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ABSTRACT: Perovskites are interesting materials for catalysis due
to their great tunability. However, the correlation of many reaction
processes to the termination of a perovskite surface is still unclear. In
this study, we use the methanol coupling reaction on the
SrTiO;(100) surface as a probe reaction to investigate direct C—C
coupling from a computational perspective. We use density
functional theory to assess methanol adsorption, C—H activation,
and direct C—C coupling reactions on the SrTiO;(100) surface of
different terminations. We find that, although methanol molecules
dissociatively adsorb on both A and B terminations with similar
strength, the dehydrogenation and C—C coupling reactions have
significantly lower activation energies on the B termination than on
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the A termination. The predicted formation of methoxy and acetate on the SrTiO;(100) B termination can well explain the
ambient-pressure XPS data of methanol on the single-crystal SrTiO;(100) surface at 250 °C. This work suggests that a choice of
B termination of perovskites would be beneficial for the C—C coupling reaction of methanol.

1. INTRODUCTION

C—C coupling reactions are of great importance in both
fundamental chemistry and commercial processes.' > For
example, they are practiced in chemical industry,® where
methanol is used as a cheap and abundant feedstock for
chemicals via the methanol-to-olefin (MTQ) process™>® and
for fuel through the methanol-to-gasoline (MTG) process.””””

The coupling reactions have been commonly realized in
zeolite catalysts™”~"" and on transition metals'*~"® but less on
transition-metal oxide or perovskite surfaces. It is therefore
interesting to examine how oxygenates such as methanol couple
on perovskite surfaces. Perovskite-type materials represent a
promising class of metal-oxide catalysts, exhibiting superior
thermal stability, chemical tunability, redox properties, and
acid—base behavior.*'"” They have a general formula of
ABQ;, with the A cation being lanthanide, alkaline, or alkaline-
earth elements and B usually being a transition metal element.'”
One of the great advantages of perovskites is its compositional
variability.'®"” The composition can be easily tuned by partially
substituting A or B cations by other elements.” This
compositional variation gives rise to a great flexibility in
perovskite electronic structures, which in turn affects perovskite
catalytic activities.'”***'

Perovskites have been used for oxidative coupling of methane
(OCM).*»** For example, lanthanum-based perovskite cata-
lysts are reported to have high OCM activities because of the
high surface basicity as well as high electron and ion mobility.”’
Borchert et al. reported that LaAlO; has superior OCM
catalytic activities.”” Moreover, promotion with alkaline metal
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ions, such as Na or K, helps form oxygen vacancies in
perovskites and further improves catalytic activities.”*

In contrast with the numerous studies of OCM on
perovskites, coupling of oxygenates on perovskites has rarely
been explored. Recently, it was observed that adsorbed
methanol molecules can undergo coupling reactions and form
acetate species on SrTiO; surfaces.”” However, the underlying
mechanisms are not well understood. To this end, here we
employ density functional theory to investigate methanol
adsorption and reaction on a typical SrTiO5(100) surface; we
especially focus on C—C coupling reactions. This work aims to
understand how oxygenate molecules couple on a perovskite
surface and correlate the reactivity to the surface termination,
thereby laying a foundation for further exploration of oxygenate
chemistry on perovskite surfaces.

2. COMPUTATIONAL AND EXPERIMENTAL METHODS

Density functional theory calculations were performed by using
the Vienna ab initio simulation package (VASP)** with periodic
boundary conditions. The Perdew—Burke—Ernzerhof (PBE)
functional was employed to describe electron exchange and
correlation.”” The projector augmented wave (PAW) method
was used to describe the interaction between the core and the
valence electrons.”*” A kinetic energy cutoff of 450 eV was
used for the plane waves, and all of the calculations were spin-

Received: January 9, 2018
Revised: ~ March 7, 2018
Published: March 19, 2018

DOI: 10.1021/acs.jpcc.8b00273
J. Phys. Chem. C 2018, 122, 7210-7216


pubs.acs.org/JPCC
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcc.8b00273
http://dx.doi.org/10.1021/acs.jpcc.8b00273

The Journal of Physical Chemistry C

A termination

I

@ 9
® (]
® [

Top view

Side view Surface cleavage in bulk

B termination

Top view

-

Side view Surface cleavage in bulk

Figure 1. Atomistic models of the SrTiO,(100) surface of A termination and B termination. Color code: Sr, green; Ti, cyan; O, red.
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Figure 2. Dissociative methanol adsorption on the SrTiO;(100) surface’s A termination and B termination. Key distances are given in A. Color code:
Sr, green; Ti, cyan; O, red; C, gray; H, white. Only the surface layer is shown.

polarized. Structure relaxation was achieved by optimizing all
ionic positions until the force was less than 0.01 eV/A. The
DFT-optimized lattice parameter of single-crystal SrTiO;
(STO) is 3.985 A, in good agreement with the experiment
value (a = 3.905 A).*°

We employed the (2 X 2) supercell of the (100) surface of
SrTiO;. A vacuum space of 15 A was created in the z direction
to avoid interactions between slabs. The STO(100) surface was
constructed by stacking six atomic layers of alternating
compositions of SrO and TiO,. The Brillouin zone was
sampled using a 3 X 3 X 1 Monkhorst—Pack scheme. The
DFT-D3 method was employed for van der Waals corrections
of methanol adsorption and coupling.’’ Climbing-image
nudged-elastic-band (CI-NEB) calculations were performed
to find the minimum-energy pathways,”>>’ with a force
criterion of 0.05 e€V/A. The adsorption energy was calculated
as Ead = Esurface+adsorbate —E - Eadsorbatel where EsurfaceJradsorbate)
Efacor a0d E 4o 1. denote the energies of the perovskite slab
with the adsorbate, the clean slab, and an isolated adsorbate,
respectively.

We chose the (2 X 2) supercell for two reasons: (i) from the
experimental perspective, the ambient-pressure X-ray photo-
electron spectroscopy (see below) was performed at 0.1 Torr of
methanol, which would likely lead to relatively high coverages
of methanol and its reaction products on the surface; (ii) from

surface
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the computational perspective, transition-state search is
expensive and a smaller cell would allow us to explore many
possible pathways. We tested the energetics of methanol
dissociative adsorption on the A and B terminations for a larger
(3 x 3) supercell and found an uncertainty of 0.1—0.2 eV,
which is comparable to usual DFT uncertainties in energetics.
Thus, given these considerations, we think that the (2 X 2)
supercell is a reasonable choice.

To compare our DFT results with the experiment, the
ambient-pressure X-ray photoelectron spectroscopy (APXPS)
data of methanol on a single-crystal SrTiO;(100) surface were
also shown. APXPS was performed at Beamline 23-ID-2 (CSX-
2) at the National Synchrotron Light Source II (NSLS II) at
Brookhaven National Laboratory. A single-crystal SrTiO;(100)
surface was purchased from MTI Corporation and was oxidized
in the presence of 0.02 Torr of O, at 500 °C until no carbon
was detected and Ti was fully oxidized. Methanol was degassed
by several freeze—pump—thaw cycles and dosed onto the
surface at 0.1 Torr by backfilling through a leak valve to the
APXPS chamber. Other experimental details can be found in ref
2S.

3. RESULTS AND DISCUSSION

For perovskites, the (100) surface is the most commonly
exposed facet. We focused on the (100) surface because it is
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Figure 3. First C—H bond activation of methoxy on SrTiO;(100) of A termination and B termination. Color code: Sr, green; Ti, cyan; O, red; C,

gray; H, white. Only the surface layer is shown.
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Figure 4. Second C—H bond activation of methoxy groups on SrTiO;(100) of A termination and B termination. Color code: Sr, green; Ti, cyan; O,

red; C, gray; H, white. Only the surface layer is shown.

more energetically favorable than other low-Miller-index
surfaces such as (110) and (111).>**° Figure 1 shows the
structures of the SrTiO;(100) surface’s two terminations: A
(SrO) and B (TiO,). Previous work has reported the formation
of surface oxygen vacancies and surface reconstructions of STO
surfaces.”® To provide a baseline understanding, here we
consider only the SrTiO,;(100) surface with perfect termi-
nations, leaving the defected and/or reconstructed surfaces for
future work. We aim to elucidate the mechanism of methanol
coupling, especially the formation of acetate, on the
SrTi05(100) surface.

3.1. Methanol Adsorption on the SrTiO;(100) Surface.
Figure 2 shows the structure and energy of methanol
adsorption on A and B terminations. One can see that a
methanol molecule adsorbs dissociatively on both terminations
and a methoxy group thus forms spontaneously. In the A
termination, the O—H bond of methanol is cleaved without a
barrier and the distance between the O and H is 1.56 A. The
methoxy group adsorbs on the bridge site between two Sr
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atoms, where the distance between O and Sr is 2.56 A. On the
B termination, the O—H bond is also cleaved spontaneously
after adsorption. The methoxy group adsorbs on top of the Ti
atom and the H from methanol adsorbs to the nearest lattice
oxygen. The calculated adsorption energies, —1.67 and —1.69
eV on the A and B terminations, respectively, suggest that
methanol dissociatively adsorbs strongly on both terminations
with similar strength.

To simplify the calculations and facilitate the subsequent C—
H activation steps, we removed the dissociated surface
hydrogen atom after methanol adsorption. To justify our
approach, we calculated the migration and desorption of surface
hydrogen atoms on the A and B terminations (see Figures S1
and S2 in the Supporting Information). The surface hydrogen
atom migrates between neighboring lattice oxygen sites with an
energy barrier of 1.87 and 0.35 eV on the A and B terminations,
respectively (Figure S1). On the A termination, H desorption
to form H, is exothermic and requires an activation energy of
1.04 eV; on the B termination, it is slightly endothermic and
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requires an activation energy of 1.53 eV (Figure S2). Therefore,
one can see that on the A termination H, desorption is
relatively easy, while on the B termination H migration on the
surface is facile and H, desorption is not that difficult (if one
further factors in entropy gain during desorption).

3.2. C—H Activation of Methoxy. In previous studies of
methanol chemistry on metal oxides, it has been found that the
coupling reaction is often preceded by activation of C—H
bonds of the methoxy group onto the surface.””*® We
hypothesize that formation of the acetate species from
methanol on STO surfaces follows a similar mechanism. To
test this idea, we studied the first C—H bond activation of the
methoxy group on the STO (100) surface and Figure 3 shows
the reaction pathways and the structures along the path.

On both terminations, it is found that the reactions proceed
via two steps: CH;O dehydrogenation and CH,O oxidation.
On the A termination, CH;O first loses one hydrogen atom to
the nearest lattice oxygen atom with an activation energy of
0.29 eV, to produce CH,O (formaldehyde). In the second step,
CH,O reacts with a surface lattice oxygen via the C atom to
form a surface H,COO; moiety (O, denotes a lattice oxygen)
where now the C atom becomes sp® hybridized. This step is
energetically favorable, and the activation energy is only 0.20
eV. On the B termination, the reaction follows a very similar
sequence.

We next investigated the second C—H activation, as shown
in Figure 4. On the A termination, this process is endothermic
and the reaction barrier is predicted to be 2.02 eV, indicating
that the second C—H cleavage is unlikely to happen on the A
termination. On the B termination, the dehydrogenation
process can be divided into two steps: in the first step, the
surface H,COOy, moiety loses one H atom to the Ti top site
with an activation energy of 1.17 eV to form HCOOy, a kind of
surface formate species; in the second step, the dissociated H
atom transfers from Ti to a surface lattice oxygen. One can see
from the middle structure in Figure 4B that a hydride (on Ti)
intermediate is involved in the process on the B termination,
which may be the reason for its lower barrier in the second C—
H cleavage.

We further examined the third C—H activation but only on
the B termination, since the second C—H bond activation was
shown to be very unlikely on the A termination. As shown in
Figure 5, the HCOOy, species loses its hydrogen atom to a
lattice oxygen with a barrier of 1.66 eV, leading to an adsorbed
CO molecule on the surface Ti—O, pair.

3.3. C—C Coupling Reaction on SrTiO;(100). Since one
key goal of the present work is to reveal the mechanism of
acetate formation from methanol on SrTiO5(100), we next
examined how CH,O species couple on the surface. Figure 6
shows one of the most likely coupling reactions on the
SrTiO;(100) A termination. On the A termination, the
coupling reaction occurs between two CH,O groups, because
the formation of CH,O is facile, but the second C—H cleavage
is difficult (Figure 4A). One can see from Figure 6 that, first,
one CH,O group is lifted up from a lattice oxygen site (TS1)
and becomes formaldehyde (ii). In other words, the adsorbed
CH,O groups need to be activated from sp® to sp’
hybridization and then they couple together to form ethane-
1,2-diolate (OCH,CH,0; iii). This process is endothermic, and
the activation energy is 1.02 eV (TS2). Then, the OCH,CH,0
intermediate further dehydrogenates to form an OCHCH,O
intermediate (iv; a deprotonated glycolaldehyde). This step is
exothermic with an activation energy of 1.41 eV (TS3). Lastly,
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Figure S. Third C—H bond activation of CH;O on the SrTiO5(100) B
termination. Color code: Ti, cyan; O, red; C, gray; H, white. Only the
surface layer is shown.
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Figure 6. Reaction pathway of C—C coupling between two CH,O
groups on the SrTiO;(100) A termination. Color code: Sr, green; Ti,
cyan; O, red; C, gray; H, white. Only the surface layer is shown.

the intermediate OCHCH,O (iv) reacts to form the adsorbed
acetate (CH;COO; v). This step involves a concerted process
of CH,—O breaking, H transfer between the two C atoms, and
formation of a new C—O bond. Although the step is
exothermic, it is the rate-limiting step of the whole reaction
with an activation barrier of 2.58 eV (TS4), indicating that C—
C coupling of methanol on the STO(100) A termination is
difficult and that the likely product of coupling on the A
termination is OCHCH,O (Figure 6, iv).

One thing to note is that the STO(100) A termination (i in
Figure 6) starts with a hydroxyl group or a preadsorbed H on
the surface that could result from dissociative adsorption of
methanol (Figure 2). Without this surface hydrogen, we found
that OCH,CH,O (iii in Figure 6) would dissociate
spontaneously. In other words, the surface hydrogen atom
can stabilize the intermediate and therefore assist the coupling
reaction on the A termination.
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Figure 7 shows one of the most likely pathways of the
coupling reaction on the SrTiO5(100) B termination, starting

_Ma ﬁ&««

1.5 =
1.04 TS1 TSZ
0.71 0.76 TS3
_— ~/\ 0.62
05 N S /|
/ N i, \ 7o\ o
—_ 1 ./
i o \ / \ -
3 o0q " SR 5
0.00 L 7

Eﬁ Y ' ?""\ &
S .05 — ! aad
s ¢ -0.44 \
m ﬂ I X CH,CO0,

1.0 %\ \ /

P
| o= ® \
%\ CH,0+CHOO, %‘ \.
1.54 © \%
1 }\L‘ 1.60
20 CH,00, +CHOO, 0,0CHCH,0 N

Reaction Coordinate

Figure 7. Reaction pathway of C—C coupling between CH,O and
CHO groups on the SrTiO;(100) B termination. Color code: Tj, cyan;
O, red; C, gray; H, white. Only the surface layer is shown.

with one CH,00; and one CHOQ,, where L denotes lattice
oxygen. We chose these groups as the starting point because
their formation is facile (Figures 3B and 4B). The coupling
reaction begins with the C—Op bond breaking in CH,00,
(Figure 7, TS1), and then the CH,O group is lifted up on the
surface (ii). It is followed by a direct C—C coupling of the
CH,0 and CHOO_, groups, leading to an intermediate state
OCH,CHOO, (iii). This step is exothermic, and the barrier is
predicted to be only 0.51 eV (TS2). Next, the OCH,CHOO,
intermediate breaks the O—CH, bond and the hydrogen atom
from the CHO moiety directly transfers to CH,, forming a
methyl group of the surface acetate. This step is exothermic and
the barrier is predicted to be 1.06 eV (TS3), leading to
formation of CH;COOy, an acetate species on the surface (iv).
Figure 7 shows that surface acetate formation is more facile on
the B termination than on the A termination of SrTiO;(100).
We note that the STO(100) B termination (i in Figure 7)
also starts with a hydroxyl group or a preadsorbed hydrogen
atom on the surface. To reveal its role here, we compared the
energetics of the critical elementary steps (ii — iii — iv) with
and without a surface hydrogen atom (Figure S3). We found
that the presence of the surface hydrogen not only stabilizes the
intermediate iii but also lowers the activation energy of the
acetate formation (iii — iv in Figure 7). This may be due to the
surface metallization induced by the hydrogen atom. On both
terminations, it has been reported that the surface hydrogen
can donate electrons to the surface band, leading to surface
metallization.”> More recently, photoemission spectroscopy
and transport measurements confirmed the metallic state.*
We have also considered acetate formation from the self-
coupling of CH,0O and CHO on the B termination. For CH,0
(Figure S4), the two CH,O groups first form an OCH,CH,0
intermediate; next, OCH,CH,O dehydrogenates to form an
OCH,CHO intermediate; then, OCH,CHO coverts an acetate
species. The last step requires a high activation energy of 2.87
eV. For CHO (Figure SS), the acetate formation step also
requires a high activation energy of 2.83 eV. In contrast, the
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acetate formation step in the heterocoupling of CH,0 and
CHO as shown in Figure 7 has a much lower barrier (1.06 eV).

3.4. Comparison with the Experimental Data. Temper-
ature-programmed desorption (TPD) of methanol from the
single-crystal SrTiO5(100) surface found that a small amount of
formaldehyde desorbs from the surface below 100 °C.** This
observation is in agreement with our finding that methoxy
formation and its first dehydrogenation to form CH,O is facile
on both terminations of SrTiO;(100). Ambient-pressure XPS
(APXPS) spectra of 0.1 Torr of methanol on SrTiO;(100) at a
surface temperature of 250 °C (Figure 8) showed formation of

25000 . : . r . :
—— Methoxy
20000 - —— Acetate i
Gas Phase Methanol
15000 - g
10000 -
5000 -
04
T T T
292 290 288 286 284
BE (eV)

Figure 8. C 1s ambient-pressure XPS (APXPS) spectrum (dotted line)
of a SrTiO5(100) surface at 250 °C after the addition of 0.1 Torr of
methanol. The total fitted spectrum (black line) is from summing up
the contributions from acetate (blue line), methoxy (red line), and gas-
phase methanol (pink line).

methoxy and acetate on the surface, accompanied by reduction
of surface Ti. Although the acetate formation came as a surprise
from the APXPS spectra, our mechanistic studies here show
that it is indeed possible, especially on the B termination. This
is in agreement with the experimental observation that the
SrTiO4(100) surface tends to expose the B termination after
annealing in O,,"' as done in our sample in Figure 8.

4. SUMMARY AND CONCLUSIONS

We have studied methanol coupling on SrTiO; surfaces to form
adsorbed acetate by density functional theory. The A and B
terminations of a perfect (100) surface were examined.
Methanol molecules were found to adsorb dissociatively on
both A and B terminations with similar adsorption energies. C—
C coupling reactions were found to be preceded by C—H
activation of CH;O. Although the first dehydrogenation step to
form CH,O on the surface was found to be facile on both
SrTiO,(100) terminations (activation energy <0.5 eV), the
second dehydrogenation to form CHO on the surface was
found to be much more difficult on the A termination
(activation energy >2.0 eV). Hence, the coupling reaction was
considered to take place between two adsorbed CH,O groups
on the A termination, while the coupling between CH,O and
CHO was found to be most likely on the B termination.
Examination of the most likely coupling pathways indicates that
formation of adsorbed acetate on the A termination is much
more difficult (activation energy of the most difficult step >2.5
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eV) than on the B termination. This work suggests that, for the
C—C coupling reaction of oxygenates on perovskites, a B
termination is most beneficial. The computational results can
well explain the ambient-pressure XPS spectrum of methanol
on single-crystal SrTiO;(100).
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