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Disorder-Order transitions in a weakly adsorbed two-dimensional film have been identified for the
first time using ambient-pressure scanning tunneling microscopy (AP-STM) and X-ray photoelectron
spectroscopy (AP-XPS). As of late, a great effort has been devoted to the capture, activation and con-
version of carbon dioxide (CO,), a ubiquitous greenhouse gas and by-product of many chemical pro-
cesses. The high stability and non-polar nature of CO, leads to weak bonding with well-defined sur-
faces of metals and oxides. CO, adsorbs molecularly on the rutile TiO,(110) surface with a low adsorp-
tion energy of ~ 10 kcal/mol. In spite of this weak binding, images of AP-STM show that a substantial
amount of CO, can reside on a TiO,(110) surface at room temperature forming two-dimensionally or-
dered films. We have employed microscopic imaging under in situ conditions, soft X-ray spectroscopy
and theory to decipher the unique ordering behavior seen for CO, on TiO,(110).

Order-disorder phenomena in two-dimensional films play a relevant role in many areas of chemistry, physics
and materials science™. An important question is why van der Waals gases such as CH,, N,, or CO, condense
onto solid surfaces in monolayers instead of droplets of small crystallites”. In the case of chemisorption, the
bonding with a solid substrate can induce ordering in a film of a gas®, modulated by interactions which impose
the substrate periodicity upon the adsorbed film. Physisorbed systems, on the other hand, exhibit extremely
weak interactions with the solid surface and should be a good approximation to a free-floating film or overlayer.
However, in some cases ordering can be modulated by weak adsorption forces'. Using ambient-pressure scan-
ning tunneling microscopy (AP-STM) we have identified and imaged one of these unusual systems: CO, inter-
acting with rutile TiO,(110).

The chemistry at play in this system is of scientific and economic pertinence. CO, is often used as a probe
molecule for the elucidation of surface area, basicity and defect sites’. Furthermore, activation of CO, followed
by its catalytic conversion to value-added products can be a key process in enabling the utilization of an abun-
dant feedstock with the concomitant benefit of atmospheric CO, reduction®®. The adsorption of CO, on rutile
TiO,(110) has been studied using techniques such as temperature programmed desorption™”, vibrational spec-
troscopies > and photoemission' which show that CO, adsorbs molecularly on the surface with a low adsorp-
tion energy of 9-12 kcal/mol (0.4-0.5 eV)”. Low temperature scanning tunneling microscopy (STM) and com-
plementary density functional theory (DFT) studies of CO, on TiO, have been reported in the literature with
examination of the adsorbate on different surface sites'®®. To the best of our knowledge, all the previous STM
studies were carried out at low temperatures under UHV conditions and no significant ordering was observed
since a real two-dimensional condensate film could not be formed without exposure to a background gas.

Here, we report for the first time CO, adsorption on rutile TiO,(110) at 300 K under an ambient pressure of
CO,. Images of STM for a TiO,(110) surface exposed to 0.53 Torr of CO, are shown in Figure 1. The adsorbate
structure is located along the Tiy. rows. The molecules are detected as single symmetric protrusions at an ap-
parent height of about 1.0 A with respect to the Ti rows. They are stable over the timescale of several minutes,
with some minor diffusion along the Tis. rows in the [0o01] direction. Within the first scans, the adsorbates are
seen to develop a loose superstructure in some areas, occupying every-other unit cell along the titanium rows.
Examples are annotated in Figure 1B & D. The coverage is variable over different regions, with some (1x3) and
(1x4) arrangements corresponding to about 0.2 monolayer (ML; 1 ML is defined as one CO, molecule for each 5-
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fold Ti atom in the TiO,(110) unit cell), (Figure 1B), and other regions that exhibit a coherent (1x2) superstruc-
ture (Figure 1D). The maximum coverage seen at 0.5 ML is attributed to these latter areas, giving an intermolec-
ular distance of about 6.0 A.

Despite diffusion along the Tiy. rows, neighboring CO, molecules tend to avoid adjacent Ti sites
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Fig. 1 A) STM image of the rutile TiO,(110) surface under 0.53
Torr CO, at 300 K. (24 x 14 nm*, V = +1.73 V, I = 0.11 nA). Individual terrace contrast was adjusted independently for
ease of viewing. B) & D) Small areas demonstrating the adsorbate spacing relative to the titania substrate. Image B,
taken from the blue rectangle in 1A, includes an overlay of the rutile TiO,(110) unit cell. Image D depicts the presence
of (1x2) domains of adsorbates on the titania surface. (6.5 x 4.3 nm® V = +1.73 V, [ = 0.07 nA). C) Line profile from
image A. E) Line profiles from image D.

(though these do occur on occasion). Under these conditions, there is no aggregation of CO, into islands but
rather a distributed wetting of the surface to form a 2-D condensate or film. Upon evacuation of the back-
ground gas, CO, on the Tis. rows desorbs from the surface.

We have followed this interaction as a function of time and gas exposure, see Figure 2. Films of the adsorbate
are always present on the rutile TiO2(110) surface independently of the pressures investigated and the time of
exposure. In all the terraces of the titania substrate one can see a large population of CO, molecules. In the im-
ages, it is difficult to quantify the total amount of adsorbed CO, but it is clear that the CO2 was only adsorbed
on Tig sites. Saturation of surface sites occurs quickly and the relative order of the film with respect to the sub-
strate does not change with increased exposure. A good number of the adsorbed CO, molecules remain at a
constant position but the total population of the adsorbate on a particular row of Tis. can change with time.
Figure 3 shows a close-up of a section of the surface as function of time. The curves in the right-side panel dis-
play height profiles for CO, molecules on a Tis. row
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Fig. 2 STM images of the rutile TiO,(110) surface under 0.53 Torr CO, at 300 K showing the evolution of the surface
with time. (27 x 13nm’ V = +1.73 V, [ = 0.06 nA)
over time with increasing exposure as seen in Figure 2. The row of Tiy. sites always has adsorbed CO, but some
of the molecules move. This mobility is consistent with the low adsorption energy of CO, on the titania sur-
face.”

Ambient-pressure XPS clarified important aspects of the interaction of CO, with rutile TiO,(110). In the Ti 2p
region (Figure 4A), one can see strong features for Ti*" and weak features for Ti*"."*" The Ti*" sites could be
associated with O vacancies or with

Distance (nm)

Fig. 3 Height profiles for CO, molecules on a Ti,. row as a function of time with increasing CO2 exposure as seen in
Figure 2 (V= +1.73 V, [ = 0.06 nA).

interstitial sites in the oxide lattice.”" In Figure 4A, the features for Ti*" sites disappear as the pressure of CO,
increases. This is consistent with the adsorption and dissociation of CO, on O vacancies of the surface. The
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CO, decomposes into atomic O, filling vacancy sites, and CO, which desorbs into the gas phase. It is known that
oxygen vacancies activate the dissociation of CO, on titania and other oxide surfaces.'”>">***** Thus, at the CO,
pressures used for the STM experiments, the Ti*" sites are removed and titania is close to fully oxi-
dized. No carbonate species was detected in AP-XPS after the adsorption of CO, on the TiO,(110) surface. The C
1s spectra in Figure 4B consist of two major peaksat 292 eV and 289.7 eV, which appear at a CO, gas pres-
sure of 10> Torr and grow with increasing pressures. The C 1s peak at 292 €V is due to CO, in the gas phase and
the smaller peak at 289.7 eV corresponds to molecularly bound CO, on the surface. Upon evacuation of the gas
from the chamber, the surface remains largely oxidized with no CO, adsorbed, as seen in the darkest spectrum
in Figure 4A.

Thus, STM and XPS results show that at ambient pressures, CO, can be present on a TiO,(110) surface even at
300 K. AP-XPS spectra indicate that CO, mostly adsorbs molecularly on the TiO,(110) surface (Figure 4B) in
agreement with previous low temperature XPS data®, but some of the CO, molecules interact with O,,.
sites. Our experimental data show that at 300 K, as opposed to lower temperatures, a higher CO, pressure (10~
Torr or higher) is required for molecular adsorption on TiO,(110), suggesting an equilibrium between the CO,
gas and a two-dimensional (2-D) film on the surface.

DFT calculations were performed with the projector augmented wave method*?** as implemented in the Vi-
enna Ab-initio simulation package (VASP)*™, using three different functionals (described in Supplemental
Information, see also Table 1). Following previous theoretical and experimental studies,"*'*"®* various config-
urations of CO, on Tis rows
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Fig. 4 AP-XPS spectra of rutile TiO,(110) under increasing CO, pressures at 300 K including (A) the Ti 2p and (B) the
Cisregions.

were considered to explain the STM images (Fig S1). These included two different coverages: 0.125 ML (one
CO, molecule on a 2x4 slab as shown in Fig S1) and 0.5 ML (4 CO, molecules on a 2x4 slab, the highest coverage
observed experimentally) where the absolute coverage is referenced to the number of surface Tiy. atoms. The
low 0.125 ML coverage allowed us to elucidate the bonding geometry and adsorption energy without lateral in-
teractions between molecules present in the high 0.5 ML coverage which eventually could drive the ordering of
the overlayer. The adsorption geometry of the three most stable CO, configurations at 0.5 ML coverage and
their corresponding STM simulated images are shown in Figure 5. In the first configuration (Figure 5a and
d), CO, assumes a bidentate adsorption geometry parallel to the surface with each CO, oxygen atom bound to a
Tiy. atom along the <110> direction. The other two are monodentate adsorption conformations where each CO,
is bound to a Ti site via one O atom, and differ in the orientation of the O=C=0 bond axis. The adsorption en-
ergies of the three different configurations of CO, at 0.125 and 0.5 ML coverages are reported in Table 1. PWo1
and PBE functionalsyield similar adsorption energies while the PBE+ TSvdw functional combination shows
stronger binding due to the addition of van der Waals interactions. At ~ 0.5 eV (11.5 kcal/mol), the binding en-

ergy obtained by using the PBE+TSvdw combination is consistent with values reported in experimental studies
12,15,28

The adsorption energy of CO, slightly decreases (0.01-0.03 €V) with an increase in coverage which suggests
slight lateral repulsive interactions between molecules at higher coverages. The energy difference between the
three different geometries of adsorbed CO,is negligible and can be easily overcome at room tempera-
ture. Therefore, the adsorption geometry from an energetics standpoint is inconclusive. We performed STM

4
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simulations of the DFT structures, and are shown in the bottom panel of Figure 5. The simulated image of a
vertical CO,

Fig. 5 Bird’s eye (upper row) and side (middle row) views of the main adsorption configurations of 0.5 ML coverage of
CO, on Ti, sites with corresponding STM simulated images in the bottom row. DFT optimized structures of the flat-
lying, tilted and vertical CO, are shown in (a, d,), (b, e) and (c, f), respectively. The lattice colors are cyan for Ti and
red for O atoms, with brown for C and magenta for O atoms of the adsorbed CO, molecules. The STM simulated im-
ages of flat-lying, tilted and vertical CO, are shown in (g), (h) and (i), respectively, where the unit cell used for the
calculation is also shown in the overlay.

CO, geometry Adsorption Energy (eV)
Functional PWo1 PBE PBE+TSvdw

Coverage (ML):{ 0.125 | 0.5 |0.125| 0.5 |0.425| 0.5

flat-lying -018 | -0.17 | -0.15 | -0.14 | -0.51 | -0.50

tilted -0.28 | -0.27 |-0.26| -0.25 | -0.56 | -0.55

upright -0.25 | -0.22 |-0.23 | -0.20 | -0.49 | -0.46

Table 1. Adsorption energies of 0.125 and 0.5 ML of CO, on rutile TiO,(110) for various conformations and DFT
functionals

(Figure 5i) is the best match for the experimentally observed STM images, wherein the underlying rutile row
structure is still visible (see full analysis in Figures S2-Ss). Previous results for the adsorption of isolated mole-
cules of CO, at low temperature (80-180 K) under UHV also suggest that a monodentate orientation normal to
the surface plane is the most likely bonding conformation'®>**®,

For the ordering of an adsorbate, an important factor to consider involves the bonding forces between the
adsorbate and substrate, which can be balanced by lateral interactions between molecules in the adsorbed
film*. The electronic effect after CO, adsorption on TiO, was characterized by charge density difference
(CDD) plots as shown in Figure 6. The CDD plots suggest that upon adsorption, the CO,

\‘o,
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Fig. 6 Calculated charge density difference for CO, adsorbed on rutile TiO, (110). a) Vertical CO, adsorption bird’s eye
view and b) side view. The isosurface level was chosen as 0.001e/ A>. Contours indicate the electron density increases
(yellow) or decreases (cyan) by o.001 electrons/A>.

molecule is slightly polarized and perturbs surface states of the substrate. This minor perturbation in the sur-
face states of TiO,(110) induced by CO, adsorption could contribute to ordering of the CO, film. In any case,
since lateral interactions are negligible (Table 1), the main cause for the ordering arises from weak adsorption
forces between the molecule and titania.

In summary, in this study we have shown that, in spite of weak binding, a substantial amount of CO, can re-
side on a TiO,(110) surface at room temperature forming two-dimensionally ordered films. This phenomenon
may occur on other oxides and must be taken into consideration when dealing with catalytic or photochemical
processes aimed at the conversion or destruction of CO,.

Electronic Supplementary Information (ESI)

Supplementary information includes a more detailed discussion of the experimental methods and theoretical stud-
ies (Figures S1 - Ss).
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