cu(111) Inverse Oxide/Metal Catalystst

Jindong Kang,* Ning Rui,"™ Erwei Huang,* Yi Tian,” Mausumi Mahapatra,® Rina Rosales,” Ivan
Orozco,” Rui Shi, Sanjaya D. Senanayake,” Ping Liu,*” and José A. Rodriguez**®

To activate methane at low or medium temperatures is a difficult task and a pre-requisite for the conversion of this light
alkane into high value chemicals. Herein, we report the preparation and characterizations of novel SnO,/Cu,0/Cu(111)
interfaces that enable low-temperature methane activation. Scanning tunneling microscopy identified small, well-
dispersed SnOy nanoclusters on the Cu,0/Cu(111) substrate with an average size of 8 A, and such morphology was
sustained up to 450 K in UHV annealing. Ambient pressure X-ray photoelectron spectroscopy showed that hydrocarbon
species (CHy groups), the product of methane activation, were formed on SnO,/Cu,0/Cu(111) at a temperature as low as
300 K. An essential role of the SnO,-Cu,0 interface was evinced by the SnO, coverage dependence. Systems with a small
amount of tin oxide, 0.1 — 0.2 ML coverage, produced the highest concentration of adsorbed CH, groups. Calculations
based on density functional theory showed a drastic reduction in the activation barrier for C-H bond cleavage when going
from Cu,0/Cu(111) to Sn0O,/Cu,0/Cu(111). On the supported SnO,, the dissociation of methane was highly exothermic (AE
~ -35 kcal/mol) and the calculated barrier for activation (~ 20 kcal/mol) could be overcome at 300-500 K, target

temperatures for the

Introduction

Methane (CH,) is the major constituent of abundant low-cost
natural gas. However, the efficient use of methane as a
starting point in the synthesis of commodity chemicals is
difficult due to the high stability of the molecule and this light
alkane is frequently combusted with O, for heating and
electrical power generation, producing CO,, which is a main
greenhouse gas.l’2 In this regard, a significant amount of
research has been aimed at taking full advantage of this
abundant resource and its direct conversion to valuable
chemicals. For instance, methane to methanol conversion
including steam reforming, dry reforming of methane to
methanol via syngas, and direct methane oxidation to
methanol has received enormous attention since methanol is a
broadly used feedstock in the chemical industry and enables
easy transportation.a_11

The current industrial synthesis of methanol from methane
is accomplished via a two-step process: steam reforming of
methane to syngas followed by the high-pressure catalytic
conversion of the syngas to methanol. However, this method is

. . 2,5,12 . .
energy and cost ineffective . Hence, the direct conversion
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conversion of

methane to high value chemicals.

of methane to methanol is considered as a dream reaction by
skipping extra steps and consequently providing economic
advantages. To convert methane to methanol or other
chemicals, methane first should be activated, but this process
generally requires high energies because the light alkane has
low electron and proton affinities, low polarity, high ionization
energy, and strong C-H bonds (439.3 kJ/mol). To reduce the
energy cost, the surface of a catalyst must be used for
methane activation at low or moderate temperatures,
conditions that would prevent the overoxidation or complete
oxidation to CO or CO,, which are favoured processes above
600 K.4,5,13—15

In the enzyme monooxygenase, the
transformation of CH,; into CH3;OH at room temperature is
carried out a by a group of three copper cations.™®" This fact
has motivated many studies examining the performance of
copper cations contained in oxide lattices or in zeolite
frameworks."”*® A few of these systems yield methanol but
only when water is used for extraction or it is added to the
reaction feed (CH,/0,/H,0)."”"*® Recently, CeO,/Cu,0/Cu(111)
catalysts showed room temperature methane activation and
directly produced methanol with a reactant mixture of CH,, O,,
and H,0, achieving 77% selectivity at 450 K, but when water
was removed from the reaction feed the selectivity towards
methanol dropped below 5%."%° This finding has motivated
our interest to identify new oxide-on-oxide configurations that
can enhance the reactivity of the Cu,0/Cu(111) substrate to
activate methane and eventually could be used as efficient
catalysts for a 2CH, + O, = 2CH;O0H transformation.

methane
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In the past, SnO, has shown high sensitivity to methane,
and many commercial gas sensors include Sn0,*"%. Plus, Sn
and SnO, have been adopted as promoters of catalysts in a
variety of processes such as dry reforming and steam
reforming of methane>?*, partial oxidation of methane®, and
catalytic methane combustion®®. On the other hand, copper
and its oxides have proven its excellent catalytic performance
in various methanol related reactions: methanol oxidation?’,
methanol steam reforming28 and methanol synthesi529’3°.
Therefore, combining two catalytically promising oxide
candidates and expecting synergistic effects within the SnO,-
Cu,0 interface, we investigated the growth of tin oxide
nanostructures on the Cu,0/Cu(111) substrate. In this work,
single atom like SnO, nanoclusters were stabilized on the Cu,0
films and scanning tunnelling microscopy (STM), ambient-
pressure x-ray photoelectron spectroscopy (AP-XPS), and
calculations based on density-functional theory (DFT) were
combined to elucidate the morphology, growth mechanism,
and active sites of Sn0O,/Cu,0/Cu(111) surfaces for methane
activation. In fact, the SnO,-Cu,0 interface plays an important
role in methane activation at a temperature as low as 300 K.

Experimental
Scanning Tunneling Microscopy (STM)

All the STM experiments were conducted using an Omicron
STM instrument housed in an ultra-high vacuum chamber with
a background pressure of 5 x 107° Torr. A Cu(111) single
crystal (Princeton Scientific Corp) was cleaned by cycles of Ar
ion sputtering (2 kV, 15 min) and annealing (650 K, 20 min).
The STM images were collected at room temperature by using
a Pt—Ir tip. The Cu,O overlayer was prepared by exposing the
Cu(111) surface to 5 x 10~ torr of O, at 550 K for 15 min. Tin
was vapor-deposited at 450 K on the pre-existing
Cu,0/Cu(111) surface under an atmosphere of oxygen (5 x 10~
torr). For  thermal stability tests, as prepared
Sn0,/Cu,0/Cu(111) surfaces were annealed to 360, 450, and
550K, consecutively. The preparation methods for our SnO,
films on the Cu,0/Cu(111) substrate were adapted from those
of our previously reported study examining the growth of ZnO
films with the aim of generating active catalysts for methanol

synthesis from CO, hydrogenation.al’32

Before acquiring the STM images, to minimize possible effects
of tip shape, the tip was made as sharp as possible. In the data
analysis, we took an average of all the SnO, particles which
appeared in the images to determine size instead of using a single
value.

Ambient pressure X-ray Photoelectron Spectroscopy (AP-XPS)

The AP-XPS experiments were conducted using an instrument
available at the Chemistry Department of Brookhaven National
Laboratory (BNL). A Cu(111) single crystal, cleaned by cycles of
Ar ion sputtering and annealing (800 K, 10 min), was used as a
substrate to grow the Cu,0 films. Nanoclusters of SnOx were
deposited following the same methodology applied in the STM
experiments described above. The prepared surfaces were

2 | J. Name., 2012, 00, 1-3

exposed to 50 mTorr of CH4 at 300 - 500 K while performing
the AP-XPS measurements. A photon energy of 1253.6 eV (Mg
K-a source) was used to acquire the Sn 3d, O 1s, C 1s, Cu 2p,
and Cu LMM spectra. The spectra were recorded using a
PHOIBOS 150 EP MCD-9 analyzer.

A. Density Functional Theory (DFT) Calculations

A spin polarized density functional theory (DFT)33’34
implemented in Vienna ab initio simulation package (VASP)35
was used to perform all the calculations. A 400 eV kinetic
energy cutoff and the projector augmented wave method
(PAW)?**7 together with GGA exchange-correlation functional
plus the PBE functional®® were employed. Monkhorst-Pack®
meshes with 3x3x1 were used to sample the Brillouin zone for
all the surface calculations while meshes with gamma point
were employed for all gas-phase species. The nudged elastic
band method (NEB)40 for each elementary reaction
intermediates were performed to derive the transition states.
The criteria for total energies and forces on all atoms were set
as 10°eV and 0.02 eV A™ for convergence, respectively.
Gaussian smearing with width 0.05 eV was used to improve
the convergence. The Cu (3p, 3d, 4s), Sn (4d, 5s, 5p), C (2s, 2p),
0O (2s, 2p) and H (1s) electrons were treated as valence states,
while the remaining electrons were kept frozen as core states.

The Sn0,/Cu,0/Cu(111) catalyst was modelled with 3
layers of a 4x4 Cu(111) surface and one monolayer of Cu,,0 (m
=~ 1.13, see details in Fig. S1 for Cu,,O model construction and
justifications) with Sn,0,, (x =1,2,3,4 in this study) cluster
deposited on top (See main text for side view structures) to
address the observed small SnO, particles in STM. The
Hubbard-like U term* was considered to address Cu 3d
electrons for the Cu,O surface (Ugs = 5.2)42, in which the
Coulomb U and exchange J parameters were combined into a
single parameter Uy = U - J. During DFT optimizations, bottom
two layers were fixed while the rests were allowed to relax
with adsorbates.

Overall, the adsorption energy of adsorbate on the
Sn0,/Cu,0/Cu(111) model surface was calculated as:

AE ads = E(Adsorbate /Surface)
—E(surface) — E(adsorbate) Eqg. (1)
where E is the total energy obtained from DFT calculations

incorporated with zero-point energy (ZPE) correction Ezpg:

_ synumber of modes 1
Ezpp = Zi Ehvi

Eqg. (2)

where v; is calculated vibrational frequency by harmonic
normal mode approximation for each intermediate.

B. Ab Initio Thermodynamics Analysis

To explore the stabilities of SnO, clusters depositing on top of
Cu,0/Cu(111) catalyst under the experimental environments,

ab initio thermodynamics analysis was utilized.®* The

This journal is © The Royal Society of Chemistry 20xx
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following equilibrium reaction was considered to study the
effects of temperature (T), pressures (P) of oxygen and tin.

xSn + x0O, + Cu,0/Cu(111) = Sn,0,,/Cu,0/Cu(111) Reaction
(1)

The Gibbs free energy AG for reaction (1) could be written as
equation (Eq.) (3):

AG(T,P) = G;nXOZX/CuZO/Cu(lll) Ea. (3)

- GguZO/Cu(lll) - xﬂfgn - le‘g

The Gibbs free energies of Sn,0,/Cu,0/Cu(111) and
Cu,0/Cu(111) are approximated as their ZPE-corrected DFT
calculated total energies,  Egy 0, /cu,0/cuci1y)  and
Ecu,0/cu(111) respectively. The chemical potential of Sn and O,
depend on the environmental T and P. The reference states of
Sn and O at OK was set as ZPE-corrected DFT calculated total
energies for metallic Sn bulk (Es,, ) and half O, ideal gas
molecule (% Ep,). Thus, the chemical potential of Sn and O, at
environmental T and P could be interpreted by the following
equations:

bsn(T,P) = Esny . Eq. (4)
po(r,py T OH (TP

1
= EEOZ + Auo(T, P)

Eq. (5)

Where

Apsn (T, P) = Apgy (T, P%) Ea. (6)

+ RT In(Ps,,/PS))
= [A#Sn(T!PO)
+ RT In(Ps,, / P3),)]
= {H(T,PO,Sn) — H(OK, P°,Sn)
- T[S(T,PO,Sn) — S(OK,PO,Sn )|
+ RT In(Psp /Py }

and

Ao (T, P) = Ao (T, P°)
1
i 5 RTIn(P,, /P§)
= E [A,Lloz (Tl PO)
1. +RTIn(P, /P

= E{H(T, P%,0,) — H(OK, P°,0,)
—T[S(T, P°,0,) — S(0K, P°,0,)]
+RTIn(Py,/PY,)}

Eq. (7)

The enthalpies (H) and entropies (S) in the Eqg. (6) and Eq. (7)
were taken from thermodynamic tables at standard pressure
(P°=1 atm) in NIST database™.

By incorporating Eq. (4), Eq. (5) and ZPE-corrected DFT-
calculated total energies for Sn,0,/Cu,0/Cu(111)
Cu,0/Cu(111) into Eq. (3), we now have:

and

AG(T,P) = AE — xApg, (T, P)
— yAuo (T, P)

Eqg. (8)

This journal is © The Royal Society of Chemistry 20xx
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Where
AE = Egn,0,,/cu,0/cu(111) Eqg. (9)
— Ecu,0/cuciin
—xEs, — xEp,

By using Eq. (8), we could compare the stability of different
Sn,O, clusters when depositing on top of Cu,0/Cu(111)
catalyst under the experimental environments, as reported in
our previous study.46

Results and discussion
A. Growth of SnO, on Cu,0/Cu(111): STM and XPS Studies

A well-ordered Cu,O surface was prepared by exposing the
Cu(111) surface to 5 x 107 torr 0, at 550 K*’™*° and probed by
STM, as shown in Fig 1a. We had the typical structure seen
before for thin films of Cu,O on the copper substrate.*”* In
the copper oxide film of Fig 1a, there are lattice defects and

o [T

10nm

* 6.0nm.

6.0nm
e

.

il

1 2
X[nm]

| I | |
0 1. 2 3 4 5 0
X[nm]
Fig. 1 Deposition of Sn on Cu,0/Cu(111) surface in 5 x 107 Torr of oxygen at 450K (a) A
clean Cu,0/Cu(111) surface, 50 x 50 nm?. (b) 0.04 ML SnOx/Cu,0/Cu(111), 30 x 30 nm?
(c) 0.2 ML Sn0O,/Cu,0/Cu(111), 30 x 30nm>. The Cu,0 structure where SnO, locates
transformed. (d) 0.6 ML SnO,/Cu,0/Cu(111), 30 x 30nm”.The life profiles 1 and 2 show
a representative size of SnOx clusters. Scanning conditions: (a) 0.1 nA, -1.2V, (b) 0.1n
A, 1.1V, (c)0.1n A, -1.4V (d) 0.1n A, -1.4 V.
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groups of oxygen vacancies. Fig 1b depicts a 0.04 ML
(monolayer) coverage of tin deposition on the Cu,O0/Cu(111)
surface under a background pressure of 5 x 107 torr of O, at
450 K. Higher coverages of SnO, were prepared by increasing
the amount of Sn deposition, and Fig 1c and 1d correspond to
0.2 and 0.6 ML. The bright dots in the figures represent SnO,
nanoclusters, and the size and height of the nanoclusters are
in the range of 5~ 12 A and 1 ~ 1.6 A, respectively, according
to the line profile measurements.

Interestingly, the SnO, nanoclusters influenced the Cu,0
structure, leading to new morphologies where two different
Cu,O surface structures were observed on both 0.04 and 0.2
ML samples. In Fig 1b, the Cu,O surrounded by SnO,
nanoclusters in the middle (marked by a green circle) shows a
hexagonal ring structure, which is probably a reduced form of
surface copper oxide,””* and the area on the left (marked by a
red retangle) shows no SnO, and the intact Cu,O structure.
Additionally. the SnO, nanocluster tends to reside on the
hexagonal ring copper oxide surface preferentially, evidenced
by Fig 1c where many nanoclusters are found on the left
whereas very few exists on the well-ordered Cu,0 surface on
the right. To further study the SnO, growth mode, 0.6 ML
coverage of the SnO,/Cu,0/Cu(111) surface was investigated,
and the SnO, clusters were observed to grow two-
dimensionally on the Cu,0 surface instead of forming any
three-dimensional islands, which indicates a strong interaction
between SnO, and the Cu,0 with a modification of the oxide
substrate. Additionally, the underlying Cu,0 substrate
influenced the structure of SnO,, and at 0.6 ML, the hexagonal
ring formation of SnO, on the bottom right corner in Fig 1d
was observed as the result of that. The Cu,0/Cu(111) is known

(a) Sn3d (b) O1s
Osn A ocu
0.6 ML f
3 3 5
L & lo.2ML ; \
2 2
g | 2 |
{ o /
£ lo2mL i £ [oim z
0.1 ML
Cu,0/Cu(111).
Cu,0/Cu(111)

500 495 490 485 480 535 530 525

Binding Energy (eV) Binding Energy (eV)

Fig. 2 (a) Sn 3d and (b) O 1s XPS spectra of pristine a Cu,0/Cu(111) surface and
Sn0,/Cu,0/Cu(111) systems with different coverages. The SnO, coverages in the
samples were estimated to be 0.1, 0.2, and 0.6 ML.

for its hexagonal structure with a periodicity of ~ 6 A and the
0 - O distance is 6.03 A.*° The measured distance across the
SnOx clusters within the hexagon in Figure 1d is 12 A and this
show a good lattice match between the Cu,0 substrate and
the hexagonal shape of SnO, clusters.

XPS was used to probe the chemical states of the
Sn0,/Cu,0/Cu(111) surfaces. These Sn0O,/Cu,0/Cu(111)
systems with different coverages were prepared following the

4| J. Name., 2012, 00, 1-3

same protocol as described above in the STM section. As
shown in Fig 2(a), the binding energy of the Sn 3ds;,, peak is
486.8 eV for the 0.1 and 0.2 ML samples, consistent with the
reported data for SnO, 152 |n contrast, the binding energy of
the 0.6 ML sample is shifted by 0.3 eV to 486.5 eV, indicating
that Sn is in a lower valence state. It has been reported that
the binding energies of SnO, and SnO are very close, with only
a 0.2 eV difference. To better identify the valence state of Sn, a
deconvolution was carried out for the O 1s data, as shown in
Fig 2(b). The oxygen signal can be deconvoluted into two peaks
coming from O atoms interacting with Cu (O¢,) at 530.0 eV and
with Sn (Os,) at 530.8 eV. The Scofield relative sensitive factor
(R.S.F.) was used to calculate O/Sn atomic ratio.”? Interestingly,
for the 0.1 and 0.2 ML systems, the O/Sn ratio was around 2,
while it was only 0.7 for the 0.6 ML sample. This result
confirms that the oxidation state of Sn is 4+ for the 0.1 and 0.2
ML samples, and around 1.4+ for the 0.6 ML sample. These
results are consistent with the observations based on shifts for
the Sn 3d binding energy as mentioned above.

An important point that needs to be mentioned here is
that when Sn is deposited onto a Au(111) surface under
oxygen ambient instead of Cu,0/Cu(111), it is in the metallic or
surface alloy state. The corresponding Sn 3d and O 1s XPS
spectra for Sn/Au(111) are shown in Fig S2. An essential
difference between Au(111) and Cu,0/Cu(111) surface is that
Au(111) is inert and no oxygen atom is present on the surface,
while the Cu,0/Cu(111) substrate is rich in O atoms.
Therefore, we conclude that Sn has a strong interaction with O
atoms of the Cu,0/Cu(111) surface. Once Sn is deposited onto
Cu,0/Cu(111) surface, it will be auto-oxidized. This conclusion
is also consistent with the STM images in Figure 1 (b) and (c),
which shows that the Cu,0 is modified after the deposition of
0.04 and 0.2 ML of Sn. The images reflect that not only
underneath but also the surrounding O atoms from Cu,O will
interact with Sn to form SnO,. For the 0.6 ML sample, as the Sn
coverage is too high and the number of O atoms is relatively
limited, the Sn can only be oxidized to a charge of +1.4.

B. Thermal Stability of the SnO,/Cu,0/Cu(111) Surfaces: STM and
XPS studies

To investigate the thermal stability of the
Sn0,/Cu,0/Cu(111) samples, annealing experiments were
conducted under UHV at temperatures from 360 to 550 K with
the previously described 0.2 ML sample. A noticeable change
in morphology by annealing was observed at 550 K. Single-
atom like SnO, nanoclusters maintained their shape up to 450K
(Figure 3b), with line defects in the copper oxide substrate
trapping SnO, particles. These started to aggregate and form
big islands near step edges at 550 K (Fig 3c). The lateral size of
the thermally induced SnO, islands was found to vary, ranging
from 10 to 50 nm. The average measured height was around
2.5 A. In addition to the shape changes in the SnO,
component, variations in the structure of the Cu,O film were
clearly seen. The terrace (marked by the green trace) above
the triangular SnO, islands in Fig 3c displays a disappearance of
the Cu,0 ordered structure, and the number of SnO,

This journal is © The Royal Society of Chemistry 20xx
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nanoclusters is scarce compared to that of the untreated 0.2
ML sample which showed the SnO, clusters dominantly locate
at the reduced area (See Fig 1c as comparison).

Fig. 3 Structural changes in the morphology of a 0.2 ML SnOx/Cu,0/Cu(111) sample
induced by annealing to high temperatures. (a) 360 K, 50 x 50 nmz(b) 450K, 50 x 50
nm? (c) 550 K, 50 x 50 nm? (d) The line profile across the island in (c). Scanning
conditions: (a) 0.1n A, -1.3V (b) 0.1 nA, -1.2 V (c) 0.1 nA, -1.8 V.

Besides the STM study of morphological changes upon
annealing, XPS was used to monitor the evolution in the
chemical state of each component when heating from 300 to
500 K under UHV. For the plain Cu,0/Cu(111) substrate, the O
1s XPS spectra are shown in Fig 4(a). At 450K, we observed the
first oxygen loss due to the thermal decomposition of the Cu,0
overlayer, and it becomes more evident at 500 K. In
comparison with the Cu,0/Cu(111), the thermal stability of the
0.2 ML SnO,/Cu,0/Cu(111) sample was tested, as shown in Fig
4 (b) and (c). O¢, is removed in a similar manner as observed
for the plain Cu,0/Cu(111) surface, whereas O, is stable and
shows only minor losses at 500K. Such behavior was observed
similarly when higher oxygen affinity metals than Cu were
annealed to high temperatures.54 For example, deposited ZrO,
remains stable although the CuO,/Cu(111) substrate loses its

(a) O1s
Cu,0/Cu(111)

(b) O1s {c) Sn3d
0.2 ML Sn0,/Cu,0/Cu(111) 0.2 ML $n0,/Cu,0/Cuf111)

0, 0, i $n0,
u i

0
ED.K—,A__ S50k
M 450K
400K ‘

2 |as0k

400K _

00

Intensity (a.u.)
Intensity (a.u.)

Intensity (a.u.)

i

300 K

:

300K . 300 K
1 L 'I 1 1 1 1
535 530 525 535 530 525 500 495 490 485 480
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Fig. 4 (a) and (b) O 1s XPS region for the plain Cu,0/Cu(111) substrate and a
Sn0,/Cu,0/Cu(111) surface (Bsn02 ~ 0.2 ML) when annealing under UHV at different
temperatures. (c) Corresponding Sn 3d XPS region for the SnO,/Cu,0/Cu(111) surface
(Bsno2 ~ 0.2 ML).

This journal is © The Royal Society of Chemistry 20xx

Physical€hemistry Chemical Physics

oxygen while annealing.54 The annealing experiment shown
above indicates that the SnO, nanostructures generated by
self-oxidation are more thermally stable than the Cu,O
overlayer, and the interaction between Sn and O is stronger
than that between Cu and O. Thus, it is not surprising that the
Sn deposited onto the Cu,0 overlayer grabs O atoms to form
SnO,.

C. Theoretical Structure and Stability of SnO,/Cu,0/Cu(111): DFT
Studies

To look into the SnO,-CuO, interactions, the
Sn0,/Cu,0/Cu(111) system was modeled using a three layer
slab of a 4x4 Cu(111) surface with one monolayer of Cu,,O (m
= 1.13) and Sn,0,, (x =1,2,3 or 4) clusters deposited on top (Fig
5) to depict the small SnO, particles observed by STM (Fig 1).
The experimental results indicate that the relative stability of
the tin oxide clusters could change as a function of
temperature and O, pressure. Thus, an ab initio
thermodynamics analysis was performed to map the
thermodynamically stable Sn,0,, clusters formed on a
Cu,0/Cu(111) model surface on exposure to O, gas and Sn
vapor.

As shown in Fig 6, the phase diagram of
Sn,0,,/Cu,0/Cu(111) were plotted around the relevant
experimental temperature and pressure range, in which Sn
vapor pressure was set as the same pressure of O, gas. Upon
the increasing of temperature and/or the decreasing of
pressure, large clusters are thermodynamically likely to break
into small clusters (Sn,Og, Sn3;0¢, Sn,0,) on Cu,0/Cu(111)
substrate (Fig. 6). This cannot be directly compared with the
STM results by annealing under UHV conditions, as the
diffusion and possible aggregation of Sn,O,, clusters over
Cu,0/Cu(111) at the elevated temperatures is not considered
in the thermodynamic phase diagram. However, the
consideration of binding energies of Sn,0,, clusters can help to
bridge the gap. The binding energy of Sn,0,, varies from -53.27
kcal/mol of Sn,0, to -55.34 kcal/mol of Sn,0,, -99.62 kcal/mol
of Sn;0g and -91.09 kcal/mol of Sn,0s. Given that, the small
Sn,0,, clusters are likely more mobile and therefore
aggregated by increasing system temperature than the large
clusters. Thus, although with the increasing temperature the
small Sn,O,, clusters are thermodynamically preferred to form

Sn408/CU20/CU(111)

Fig. 5 DFT-optimized Sn,0,,/Cu,0/Cu(111) systems; Cu: brown; Sn: dark green; O: red.
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Fig. 6 Calculated relative stability of the Sn;0,, Sn,04, Sn30s and Sn,Os clusters on top of
Cu,0/Cu(111) based on ab initio thermodynamics as a function of the chemical potential
potential of Sn and O, the pressures shown in the plots were set based on relevant
experimental conditions and the dashed rectangular represented the most stable
phases around a pressure of 5x10” Torr within the temperature range from 400K to
600K.

on Cu,0/Cu(111), kinetically the increased mobility likely
enhances the aggregation of growth of clusters as observed by
STM. On the other hand, the strengthened Sn,0,,-
Cu,0/Cu(111) interaction for large cluster may impose kinetic
barriers to hinder the thermodynamically favored
decomposition to small clusters according to the phase
diagram. There was no Sn;0,/Cu,0/Cu(111) structure
observed in the phase diagram due to its lower stability than
the others. The dashed rectangular area labeled the most
possible stable structures under our relevant experimental
pressure (~5x107 Torr) and temperature (400K->600K), where
Sn306/Cu,0/Cu(111) was likely to be dominant and
Sn,0g/Cu,0/Cu(111) also coexisted. The supported SnzOg and
Sn,Og clusters adopted the size of 5.54 A and 7.12 A in
diameter, respectively (Fig 5), which are both within the range
observed using STM shown in Fig 1.

In addition, the DFT results also revealed that each Sn,0,,
cluster were anchored on Cu,0/Cu(111) via O at the Cu cation

Journal Name

site and Sn at the O site (Fig 5). That is, the oxygen from both
the surface and Sn,0,, are involved in the Sn,0,,-Cu,0/Cu(111)
interaction. Furthermore, according to the Bader charge
analysis the Sn of supported Sn;0, cluster was in the oxidation
state of 2+ due to the transfer of electron density from
Cu(111) to the SnO, cluster (Fig S3). With the increasing of
cluster size, the Sn* emerged and the Sn**/sn** was increased
from 0 to 3. The stable Sn3;Og and Sn,Og clusters identified
based on the phase diagram (Fig 6) both corresponded to the
dominance of Sn4+, in consistence with the XPS observation
(Fig 2), showing that the small Sn,0,, clusters formed at low
coverage was dominated by sn*". Given that, both
Sn30g/Cu,0/Cu(111) and Sn,;0g/Cu,0/Cu(111) were used to
study the catalytic activity toward CH, activation.

D. Methane Activation: AP-XPS studies

After  knowing the thermal stability of the
Sn0,/Cu,0/Cu(111) surfaces, we further studied their activity
for methane activation. It is well documented that CH, is a
nonpolar molecule with highly stable C-H bonds, so its
activation at low temperatures remains challenging 1320 Ag
expected, we did not see any significant reduction for the
Cu,0/Cu(111) substrate at 300 K under 50 mTorr of CH, (see O
1s spectrum in Fig 7a). 1920 \When the surface is decorated by
0.2 ML Sn0,, we found that upon exposing to CH,, the amount
of Og, stays almost identical, implying that Sn was maintained
in SnO, state. This conclusion is also confirmed by the Sn 3d
spectra in Fig 7(b). In contrast, O¢, decreases significantly,
implying the reduction of Cu,0. Comparing with the results
from the control experiment, where Cu,0/Cu(111) surface was
not reduced by CH,, we propose that the addition of SnO, can
modify the surface, making it suitable for methane dissociating
effectively at a temperature as low as 300 K. Once CH, is
dissociated to CH3* and H* atoms, H* will migrate to Cu,0 and
remove Oc,. The reaction can be described as shown below:

CH, > "CH3+ 'H
2 "H + Cu,0 = H,0 + 2¢u’°

This hypothesis is further confirmed by C 1s data, as shown
in Fig 7(c). Exposing a Cu,0/Cu(111) surface to 50 mTorr of CH,
at 300 K resulted in two peaks at ~287.0 eV and 285.1 eV in
the C 1s region, which we attribute to the CH, in gas phase and

(a) O1s (b) Sn3d (c) C1s
300K 300K 300K
O, . o
Cu
—_ o2 _MI.,.Cl'.h /§ —_ - CHy, 5o *CH,
=5 i s = !
H ! H 3 [o2m, cx, /‘S-Q-\L .
> [o2mL, Prlni‘%\ > L e
-& ML, CH, 0 ML, CH 2 I
E OML, CH, )/\ g § oz 1] Neke
Pristine .. - ...
0 ML, Pl'lstine__/\ i SRR £
. 0.2 ML, Pristine '
535 530 525 500 495 490 485 480 295 290 285 280

Binding Energy (eV)

Binding Energy (eV)

Binding Energy (eV)

Fig. 7 (a) O 1s, (b) Sn 3d and (c) C 1s regions of AP-XPS spectra for the Sn0,/Cu,0/Cu(111) surface (8s,02 ~ 0 or 0.2 ML) under different conditions at 300 K.
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a minor amount of adsorbed *CH, species 20,35 respectively.
With the addition of Sn0,, the *CHX peak increases
significantly, indicating a more efficient dissociation of CH,. It
is worth noting that the CH, dissociation starts from a
temperature as low as 300 K, indicating a low reaction barrier
on such Sn0O,/Cu,0/Cu(111) surface. DFT calculations further
demonstrate the promoting effect of SnO, on methane
activation with an activation energy as low as 18.45 kcal/mol
(details shown below), in sharp contrast with the CH,
activation energy of 36.90 kcal/mol on a bare and perfect
Cu,0/Cu(111) surface®. Defects present in the Cu,0/Cu(111)
substrate, see Fig la, are probably responsible for the small
amount of dissociated methane seen in Fig 7c for the
CH,4/Cu,0/Cu(111) system.

We also tested the CH, activation ability of the
Sn0,/Cu,0/Cu(111) surface at temperatures ranging from 300
to 500 K. Fig 8(a) and (b) shows the corresponding O 1s and Sn
3d core-level spectra under 50 mTorr of CH,, respectively. O¢,
is completely reduced at 400 K, at which temperature the Og,
also starts to decrease. At 500 K, SnO, is also reduced
completely to the metallic state. It is crucial to note that at 400
and 450 K, the binding energy of Sn 3d is lowered by 0.2 eV.
This fact implies that Sn may be in a +2 state, which is verified
by the atomic O/Sn ratio (~ 1). Therefore, the Sn is in a hybrid
state for the catalyst at 400 and 450 K, consisting of both SnO
and Sn° In the C 1s region, the *CHX peak increases drastically
at 400 K and then reaches equilibrium at 450 K. The reduction
of SnO, and accumulation of *CHX strongly suggests that CH, is
activated on the surface at temperatures from 300 to 500 K.

Samples with 0.1 and 0.6 ML of SnO, were also examined,
and the results are shown in Fig S4 and S5, respectively.
Briefly, they showed a similar trend as described for the 0.2 ML
sample. The C 1s AP-XPS spectra acquired while exposing
Cu,0/Cu(111) and several Sn0O,/Cu,0/Cu(111) surfaces to 50
mTorr of CH, at 400 K were used to determine the effect of
SnOx coverage on the amount of adsorbed *CHX formed. After
normalization to the intensity of the peak for gaseous CH,, the
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most active Sn0O,/Cu,0/Cu(111) systems were those with tin
oxide coverages of 0.1 and 0.2 ML, as shown in Fig 9.

In addition, the SnO,. coverage was found to influence the
degree of reduction of the tin oxide and methane activation.
With higher coverage, the SnO, is more difficult to be reduced.
For example, at 400 K under methane, ~23% of SnO, was
reduced to metallic on the 0.1 ML sample, while it was ~12%
for 0.2 ML and 0 for 0.6 ML. These results can be related to the
Sn-0O-Cu interfacial sites. For 0.1 and 0.2 ML samples, Cu,O
could provide sufficient oxygen atoms to oxidize the deposited
Sn, generating a SnO, phase and rich Sn-O-Cu interfacial sites.
These interfacial sites are able to dissociate methane and are
easier to be reduced, resulting in a higher *CHX/CH4 ratio and
better reducibility. However, in the case of the 0.6 ML sample,
the surface O atoms of Cu,0/Cu(111) cannot fully oxidize such
a high coverage of Sn. The Sn is only oxidized to a +1.4 state
and this leads to a lack of interfacial Sn-O-Cu sites, which is
responsible for the poor CH, activation and the reduced
activity of the 0.6 ML sample.

As a short summary, we applied AP-XPS to understand the
fundamental nature of the active sites responsible for C-H
bond breaking on three SnO,/Cu,0/Cu(111) systems. It is
proposed that Sn has a strong interaction with Cu,0, thus
leading to self-oxidation and creating a Sn-O-Cu interface. The
sites in this interface are chemically active and cleave the C-H
bonds in methane at temperatures between 300-500 K. Under
a real catalytic reaction, like methane dry reforming (CH4+CO,
-> 2CO + 2H,) or methane partial oxidation (CH, + 0.50, >
CH3OH), the oxidant in the reaction feed should maintain tin as
an oxide, preventing any deactivation due to the generation of
fully reduced Sn.

E. Methane Activation on Sn0,/Cu,0/Cu(111): DFT studies

In a previous theoretical study, a CH, activation energy of
36.90 kcal/mol was calculated on a bare and perfect
Cu,0/Cu(111) surface®. In this work, DFT calculations were
also performed to understanding the CH, activation over two

(a) 01s (b) Sn3d (c) C1s
20 mTorr CH, 20 mTorr CH, 20 mTorr CH,
n® *CH
500 K CH x
5 sook __/\ / \ “p=
— 450K s 500K . - .
= —-"' 3 Sno, —_
S0K A~ . | 450K LN\ M\ | 3
> ; - : < lasok . A _
[ \O AN AN A =
< (300K ‘\ c c . = a
] 1 s
£ g Sno, ; g 400K d
i~ ~ |300K S =
ot 1
% | B0K__ LN
= Pristine N Pristine
PR U U T ST — PEEE PEPEES EE A BT PR PR U T T
535 530 525 500 495 490 485 480 295 290 285 280

Binding Energy (eV)

Binding Energy (eV)

Binding Energy (eV)

Fig. 8 (a) O 1s, (b) Sn 3d, and (c) C 1s regions in AP-XPS spectra for the Sn0,/Cu,0/Cu(111) surface (05,02 ~ 0.2 ML) when exposed to 50 mTorr of CH, at different temperatures.
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Fig. 9 Comparison of the concentration of adsorbed ‘CHX on Cu,0/Cu(111) and several
Sn0,/Cu,0/Cu(111) surfaces. The corresponding C 1s intensities were taken from Figs
8,53 and S4.

Sn,0g/Cu,0/Cu(111) (Figs 5 and 6). The results showed that
CH, preferred to adsorb at the bridging O site located between
sn*™ and Sn®* of Sn,04/Cu,0/Cu(111) with an adsorption
energy (E,q) of -0.69 kcal/mol (Fig 10). The corresponding
dissociation of CH, was highly exothermic (AE = -36.21
kcal/mol) with an activation barrier (E,) of 18.45 kcal/mol.
Similarly for Sn30s/Cu,0/Cu(111), such Sn*"-Sn*" bridged O site
was also favored by CH, with the same binding energy
adopted. The difference compared to Sn,0g/Cu,0/Cu(111) was
that the corresponding dissociation was less exothermic (AE = -
32.29 kcal/mol) with a slightly higher activation barrier (E, =
22.14 kcal/mol) (Fig 10). The slightly higher activity of
supported Sn,Og than Sn3;0g was associated with the higher-
lying density of bridging O 2p states toward the Fermi level (Fig
11). According to our previous studieszo'ss, such oxygen species
were more active for stabilization of transition state and
intermediate during CH, dissociation, which was also observed
in this case (Fig 10). In addition, the more significant down-
shift of O 2p on interaction with *CH; observed for
Sn,0g/Cu,0/Cu(111) than that for Sn3;0¢/Cu,0/Cu(111) also
confirmed the stronger *CH;- Sn,Og/Cu,0/Cu(111) interaction
(Fig 11). Nevertheless, the deposition of Sn;Og and Sn;Og
clusters on Cu,0/Cu(111) enables the promotion to methane

g 200+

§ 1 l&

= N

> o004 290 _ _ -08697

8 | cH 069

o ] *CH,

[WN]

2 200+

=

& 1 Sn3;04/Cu,0/Cu(111)
400- — Sny0¢/Cu,0/Cu(111)

activation by lowering the activation energy by at least 14
kcal/mol,™ which well described the XPS results (Fig 9).

According to our DFT calculations, the bridging O site was
slightly more active on Sn,Og/Cu,0/Cu(111) than that on the
smaller cluster, Sn;0g/Cu,0/Cu(111), though the local
coordination, Sn -sn?* bridge, was the same. Such activity
difference is associated by the intrinsic structural properties of
the supported Sn,0,, clusters. To demonstrate that, the
formation energy (Eo,) of the oxygen vacancy (O,) was
calculated by removing the active bridging oxygen involved in
CH, dissociation (Fig S6). The results showed that the oxygen
removal from Sn,0g/Cu,0/Cu(111) (Eg, = 20.75 kcal/mol) was
thermodynamically easier than that of Sn;0g/Cu,0/Cu(111)
(Eoy =31.82 kcal/mol). Upon O, formation, there was not much
structural change observed for Sn;0s/Cu,0/Cu(111); while in
the case of Sn,0,/Cu,0/Cu(111) the Sn®" displayed higher
mobility, which slightly shifted away from the cluster and
drove the neighboring oxygen to migrate from the Sn hollow
site toward the O, site (Fig S5). In this way, the supported
Sn40; cluster was stabilized more significantly than that of
Sn30s. Such mobility of sn®* seen for the supported Sn,Og
ensures the observed activity of the interacted bridging oxygen
toward CH, dissociation, which can also explain well the
relatively high reducibility of small SnO, clusters at low
coverage observed by XPS (Fig S3). Here, we note that the
difference in CH, dissociation activity between
Sn,0g/Cu,0/Cu(111) and Sn30¢/Cu,0/Cu(111) is not significant
(4 kcal/mol in E, Fig 10) and easily can be erased at
temperatures between 300 and 500 K. In this temperature
range, both clusters of tin oxide should be very efficient for the
activation of methane.

In recent years, many theoretical studies have addressed
the activation of methane on solid surfaces. ***"~*° Pure metal
surfaces are not efficient for the activation of this light
alkane,13’61 exhibiting low binding energies and high activation
barriers for C-H bond cleavage that do not compare well with
those calculated on the Sn,0,,/Cu,0/Cu(111) systems (Fig 10).
These systems have thermochemical parameters for methane
activation that match those found for some oxide or

4+

metal/oxide systems which are able to activate well the
molecule.

13,55,59,60,62 . .
They are not as impressive as those

Fig 10. DFT-calculated potential energy diagram and intermediates and transition states (TS) structures for CH, activation on Sn0O,/Cu,0/Cu(111) model catalysts with different

size Sn,O, clusters; Cu: brown; Sn: dark green; O: red; C: gray; H: white.

8 | J. Name., 2012, 00, 1-3

This journal is © The Royal Society of Chemistry 20xx

Page 8 of 11



Page 9 of 11

calculated for dissociation of the molecule on IrOz(llo),57

where C-H bond cleavage occurs as a temperature as low as
150 K. Nevertheless, the room-temperature activation of
methane seen on Sn,0,,/Cu,0/Cu(111) is remarkable and this
oxide-oxide interface has the potential for being useful in the
conversion of methane to high value chemicals.

6 I —
(a) . Bridge 02p petore
4 :’: Sn#+-0-Sn?*
i i Sn,403/Cu,0/Cu(111)
3
Q b
a |[® Bridge O2p _____ o
at |
; Sn#+-0-Snz+
ol ! Sn30¢/Cu,0/Cu(111)
0
-10 -5 0 5 10
Energy (eV)

Fig. 11 Partial density of states (PDOS) of bridging O 2p located at the sn*"-sn” bridge
of Sny0g/Cu,0/Cu(111) model (a) and Sn30s/Cu,0/Cu(111) model (b) before and after
CH, dissociation.

Conclusions

Varying the SnO, coverage, a series of SnO,/Cu,0/Cu(111)
surfaces were prepared by vapor depositing tin on
Cu,0/Cu(111) at 450 K in an oxygen ambient. The
Sn0,/CuOx/Cu(111) systems were characterized by STM and
XPS. They exhibited well-dispersed nanoclusters having ~8 A in
size and ~1.3A in height, and the chemical state of these
clusters was determined to be Sn**. The Sn0,-Cu,0 interface is
generated via strong Sn-O interaction on top of the Cu,0
overlayer. The results of AP-XPS showed that the
Sn0,/Cu0,/Cu(111) systems activate CH, at low and moderate
temperatures (300 - 500K), leading to hydrocarbon formation
on the oxide surfaces. Low coverages of SnO, with a rich SnO,-
Cu,0 interface were found to be the most active for this
reaction. An ab initio thermodynamics analysis-based phase
diagram identified that the most likely SnO, species observed
by STM are Sn30g and Sn,Og clusters, which are central for the
CH,4 activation process. Furthermore, DFT calculations showed
a drastic reduction in the activation barrier for C-H bond
cleavage when going from Cu,0/Cu(111) to
Sn0,/Cu,0/Cu(111). On the supported SnO, clusters, the
dissociation of methane was highly exothermic (AE ~ -35
kcal/mol) and the calculated barrier for activation (~ 20
kcal/mol) could be overcome at 300-500 K, target
temperatures for the conversion of methane to high value
chemicals.

This journal is © The Royal Society of Chemistry 20xx
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