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Abstract

Potassium (K) plays an essential role in promoting catalytic reaction in many
established industrial catalytic processes. Here, we report a combined study using scanning
tunneling microscopy (STM) and density functional theory (DFT) in understanding the effect of
depositing K on the atomic and electronic structures as well as chemical activities of
CuxO/Cu(lll) (x<2). The DFT calculations observe a pseudomorphic growth of K on
CuxO/Cu(lll) up to 0.19 monolayer (ML) of coverage, where K binds the surface via strong
ionic interaction with chemisorbed oxygen and the relatively weak electrostatic interactions with
copper ions, lower and upper oxygen on the CuxO rings. The simulated STM pattern based on
the DFT results agrees well with the experimental observations. The deposited K displays great
impact on the surface electronic structure of CuxO/Cu(l 11), which induces significant reduction
in work function and leads to a strong electron polarization on the surface. The promotion of K
on the surface binding properties is selective. It varies depending on the nature of adsorbates.
According to our results, K has little effect on surface acidity, while it enhances the surface
basicity significantly. As a consequence, the presence of K does not help for CO adsorption on
CuxO/Cu(lll), but being able to accelerate the activation of CO2 Such promotion strongly
depends on the combinations from both geometric and electronic effects. Our results highlight

the origin of promoting effect of alkalis in the design of catalysts for the complex reactions.

Keywords: Potassium; Electron polarization; COz2; Copper oxide; DFT/STM

Corresponding author E-mail: pingliu3@bnl gov



1. Introduction

Potassium (K) plays an essential role in promoting catalytic reaction in many established
industrial catalytic processes including water-gas-shift reaction, Haber-Bosch and
Fischer-Tropsch processes.! It has been found that the incorporation of K not only greatly
promotes the activity and selectivity of catalysts toward activation of various types of small
molecules such as CO, Nz, Oz, NO, but also enhances the stability of catalysts under reaction
conditions. Owing to its importance as a promoter, understanding the promoting effect of K has
long been a subject in heterogeneous catalysis in both experiment!® and theory?®! over the years.
Several working mechanisms have been proposed, where both electronic and geometrical effects

B4 or electrostatic

are evoked: (a) strengthening bindings via direct bonding with adsorbate,
interactions (geometric effect);Bb] (b) modifying the electronic structure and therefore the

activity of other active sites via electron transfers (electronic effect);”™ ¥ (c) reducing work
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function, which induces strong molecular polarization and surface electronic polarizability
(d) enhancing the stability of active sites on surfaces (geometric and electronic effects).m
Currently, there is no generally accepted picture, which hinders the deep understanding of the
roles that K plays in tuning the catalytic performance of a catalyst. One of the obstacles is
lacking of direct evidence on the location and distribution of K ions on the surface. The
mechanisms proposed above were mainly based the theoretical studies using hypothetical models.
The K-induced structural variation on catalyst surfaces still remains elusive.

In this contribution, we investigated the effects induced by deposing K on CuO/Cu(111)
(x<2) surface using scanning tunneling microscopy (STM) and density functional theory (DFT).
copper (Cu)-based catalysts have been reported active for many important reactions including
water-gas-shift,”! methanol or higher alcohol synthesis from CO/CO, hydrogenation,®”! and CO
oxidation™ K-promotion in the activity and selectivity of Cu-based systems are of special
interests.°““* To understand the promoting effect of K, extensive studies have been carried out
on well-defined Cu surfaces as model systems.!** ° However, under redox reaction conditions
pure Cu cannot survive, but forming a Cu oxide thin film on the Cu surface even for practical

metallic Cu powder catalysts."” Jensen et al.''! and Matsumoto et al.l'

proposed that the
structures of copper oxide films closely resembled Cu,O and existed in two forms known as the
29 and 44 structures. Both suggested that the 29 and 44 structures originated from the distortion

of a CupO(111)-like layer. The CuxO(111)-like film supported on Cu(111) has the same



hexagonal lattice as the unreconstructed Cu,O(111), but with the under-coordinated Cu atoms
removed.™* Therefore, such Cu,O/Cu(111) surface was used here as a model surface to simulate
the Cu catalysts under reaction conditions.

In the present study, the combination of STM and DFT allows us to locate the position of K
on the surface of CuyO/Cu(111) readily, which provides a solid basis to identify the effect of K
on the surface structures and chemical activities. Our DFT study observes a pseudomorphic
growth of K on CuyO/Cu(111) by occupying the chemisorbed oxygen sites at the center
hexagonal CuyO ring. The simulated STM pattern agrees well with the experimental
observations. The distribution of electrons undergoes significant changes on depositing K, which
results in the selective promotion in surface binding properties. The present study demonstrates
the importance of combination of experiment and theory in understanding the complex surface
structures and highlights the importance of K-induced electron polarization on the surface in

tuning the catalytic performance of Cu-based catalysts.

2. Methods
2.1 Experimental method

All of the STM experiments were conducted in a SPECS™ Aarhus 150 HT STM chamber,
with a background pressure of 5x107'° mbar. A Cu(111) single crystal (Princeton Scientific
Corp.) was cleaned by cycles of sputtering (5 pA, 2.00 keV, 20 min, Ar’) and annealing (850
Kelvin, 10 min). CuyO/Cu(111) thin films were prepared by exposing the clean Cu(111) surface
to 6x107 mbar O, (GTS-WELCO, 99.999%) at elevated temperatures (550 - 650 Kelvin) for 20
min. A home-made potassium source was mounted normally to the CuyO/Cu(111) surface for
deposition purpose. All of the depositions were made at room temperature and the surfaces were

post annealed under 6x 10”7 mbar 0O, at 500 Kelvin for 10 min to form flat terraces.

2.2 Theoretical method

Calculations were performed by using periodic DFT as implemented in the Vienna ab-initio
simulation package (VASP)."¥ Ton-core electron interactions were described using the projected
augmented wave method (PAW)."! Perdew-Wang functional (GGA-PW91) within the

)[16]

generalized gradient approximation (GGA)" ™ was used to describe exchange-correlation eftects,

being able to well describe the experimentally observed electronic structure and chemical activity



of such system according to our previous studies."”! The cutoff energy of plane-wave basis set
was 400 eV. To model the 29/44-structure, we built a CusO-like O-Cu-O overlayer on top of a
three-layer p(4x4) Cu(111) slab. 9 Cu ions and 8 O ions were included in the oxide layer, which
corresponds to 0.50 monolayer (ML) of oxygen coverage and x = 1.1 according to the ratio
between Cu and O on the O-Cu-O layer. The obtained surface periodicity is 5.94 x 5.85A, which
closely matches experimental measurements of (6.1+0.1) x (5.940.1A) and O-coverage of
0.52ML for 29/44-structure."'""# The two models are stable surface structures according to the
previous study.!'”! A vacuum of 20 A between the slabs was applied perpendicular to the surface.
The Brillouin-zone integration was sampled by 3x3x1 k-points, using the Monkhorst—Pack
scheme,!'® The conjugate gradient algorithm was used in optimization, allowing the convergence
of 10*eV in total energy and 0.02 eV/A in Hellmann-Feynman force on each atom. All atoms
were allowed to relax except those of the bottom two layers that were fixed at the bulk position
with the optimized lattice constant of 3.63 A.

The binding energy (BE) of an adsorbate (i.e., K, CO, COy) is defined as BE = E a/gab — Eslab
—E A, where E /b, Estab, and E, is the total energy of an adsorbate adsorbed on Cu; ;0/Cu(111),
clean Cu; ;O/Cu(111) slab, and the adsorbate in gas phase, respectively.

3. Results and Discussions
3.1 Atomic structure

The atomistic structures of CuyO-like thin film on Cu(111) have been the focus of STM
studies.!'®! The experimentally observed 44- and 29-structures are quite complex with
long-range order rows and substructure of a hexagonal symmetry (6.1 + 0.1 A) x (5.9 % 0.1
A).M! The 44-structure has a surface unit cell of (11.2 = 0.1A) x (21.9 + 0.1 A), 76.4° and
29-structure has a surface unit cell of (9.2 £ 0.1A) x (18.0 £ 0.1 A), 84.9°, where the surface unit
cell can be schematically outlined by green lines in Figures 1a and 1b, respectively. So far, there
is no generally accepted atomic structure to model the 44- and 29-structures mainly due to
mismatch of symmetry and periodicity between the CuyO ML film and Cu(111) substrate. In our
DFT calculations, we employed Cu; ;O/Cu(111) with 0.52 ML of oxygen coverage (Figures la
and 1b) to describe CuyO/Cu(111) (blue lines, Figure 1), being able to well resemble that
observed in our experimental STM images (Figures 1c and 1d) in terms of unit cell size and

shape with reasonable computational cost. In addition, it is also able to captures the hexagonal



substructure features with similar lattice (5.9 x 5.8A) compared to experiments (6.1 = 0.1 A x
59 + 0.1 A)MY (white-dashed hexagon in Figure la and 1b). Unfortunately, our STM
measurement can clearly distinguish the rings on the CuyO structure, but the determination of
occupied/unoccupied rings with chemisorbed oxygen is not straightforward. This model is

171 and have

among the most stable surface structures in terms of stability of chemisorbed oxygen
similar oxygen coverage with respect to the experiment. However, our model fails to capture the
distorted angles with respect to Cu(111) substrate. To describe such a long-range surface
reconstructions and distortions, a much larger supercell has to be employed in modeling, which
is computationally too expensive.

We then investigated the effect of K on the structure of CuyO/Cu(111) using STM, where
K was deposited on a CuO/Cu(111) surface at 300 Kelvin. The surface is partially reduced and
the deposited K binds to the surface with no diffusion. The images taken after deposition of K at
300 Kelvin can be used to estimate the coverage of K on the surface (inset, Figure 2a), assuming
that one Cu,O hexagonal ring only contains one K atom. A sequential annealing of the
K/CuyO/Cu(111) surface was performed in 5x107 Torr O, at 500 K for 10 min, which led to the
formation of a fully-oxidized surface with a K coverage of 0.12 + 0.06 ML (Figure 2a). A nearly
perfect hexagonal pattern is clearly formed with a unit cell of (9 £ 0.5) x (9 £ 0.5) A% (62 + 1)°.
Unlike the buckled hexagonal network of CuyO(111)/Cu(111) due to the mismatch between the
oxide film and the substrate, the hexagonal structure of the fully oxidized K/Cu,O/Cu(111)
surface is flat. Accordingly, we can correlate the isolated bright features with the presence of K
on the CuO(111) film, but the exact nature of the electronic perturbation of K on the oxide film
is not known. K is imbedded in the CuxO structure, and no local bright features are observed on
the film.

In the DFT calculations, different adsorption sites on the Cu;;0/Cu(111) surface were
considered for the nucleation sites of K: chemisorbed oxygen at the center of hexagon ring (Oaq),
3-coordinated upper oxygen (Ouy), 4-coordinated lower oxygen (Or)and Cu®' sites (Figure 1).
Our results show that the K atom prefers to adsorb at the oxygen sites, while it desorbs from the
Cu®" sites. The most stable adsorption site is the O,q site with the BE of -3.23 eV, which is
followed by the Oy, site (BE = -2.75 eV) and the Oy site (BE = -2.44 eV) in a decreasing
sequence. Accordingly, to simulate the experimental annealing in oxygen-rich conditions, we

saturated Cu; ;O/Cu(111) with all hexagon rings filled with O,g, which acts as a adsorption site
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for K and transforms the surface to Cu; ¢O/Cu(111) stoichiometry (Figure 2a). As such, a
pseudomorphic growth of K with coverage of 0.19ML is obtained (Figure 2b), where the
0>-Cu®"-0" hexagonal ring stays, but slightly changed in size and distorted in shape. The
simulated STM shows a 10.3 A x 10.3 A 60.0° surface periodicity (Figure 2¢), which is in good
agreement with the STM measurement (Figure 2a) in consideration of the simplicity of our
Cu; 10/Cu(111) surface for Cu,O-like thin film on Cu(111). On the basis of such agreement, we
are able to assign the dark areas in the STM image of K/Cu; (O/Cu(111) mainly to Oy, the big
bright spots to K and the shaded areas to Oy (Figure 2¢). The deposition of K introduces the
electron transfer to the surface together with the production of K°" on one hand; on the other
hand it allows more O,q loaded on the surface, which is the preferential nucleation site for K on
the CuyO thin film. As a result, the further oxidation of the copper oxide film is observed due to
the K deposition in oxygen atmosphere as will be demonstrated in Section 3.2.

The final arrangement of K on Cu; cO/Cu(111) is mostly controlled by strong interaction
with O,qg, where the K-O,q bond length is around 2.6 A. It is similar to K-O bond length (2.8 A)
in K,O bulk, which indicates a direct ionic bonding. Besides, the relatively weak electrostatic
interactions also exist between K~ and Cu®’ (repulsion with bond length of 3.1~3.5 A) as well as
K and Oy." (attraction with bond length of 3~4 A), which play a complementary role in
determining the overlayer pattern of K-deposited Cu; ¢O/Cu(111) (Figure 2b). That is, K®" can
have geometrical effect on the morphology of a catalyst surface via direct bonding and direct

electrostatic interactions, which has been previously observed by Jiao, et al.’1l

3.2 Electronic structure

Figure 3a shows the calculated partial density of states (PDOS) of O™ before and after K
deposition on Cu; ;O/Cu(111). Through the direct binding, K is able to stabilize the O, sites. A
downshift of O 2p is observed, while the shape remains almost the same (bottom panel in Figure
3a). In contrast, the effect on Oyand Op is complex. In the case of Oy, the position of the 2p
states stays the same before and after K deposition; yet it is redistributed with populated states
around -5.2 eV (top panel in Figure 3a), which are associated with the electrostatic interaction
with K" as demonstrated in the PDOS of K 3p (arrow, bottom panel in Figure 3b). The

K-induced variation in shape is also observed for the 2p state of Oy, (middle panel in Figure 3a);

however, in this case the 2p states shift up towards the Fermi level, which likely indicates the
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electron loss and therefore the activation of Or. The calculated O-2p band center has been used
as a descriptor for activity."”! Accordingly, our calculated O 2p band centers (Ou: -4.83eV before
K deposition and -5.06 eV after K deposition; Or: -5.78eV before K deposition and -4.49¢V after
K deposition; O,g: -4.19e¢V before K deposition and -4.36eV after K deposition) indicate the
slight deactivation of Oy and O,q, but great enhancement in activation of Op, as a result of K
deposition.

The Cu 3d slightly splits after K deposition, where the additional states emerging at ~-5.2
eV seems associated with the electrostatic interaction with K®* (arrow, bottom panel in Figure
3b). In addition, the downshift of Cu 3d is also observed. It suggests that the further oxidation
and therefore the enhanced stability of Cu® on Cu;90O/Cu(111), due to the additional oxygen
introduced by K deposition. Overall, the electronic states of O are altered more pronounced
than those of Cu®" as a result of K deposition. It implies that K has a major effect on the activity
of O% in terms of electron-donation capability (Lewis basicity), but a minor effect on Cu® in
terms of electron-acceptance (Lewis acidity).

There is a big difference in 3p states for the K" supported on Cu; ¢O/Cu(111) from the fully
oxidized K~ in bulk K,O (blue and red line, bottom panel in Figure 3b). The small occupied
states for K are very sharp and only located at -0.5 eV, where O 2p states are (green line, Figure
3b). In contrast, in the case of K, they are broader and mainly localized at -5.2 eV, which
overlaps with both Cu 3d (Figure 3b) and O 2p states (On4, Ou and Oy, Figure 3a). This suggests
that the nature of K-O bonds in K/CuxO/Cu(111) surface structure is not a classical ionic bond as
that in bulk K,O, but rather a mixture of ionic bonding with small covalent features, as observed
previously on both metal and oxide surfaces.'*®!

We also calculated the electron localization function (ELF) of Cu; ;0/Cu(111) before and
after K deposition. The 2D slice of ELF projected above the surface was plotted (Figure 4). One
can see that K has great impact on the landscape in electron density of Cu; (O/Cu(111) surface.
Before K deposition, the electron density is scarce and only localized at the sites over o™
(Figure 4a); while after the deposition the significant electron polarization over the surface is
observed. More importantly, the effect is nonlocal, the substantial enhancement in electron
density occurs not only over K°', but also over the entire surface area including Oy and Cu®"
sites. Such alkali-induced surface electron polarization has been observed on metal surfaces.*® 3

Difterently from metal surfaces, Or at the subsurface of Cu;¢O/Cu(111) displays a K-induced
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upshift in the 2p states towards the Fermi level (middle panel in Figure 3a), which indicates a
activation of its valence electrons. Therefore a promotion of activity is expected. According to
our previous study,®” O, is the most active oxygen species on the Cu,O/Cu(111) surface,
followed sequentially by Op and Oy in a decreasing sequence. However, O,q4 1s not exposed to
adsorbates because they are all covered and stabilized by K. As a result, Oy, is the most easily
removed oxygen species in the hexagonal ring of CuxO supported on Cu(111) and the high
activity of Oy, can be further enhanced by depositing K.

Our findings of K-induced electron polarization over the Cu; ;O/Cu(111) surface (Figure 4)
can be associated with the change in work function. The decreasing in work function from 5.3
eV to 2.0 eV upon K adsorption allows the electrons leak out further into the vacuum. The
reduction in the work function arises from the dipole formation. The deposited K atoms easily
form cationic species, which form an ionic overlayer with its valence electrons polarized towards
the Cu; ¢O/Cu(111) surface. It gives rise to a dipole barrier, which counteracts the original dipole
for electron emission and thus reduces the work function.*! Similar phenomenon is also
observed for metal surfaces!®” and metal supported oxide thin films: Cr,03(0001)/Cr(110),!**!
Si02/Mo(112), MgO/Ag(110) and TiOy/Pt(111).1**) Besides the alkalis, our previous studies also
observed similar polarization effect by depositing Au particles on TiC(001), where such effect
led to a flow of charge from the substrate to the supported particle and eventually promoted the

catalytic properties of Au.*

3.3 Activity

We used CO and CO; as probe molecules to identify the effect of K deposition on the
chemical activity of CuO/Cu(111). Activation of the CO and CO; molecule and the conversion
into other compounds represents a grand challenge for catalysis.®” Since alkali promoters are
able to negatively charge the molecule, the investigation of CO/CO; interaction with alkali
metals is very promising for tailoring new catalysts for CO; sequestration.[Zb] In addition, CO is
known as a weak Lewis base which can be used to probe surface acidity of metal oxides, while
CO; is a notable acidic molecule used for characterizing the Lewis basicity, independent of the
surface acidity.™ In general, stronger (weaker) binding means stronger (weaker) surface Lewis

acidity (basicity) strength.*!



According to our previous study,? CO prefers to adsorb at the atop site of Cu® on
Cu; 10/Cu(111) with the BE of -0.47 eV. With the presence of K on the surface, the molecule

®*K®" bridge site with the oxygen tilted towards K ° (Figure 5a), where the

favors the Cu
electrostatic interaction of K®" with O of CO is evidenced by 2.96 A of K-O bond distance.[#1!
However, the corresponding BE is only slightly increased by 0.02 eV in exothermicity,
suggesting that K has little effect on CO activation. Both Cu; ;0/Cu(111) and K/Cu; cO/Cu(111)
surfaces are very weak Lewis acid. The adsorbed CO (*CO in our notation) has a slightly longer
C-O bond length (1.17A) on K/Cu;¢O/Cu(111) than that (1.15A) on Cu;;0/Cu(111), which
suggests a K-induced red-shift in C-O stretch mode as observed on metal surfaces.*™ This is
supported by the calculated charge density difference (Figure 6a and b), where the charge
depletion occurs at the C-O bond. In addition, the charge accumulation is mainly located around
C and O ends of CO together with a small polarization in charge density of K, suggesting a weak
activation toward CO by K deposition.

In contrast, K displays an enhancement in the surface basicity, being able to promote the
CO; activation. The electrophilic properties of CO, lead to an expectation of charge transfer
from the surface to the molecule to form an anion. One consequence of the degenerate ground
state electronic structure of *CO; is that anion formation gives rise to changes in molecular
geometry which tends to give “bent” chemisorbed species. As shown in Figure 5b, the O=C=0
bond of *CO; is bent from the linear in gas-phase CO, to 145° with C and two O atoms
interacting with Cu® and K*' respectively, while without K it is only physisorbed and the
molecule stays intact. That is, *CO, is chemisorbed (BE= -0.48 eV) and activated on
Cu; 0O/Cu(111) due to the modification by K. The chemisorbed *CO, species is one of the key
steps towards the activation of CO,, which can either dissociate into CO and O, or dimerize to
oxalate, or disproportionate to CO and carbonate.¥ °* 2"l Indeed, our calculations show that K®*
is able to promote and stabilize the carbonate, *CO;, species on Cu; ;O/Cu(111) (BE =-1.41eV,
Figure 5c) more than *CO,. Therefore, the conversion from *CO; to *COs is likely to occur on
K/Cu; ¢O/Cu(111) under oxidizing conditions. One common feature for *CO; and *COs is that
K-O bond length is short enough to claim the direct bonding: 2.65 A in adsorbed *CO,, and

2.5~2.7A in adsorbed *COs. It indicates that a strong ionic interaction is in play in promoting

activation of CO;. One can also see the direct K-O binding from the calculated PDOS. For



instance, the top panel in Figure 3b displays a strong overlapping in the DOS between the K and
O of the adsorbed COx.

The promotion of K toward CO, activation is strongly associated with the K-induced
electron polarization as demonstrated in Section 3.2. The polarized electron densities over K
strongly attract the two O atoms of CO,, and those over Cu® help to adsorb the C atom of CO».
As a result, the calculated charge density difference (Figure 6¢ and d) clearly shows that the
charge accumulation is mainly located around two O ends of CO, and top of Cu®" which C of
CO; binds; at mean time, charge depletion occurs at 06', or K®" or Cu®" sites. Besides the surface
electron polarization, the presence of K also allows the electrons easily polarized upon
adsorption of CO,, which occurs to a certain degree at the O™ sites and two K° cations
interacted directly with CO; (see arrows in Figure 6¢); yet it is not observed for the K® away
from *CO,. Such effect leads to the further stabilization of the molecule on the surface. Given
that, our results seem to support the mechanism of molecular polarization and surface electronic
polarizability on alkali deposition, which is able to well describe the origin of the observed
K-promoted CO; activation on Cu; gO/Cu(111).

We also notice that CO; only interacts weakly with K°" alone (i.e., physisorption), while the
enhanced activity of K/Cu; ¢O/Cu(111) towards CO;, activation depends on the synergy among
K®", 0> and Cu®". K® introduces the surface electron polarization (electronic effect), which
enhances the binding between Cu®’ and C of CO, As a result, the O species on
K/Cu; ¢O/Cu(111) is activated, being able to allow the charge redistribution on CO, adsorption
and therefore the further stabilization of the molecule. K also participates in the binding
directly to stabilize the two terminal oxygen atoms of CO, (geometric effect). That is, the
promotional effect of K heavily relies on the condition that K must be in close proximity of
active sites. This is in consistent with the previous study on metal surfaces, showing that
alkali-induced reductions in CO dissociation barrier depends strongly on how close K is to the
dissociating molecule.*

Overall, our results indicate the selective promoting effect of K deposition on the binding
properties of CuyO/Cu(111) surface, which is only minimal in CO but significant in CO;
activation. It suggests that K cannot alter weak Lewis acid nature of CuyO/Cu(111), but being

able to significantly enhance its Lewis basicity to promote and stabilize the formation of
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carbonate species. Our study also shows that the promotion effect of K is complex. The
geometric effect alone does not work. The K®" sites on Cu; ¢O/Cu(111) are not active enough to
serve as active sites for catalytic reactions; instead, the combination of electronic and geometric
effects is responsible. On one hand, the K deposition leads to the accumulated electron densities
over the surface of Cu,O/Cu(111) (electronic effect); on the other hand, the synergy among K°',
0% and Cu®" assures the enhanced activity towards CO; activation via direct bonding (geometric
effect), or strong polarization/polarizability mechanism (electronic effect). As a result, the
promotional effect of K can strongly depends on the concentration and distribution of K in
catalysts. It can be easily turned into poison effect if K is over-concentrated.

The observed selective promotion of K in binding properties of metal oxide surface can
have a significant impact on the design of catalysts to achieve high activity and selectivity for the
complex reactions. In general, a catalyst displays a certain binding properties to the intermediates
involved in a catalytic process. Modification of the catalyst using, for instance, dopants is likely
to strengthen or weaken the interactions with all the intermediates in similar chemical nature
simultaneously.” #*! As a result, a volcano-like correlation is always expected between binding
strengths of key intermediates and their catalytic activity.!””! The best catalyst is located at the
top of the volcano and usually exhibits a moderate binding, that is, high enough to dissociate
reactants and weak enough to allow facile product formation and removal. Further catalyst
development is limited by trying to compromise the two criteria operating in an opposite
direction. In the present study, the deposition of K not only increases the surface complexity to
provide new adsorption sites, but also promotes the activity of other sites on CuyO/Cu(111) in a
selective way, being able to enhance the Lewis basicity of the surface, but hardly altering weak
Lewis acidity. As a result, K deposition only introduces the enhancement the stability of *CO,
and *CQOj rather than *CO on CuyO/Cu(111). That is, a modifier, such as K, in some cases can
offer new possibilities to “tune” the performance of a catalyst in a way to go beyond the volcano
relationship and advance the activity and selectivity via selectively activation to a certain
elementary steps involved in a catalytic process. The synergy between the different components

can result in a system with a novel performance for catalysis applications.

4, Conclusion
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We combined STM and DFT to study the promoting effect of K on the atomic and
electronic structures as well as chemical activities of CuyO/Cu(111) (x<2). Our results show that
K deposition together with the sequential annealing under oxygen atmosphere leads to the further
oxidation of CuyO film. The deposited K follows a pseudomorphic growth mode and is mainly
controlled by strong interaction with chemisorbed O within O%-Cu®"-O% hexagonal ring, which
can reach up to 0.19 ML of coverage on CuyO/Cu(111). In addition, the direct electrostatic
interactions, K®'-Cu®' repulsion (3.1~3.5 A), K®'-O® attraction (3~4 A), and K®'-K®' repulsion
(5~6 A), also contribute to control the overall pattern. Our simulated STM images are able to
well capture and match the key features of experimental STM images.

The deposition of K displays significant impact on the surface electronic structure of
CuO/Cu(111). Significant reduction in work function is observed. It leads to a strong electron
polarization on the surfaces, which is delocalized not only over K®, but also for the entire
surface area in a selective way, being able to enhance the Lewis basicity of the surface, but
hardly altering weak Lewis acidity. As a result, the promotion of K on the chemical activities of
CuO/Cu(111) is selective, which varies depending on the nature of adsorbates. The effect is
only minimal in CO binding, but significant toward CO,. Our calculations show that the
enhancement in CO; activation depends on the well combination between geometric and
electronic effects. On one hand, the K deposition leads to the accumulated electron densities over
the surface of CuyO/Cu(111) (electronic effect), which helps in attracting CO;; on the other hand,
the synergy among K®', 0> and Cu®" assures the enhanced activity toward CO, activation via
direct interaction (geometric effect) and strong polarization/polarizibility (electronic effect)
mechanisms. To improve the catalytic performance using alkalis, one should be careful to
control the concentration and distribution of K in the catalyst. Our results highlight the
advantages of using alkalis as promoters in the design of catalysts to achieve high activity and

selectivity for the complex reactions.
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Captions

Figure 1. (a,b) Optimized Cu; ;0/Cu(111) surface structure with 0.50 ML of oxygen coverage to
model the 44- or 29-structures. The unit cells for 44-structure (10.8A x 20.6 A 77.8°, a) and
29-structure (7.9A x 17.8 78.1°, b) were outlined in blue of against experiment (green-line).
Black ball: chemisorbed O(O,q4). (¢c) Experimental STM image of 44-structure scanned at room
temperature: 0.45 nA, 1.24V, 44 unit cell of (11.2 £ 0.1A) x (21.9 £ 0.1 A) 76.4° is highlighted;
(d) Experimental STM image of 29-structure scanned at room temperature: 0.49nA; 1.10V, 29
unit cell of (9.2 + 0.1A) x (18.0 + 0.1 A) 84.9° was highlighted. O,q was not labeled in (c) and

).

Figure 2. (a) Experimental STM image of K-deposited CuyO/Cu(111) scanned at room
temperature which was followed by a sequential annealing in 5x107 Torr O, at 500 K for 10
min: 0.87 nA, 1.68 V. The arrow vectors denoted four unit cells. The inset: an 20 x 20 nm* STM
image of K-deposited CuyO/Cu(111) surface prepared by room temperature deposition: 0.52 nA,
0.49 V. (b) DFT-optimized structure for 0.19 ML of K deposited on the Cu;;0/Cu(111), where
the corresponding simulated STM image with constant current mode at -1.2 V sample bias was
shown in (c). Red: O; Brown: Cu; Purple: K.

Figure 3. (a) Calculated PDOS of various O 2p before (red) and after (blue) 0.19 ML K
deposition on Cu; ;O/Cu(111). Top: Oy; middle: Or; bottom: Ocpen. (b) Calculated PDOS of Cu
3d on Cu;10/Cu(111) before (red) and after (blue) K-deposition, as well as comparison of K
and O° PDOS with those of K;0.

Figure 4. Calculated ELF (electron localization function) of the Cu; ;0/Cu(111) before (a) and
after (b) the deposition of 0.19 ML K, where the projected 2D slices over and normal to the
surface are displayed. Color scheme: blue, purple, and red balls represent Cu, K, and O atoms,
respectively. The isosurface level was chosen as 0.3¢/ag” (ao = Bohr radius).

Figure 5. Optimized structures for CO (a), CO, (b) and CO; (c) adsorption on 0.19 ML K
deposition on Cu; ;0/Cu(111). Binding energy on Cu; ;0/Cu(111) were included for comparison.
Red: O; Brown: Cu; Purple: K; Grey: C.

Figure 6. Calculated charge density difference Ap, Ap = p(gabrads) - Psiab - Pads With ads=CO or
COy, for CO and CO; adsorbed on 0.19 ML K deposition on Cu; ¢O/Cu(111) shown in Figure Sa
and 5b. (a) CO adsorption: side view, (b) CO adsorption: top view, (c) COz adsorption: side view,
(b) CO; adsorption: top view. The isosurface level was chosen as 0.001 elay’ (ap = Bohr radius).
Yellow and cyan isosurfaces represent charge accumulation (i.e., gain of electron density) and
depletion (i.e., loss of electron density) in the space, respectively. Blue: Cu; Red: O; Purple: K;
Grey: C.
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