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Abstract

We characterized CO; adsorption and diffusion on the missing row reconstructed (2v2 x V2) R45°
Cu(100)-0 surface using a combination of scanning tunneling microscopy (STM) and density
functional theory (DFT) calculations with dispersion. We deposited CO, molecules in situ at 5K,
which allowed us to unambiguously identify individual CO2 molecules and their adsorption sites.
Based on a comparison of experimental and DFT-generated STM images, we find that the CO>
molecules sit in between the O atoms in the missing row reconstructed Cu(100)-O surface. The
CO2 molecules are easily perturbed by the STM tip under typical imaging conditions, suggesting
that the molecules are weakly bound to the surface. The calculated adsorption energy, vibrational
modes, and diffusion barriers of the CO> molecules also indicate weak adsorption, in qualitative
agreement with the experiments. A comparison of tunneling spectroscopy and DFT-calculated
density of states shows that the primary change near the Fermi level is associated with changes to
the surface states with negligible contribution from the CO2 molecular states.
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I. Introduction

Heterogeneous catalysis of CO2 conversion to useful chemicals and/or fuels has drawn
much interest with applications including hydrogenation !, dry reforming 2, electroreduction 3,
and photoreduction 6-°. Many of these applications include oxide catalysis 1°? and characterizing
the nature of the CO»-surface oxide interaction is an important first step to understanding catalyst
activity. For example, electron transfer in CO2 photoreduction is sensitive to the relative alignment
of energy levels of adsorbed CO, and the surface states of specific adsorption sites of the catalyst.
Copper oxides have recently gained interest as catalysts for photoelectroreduction of CO, 4, but
these oxide phases are complex and difficult to characterize. This challenge motivates surface
science studies of CO2 adsorption on model single crystal surfaces **°. Among surface science
methods, scanning tunneling microscopy (STM) and scanning tunneling spectroscopy (STS),
combined with density functional theory (DFT) are attractive approaches to characterize
interactions of CO, with copper oxide surfaces at an atomic level. Prior STM studies of CO>
adsorption on Ag 222 and TiO, 23?4 surfaces have provided insight into the role of defects and
low coordination sites (e.g., step edges) in CO> activation. Similar studies on copper oxides could
shed light on the interplay of photo/electroexcitation of the molecules and surface morphology.

Cu(100)-0O is an ideal model surface for copper oxides as it represents the initial transition
to oxidation of the Cu(100) surface 2>2°. In addition, it is a good platform to study CO_ adsorption
because the surface is well characterized. The structure of oxygen on the Cu(100) surface has been
well investigated with various techniques in the past 233 where a ¢(2 x 2) structure was observed
for low oxygen coverage and a (2V2 x \2) R45° missing row type structure has been observed for
higher oxygen coverage 223034 The latter reconstruction involves the removal of one of every four
Cu atomic rows, creating a periodic missing row structure. The O atoms occupy the sites along the
edges of the missing row, creating O-Cu-O chains 3. The Cu(100)-O surface has also been
characterized by detailed STM and AFM studies *3. Though structurally well characterized, there
have been few studies of adsorption on this surface 367,

Here we present a joint STM / DFT study of CO> adsorption on the Cu(100)-O surface at
the single molecule level. Atomic resolution STM images of the missing row reconstruction are in
good agreement with HSEO06-DFT simulated images. Tunneling spectroscopy reveals two
additional unoccupied states which are reproduced in the DFT-calculated LDOS. STM imaging
before and after CO> adsorption is used to unambiguously identify individual molecules. The
agreement between experimental STM images and spectroscopy and DFT calculations indicates
that CO> physisorbs at a bridging oxygen site in the missing row at low temperature (5K). The
linear structure, vibrational frequencies and molecular orbital states of physisorbed CO2 on
Cu(100)-0O closely resemble the gas phase. Small changes in the Cu(100)-O surface electronic
structure upon CO> adsorption are revealed in tunneling spectroscopy and the differential LDOS
and can be attributed to the surface states.

1. Methods

The STM experiments were performed with a CreaTec LT-STM operating at 5K in
ultrahigh vacuum (UHV) with a base pressure of ~ 7x10"** mbar. Samples were prepared in an



attached UHV chamber (1071° mbar) before being transferred into the cold STM. A clean Cu(100)
surface was first prepared with repeated cycles of Ar* sputtering and annealing at 550°C. To obtain
the oxygen-induced surface reconstruction, 10" mbar of O, gas was introduced into the preparation
chamber via a precision leak valve. The Cu(100) substrate was exposed to Oz for 5 min while
being held at a temperature of ~ 300°C. Auger electron spectroscopy was used to verify that the
surface contamination was < 1 % of a monolayer, and to monitor the oxygen coverage. After
exposure, the O» was pumped out and the sample cooled down to 100 K within 30 minutes, before
being transferred into the cold STM. Once in the STM, the sample cooled down to 5 K in ~ 6
hours.

Constant current STM images were collected using a Ptlr tip. Tunneling spectroscopy in
constant height or constant current mode was performed using a lock-in method by adding a 5-
40mV modulation at 1453 Hz to the bias voltage. The modulation in measured tunneling current
provides information about the sample’s local density of states (LDOS). In constant height mode,
the STM feedback loop is turned off after the tip is positioned and the tunneling current is recorded
as a function of the bias voltage. In the constant current mode, the STM feedback loop remains
active and maintains a constant tunneling current as the bias voltage is varied. This mode allows
us to obtain tunneling spectra over a larger voltage range not limited by the dynamic range of the
current amplifier. STM images were analyzed using the WSxM program %,

CO2 molecules were introduced into the STM chamber through a precision leak valve at a
pressure of 5 x 10”° mbar for 5 minutes. A wobble stick was used to open small holes in the
radiation shields surrounding the STM allowing the CO2 molecules to adsorb onto the sample
surface at 5K. In situ dosing allowed us to study the adsorption site of CO2 molecules on the O-
Cu(100) surface by comparing STM images of the same area before and after the dose.

All DFT calculations were performed using the Vienna ab initio simulation package
(VASP) 3940 ysing projector-augmented-wave pseudopotentials available in VASP database 4142,
A plane-wave cutoff of 400 eV was applied with a Fermi-smearing width of 0.2 eV. Exchange and
correlation effects were described with the Perdew-Burke-Ernzerhof (PBE) form of the
generalized gradient approximation (GGA) functional *3. Because CO.-surface interactions are
expected to have a significant van der Waals interaction, we employed the dispersion-corrected
DFT proposed by Grimme and co-workers (referred to as DFT-D3) #+4%. The PBE lattice constant
for Cu is 3.64 A, which agrees well with the experimental value of 3.61 A and also prior DFT
studies ¢, was used to fix the lateral dimension of the Cu(100) slab. The bare Cu(100) surface is
modeled with a 4 layer slab with the bottom 2 layers fixed. A force criterion of 0.03 eV/A was
used for geometry optimization and a 15 A vacuum spacing, along with dipole corrections*’, was
used to minimize spurious periodic interactions along the surface normal.

We examined CO. adsorption on both (2x2) and (4x4) surface unit cells with
corresponding (4x4x1) and (2x2x1) Monkhorst-Pack k-point meshes, respectively “8. All STM
and adsorption energies reported in the paper are obtained using a (4x4) surface unit cell, but initial
exploration of possible CO. adsorption sites was done on the (2x2) surface unit cell. The
adsorption energy is defined as Eq. (1), where Eo, is the isolated CO2 molecule energy, Eg4p 1S



the energy of the relaxed O chemisorbed Cu(100), and E45—_s14p 1S the energy of CO- adsorbed on
the slab.

Eqas = (Eslab + ECOZ) — Eqds—stab (l)

With the definition in Egn. 1, a larger positive E, 4 signifies a more stable adsorption site for COo.
We determined the barriers and the pathway of CO> diffusion using the climbing nudged elastic
band (cNEB) method “°.

For the surface and most stable CO. adsorption configuration, DFT-STM images were
obtained using the Tersoff-Hamann approximation, where the tunneling current is proportional to
the local density of state (LDOS) of the surface at the tip position integrated from the Fermi level
(Ef) to the applied voltage bias (Er +eVbpias) *°. The simulated STM images were calculated from
a (4x4) surface and generated by the p4vasp software package 1. We choose a isodensity of 0.001
electrons/A3 within p4vasp since it provided the best images in comparison to experiment. Because
of the sensitivity of the STM images to the surface LDOS, we performed single point (i.e. no
relaxation) non-local hybrid HSE06 exchange-correlation functional ° to examine the electronic
structure of the bare O-Cu(100) surface and the most favored CO- configuration on the surface.

I11. Results and Discussion
Cu(100)-O Structure

The ordered phase of oxygen on Cu(100) has been well characterized with various
techniques such as LEED 2, HREELS 28, XRD?°, and STM 33, These studies indicate that the
(2V2 x \2) R45° reconstructed surface corresponding to a 0.5 ML coverage can be achieved under
UHYV conditions. Top and side views of the ball model of the (22 x V2) R45° Cu(100)-O surface
are shown in Figure 1a. This model shows alternating O and Cu atoms (O-Cu-O) rows which are
separated by a row of Cu atoms on one side, and a ‘missing’ row of vacant sites on the other side.
The oxygen atoms are nearly planar with the Cu atoms. Figure 1b shows an STM image of the
Cu(100)-O surface, with a ladder-like contrast resulting from the (2v2 x V2) R45° missing row
reconstruction. This result is consistent with previous STM studies.*®3 There is remarkably little
surface contamination, evidenced by the complete lack of point defects on the clean surface. Two
domain orientations with 90° rotation are observed which are attributed to nucleation along the
[001] and the [010] directions of the Cu(100) surface . An atomically resolved STM image of
the surface can be seen in Figure 1c. Here we see bright protrusions which form the rungs and rails
of the ladder structure. An overlay of the model of the Cu(100)-O surface allows us to assign the
bright protrusions in Figure 1c as the surface Cu atoms while the O atoms are imaged as the gaps
between the rungs of the ladder structure.

For comparison, an HSEO06 simulated STM image of the Cu(100)-O surface with the same
bias voltage as experiment is shown in figure 1d. A clear ladder-like structure can be observed in
the HSEO06 STM images where the surface Cu atoms appear as bright protrusions, in agreement
with the experimental STM image. Figure S1 in the supplementary information (SI) compares the
PBE and HSEO06 STM images. While both methods provide qualitatively similar images, the
HSEO06 STM images show a closer match to the experimental STM images at similar bias voltages.



A comparison of the LDOS (see Fig. S2) shows a downward shift in the O states below the Fermi
level for HSEO6 versus PBE. This shift results in a reduced LDOS for surface O atoms in HSE06
compared to PBE at the image bias voltage. Thus, surface O atoms image as a depression in HSE06
(consistent with experiment), but a protrusion in PBE. These results suggest that HSEO6 is more
accurate in capturing the relative Cu and O states on the surface versus the Fermi level. Therefore,
we will focus on comparison between experimental data and HSEOQ6 calculations in the remaining
discussion.
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Figure 1 (a) Top and side view of O-Cu(100) surface model. Brown and red spheres represent
Cu and O atoms, respectively. (b) Large area STM image of the O-Cu(100) surface, showing
different domains of the missing row reconstruction. (300mV, 0.2nA). (c) Atomically resolved
STM image of O-Cu(100) surface with the overlay of the model. (-400 mV, 0.2nA). (d) DFT
HSEO06 simulated STM image of the Cu(100)-O surface ( -400 mV, 0.001 e/A%).



While the surface structure of Cu(100)-O has been well characterized, there is only one
prior photoemission study of occupied states in the surface electronic structure >3, Here, we probed
the electronic structure of Cu(100)-O by performing tunneling spectroscopy. Figure 2a compares
constant height tunneling spectra from the Cu(100)-O and clean Cu(100) surfaces. Spectra from
Cu(100)-0 exhibit little dependence on tip position within the surface unit cell. Both sets of spectra
are relatively featureless in the occupied states region (V < 0), which reflects a lack of prominent
states in the voltage range probed here, as well as the fact that tunneling under these conditions is
dominated by electrons near the sample Fermi level Ers, which makes STM less sensitive to
occupied states well below Ers. In unoccupied states (V >0), there is a distinct rise in DOS above
1V for the Cu(100)-O surface. To compare the surface electronic structure over a wider voltage
range, we also measured constant current tunneling spectra as shown in Figure 2b. The spectra in
the region of occupied states (V < 0V) is again relatively featureless on both surfaces, despite the
prominent Cu d-states which lie a few eV below Ers. We attribute this discrepancy to the limited
STM sensitivity for low-lying occupied states. For unoccupied sample states (V > 0) of clean
Cu(100), we measured a series of field emission resonances (FERS) beginning at 5.2 V due to the
potential well created by the tunneling electron and its image charge >*. This hydrogen-like series
of states begins near the surface vacuum level, as determined by the surface work function. For
example, the n = 1 FER on Cu(100) is at ~ 5.2 V, close to the surface work function of 5.1 eV *°.
On Cu(100)-0, a number of peaks are also observed and the interpretation of these peaks depends
on locating where the FER series begins on this surface. For example, if the surface work function
were reduced due to oxygen adsorption, one could assign the peak at 3.2 V to the n = 1 FER. If the
work function were increased, one could assign the peaks > 5.6 V to the FER series, and the peaks
at 1 and 3.2 V to additional states of the Cu(100)-O surface, similar to what we have previously
observed for the Cu(100)-N surface °°.
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Figure 2 (a) Constant height tunneling spectra of Cu(100) and O-Cu(100) surface. The tip height
was set at (0.5 V, 0.2 nA for O-Cu, and 3V, 0.25 nA for Cu) (b) Constant current tunneling
spectra of Cu(100) and Cu(100)-O. Peaks in the curves labeled asn =1 ,2 ... indicate FERs.
Arrows indicate two additional peaks observed on Cu(100)-0. (0.2 nA for O-Cu, and 0.5 nA for
Cu) (c) Calculated average HSEO06 LDOS difference for surface atoms in Cu(100)-O and
Cu(100). The two peaks in the calculated LDOS indicated by arrows are found at similar
energies as the peaks in the experimental data.

To distinguish between these possible interpretations, we compare these experimental
results with the DFT-calculated changes in work function. We find that the work function increases
by 0.28 eV (PBE) and 0.50 eV (HSE06) for Cu(100)-O compared to the Cu(100) surface. This
increase in work function corresponds to the surface dipole induced by the charge on the surface
atoms. Prior DFT study of the Cu(100)-O surface suggested that O atoms are partially negatively



charged due to electron transfer from the substrate . Indeed, we find from HSE06 (PBE) a Bader
charge of -1.14e (-0.98e) on the surface O atoms and an average Bader charge of +0.62e (+0.55¢)
on the first layer Cu atoms, corresponding to charge transfer from Cu to O.

The increased work function predicted from DFT leads us to assign the peak at 5.6 V in
the experimental data to the n = 1 FER of Cu(100)-O, with the hydrogenic series extending to
higher voltages. This assignment then suggests the peaks observed experimentally at 1 V and 3.2
V can be attributed to new states from the O atoms. To more clearly identify changes in electronic
structure upon oxygen adsorption, we compute the difference in LDOS between Cu(100)-O
(average LDOS of the surface Cu atoms + average LDOS of the surface O atoms) and Cu(100)
surfaces (average LDOS of the surface Cu atoms) as shown in Figure 2c.

Focusing first on unoccupied states, the calculated differential LDOS exhibits a broad
bunching of states between 1-4 eV as indicated by arrows in Figure 2c that represent an admixture
of Cu and O states upon adsorption. These features are in qualitative agreement with the two peaks
below 4V observed experimentally, though a more quantitative comparison would need to
consider the tunneling process and tip density of states as well. Turning now to the occupied states,
DFT predicts a prominent dip at — 3 eV, attributed to contribution primarily from shifts of the Cu
3d states upon O adsorption. Our calculations also show peaks at -2.0 eV, -4.5eV, and -7.0 eV.
The broad peak at -7.0 eV comes from both O states and new induced Cu states on the O-Cu(100)
surface, while the other two peaks have contributions from shifted Cu states as well as smaller
contribution from O states. Though states so far below Er are difficult to probe with STM
spectroscopy, previous photoemission experiments did show oxygen induced features in a region
of — 7 eV to — 4 eV below the Fermi level *3 in relatively good agreement with our calculations.

CO2 Adsorption on Cu(100)-O

Next, we characterize the adsorption of CO2 molecules on the Cu(100)-O surface. Figures
3a-b show STM images of the same area of the surface before and after in situ CO2 dose at 5K.
The in situ dosing produces new bright features, which we can unambiguously identify as
individual CO2 molecules. The dosing parameters we used result in a low coverage of CO>
molecules. Higher CO2 coverage can be obtained with longer dosing times. CO2. molecules are
imaged as bright protrusions with an apparent height of ~ 0.45 A under these tunneling conditions,
elongated along the ladder-like structure of the Cu(100)-O surface. The STM image also shows
that CO2 molecules are only adsorbed along the missing row, centered between the rungs of the
ladder structure. All the CO2 molecules in the STM image in Figure 3b exhibit the same contrast
and shape, suggesting that there is only one orientation configuration for CO2 on the Cu(100)-O
surface. The absence of additional point defects with different image contrast indicates that CO>
molecules are not dissociated upon adsorption, as we would expect to image adsorbed C and O
atoms if that were the case.

We often observe “glitch” lines in the STM image as we scan over a CO2 molecule (arrows
in Fig. 3b), which we attribute to tip-induced motion of the CO, molecules during imaging. Careful
line-by-line inspection of these images reveals the path of molecular motion during the glitches.
The top arrow in Fig. 3b shows a molecule which twice hopped between neighboring missing rows



during scanning. This produces an abrupt change in the apparent height as the tip moves. The
bottom arrow indicates a molecule which also hopped twice during scanning, but this time
remaining along the same missing row. The tip’s influence likely extends several nm from the
tunneling apex, as we occasionally observed motion of molecules between successive images
without apparent glitch lines (c.f., Figure S3). We were unable to identify tunneling conditions
which can completely remove the tip perturbation effect, suggesting that the CO2 molecules are
relatively weakly bound to the surface. To set a bound on intrinsic diffusion processes, we could
retract the tip and compare images of the same area as a function of time interval (c.f., Fig. S4). In
this way, we were able to confirm that no motion occurred over a period of 12 hours, indicating
that intrinsic diffusion processes are slow at 5 K in the absence of tip perturbation.
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Figure 3 (a) STM image of Cu(100)-O surface before CO> dose. (b) STM image of the same
area of Cu(100)-O surface after CO> dose. Glitch lines seen on the image indicate tip induced
motion of the CO2 molecules during imaging. The initial location of CO2 before the motion is
indicated by dashed red circle and the motions are indicated by the yellow arrows. (¢) Model of
Cu(100)-0O surface showing six different adsorption sites. (d) Comparison between DFT-HSE06
simulated STM image (top) and experimental STM image (bottom) of CO2 molecules adsorbed
on Cu(100)-O. STM data taken at (50 mV, 0.2 nA). DFT simulation at (200 mV, 0.001 e/A3).



We performed HSEO6-DFT calculations to gain further insight into CO2 adsorption and
compare with our experimental observations. Figure 3c shows six possible CO. adsorption sites
on the missing row reconstructed Cu(100)-O surface examined using DFT. For each adsorption
site we perform 45° rotations in the plane to give a total of 24 total configurations. In addition, for
select configurations we have also examined CO: oriented perpendicular (i.e. upright) to the
surface and initially slightly bent CO», but these configurations were found to be not stable. The
resulting most favored CO> adsorption energies for the sites are listed in Table 1 and associated
images for the relaxed structures can be found in Fig. S5 in the Supporting Information. Vibrational
frequency calculations indicate that only adsorption on Bridgeo (site 4) and O (site 5) sites are
stable since the other four sites have imaginary vibrational modes indicating that they are transition
states. Comparing the adsorption energy of the two possible stable adsorption sites, the Bridgeo
site is the most stable adsorption site for the CO, molecules. On this site, the CO2 molecule is
stabilized in a linear configuration by the surrounding four Cu atoms and two O atoms (see Fig.
S5 in the SI).

We also calculated DFT-simulated STM images of the CO., molecule adsorbed on the
Bridgeo site as shown in figure 3d (top), along with an overlay of the DFT structural model. This
confirms that the molecular axis is parallel to the missing Cu row, with the C atom adsorbed
between O atoms on the surface and the O atoms in the CO. adsorbed closer to the Cu atoms in
the rungs of the ladder structure. This explains the elongated contrast and adsorption site in the
experimental STM images (Fig. 3d, bottom). Overall, the experimental and DFT STM images
show good agreement for linear CO> to be adsorbed on the Bridgeo site.

Table 1. PBE-D3 CO> adsorption energies (eV) on O/Cu(100). See Fig. 3c for description of
adsorption sites.

Site Adsorption energy (eV)

Site 1 Bridgecu 0.227
Site 2 Cu2 0.23"
Site 3 Hollow 0.197S
Site 4 Bridgeo 0.32
Site 5 0] 0.24
Site 6 Cul 0.2278

S The relaxed configuration has an imaginary vibrational mode, indicating a transition state.

The relatively low adsorption energy of 0.32 eV suggests weak physisorption of CO>
molecules on the Cu(100)-O surface, consistent with the experimental observation that CO can
be easily perturbed during imaging. Evaluating the adsorption energy for CO. on Bridgeo site with
and without dispersion shows that van der Waals interactions contribute around 85% of the
adsorption energy. This is not surprising, as CO2 physisorbs on nearly all metals and metal oxides
at low temperature (< 80K) *°. Also supporting weak adsorption, we find small changes in CO2
vibrational frequencies upon adsorption (c.f., Table S1). We also calculated diffusion barriers to
better understand the motion of the molecule on the Cu(100)-O surface. Possible diffusion paths
were considered using the most stable adsorption side (Bridgeo site) as either initial or final state.
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The images for the resulting pathways are shown in Fig. S6 in the SI. The calculated barrier for
CO: to diffuse along the missing row is 0.15 eV, while the barrier for diffusion across the O-Cu-
O row is 0.10 eV. These relatively small diffusion barriers, together with a low adsorption energy,
are consistent with a picture of CO2 physisorption on the Cu(100)-O surface. The similar diffusion
barriers also indicate that we would expect motion in both directions. This is in good agreement
with the experimental results, where out of 22 tip induced motions we observed, 13 were along the
missing row and 9 were across the O-Cu-O rows.

We performed tunneling spectroscopy to probe changes in the Cu(100)-O surface
electronic structure upon CO- adsorption. Figure 4a compares constant height dl/dV spectra taken
on the CO2 molecule, and on a clean area of the Cu(100)-O surface. The CO2 spectra were taken
with the tip positioned directly above the C atom, but we found no significant variation at other
points within the molecule or on other CO2 molecules, suggesting these data are representative and
are limited by the spatial resolution in STM/STS. The voltage range in this measurement is limited
to £ 2 V due to the instability of the CO> molecules. The CO2 molecules were perturbed by the
STM tip upon sweeping to higher bias voltages, leading to abrupt changes in the dl/dV signal
associated with molecular motion. We find that the CO> exhibits relatively little distinct electronic
structure compared to the Cu(100)-O surface, evidenced by the lack of pronounced peaks in the
tunneling spectra. There is a slight increase in conductance near +/- 2 V on the CO2 molecule, but
no prominent states in between.

To quantitatively compare the experimental STS with DFT, we calculated the LDOS for
the CO2/Cu(100)-0O surface. We find that the CO> contributes negligible states in this energy range.
We calculated the gap between highest occupied (HOMO) and lowest unoccupied (LUMO)
frontier molecular orbitals of the adsorbed CO; to be 10.58 (8.8) eV using the HSE06 (PBE)
functional, compared with 9.6 (8.1) eV for an isolated CO2 molecule. This change in the HOMO-
LUMO gap reflects a small interaction with the surface leading to a small shift and broadening of
the CO> states. Concomitantly, such a large gap results from frontier molecular orbitals that lie far
from the Fermi level, outside the experimentally accessible voltage range in our tunneling
spectroscopy. To better probe CO»-induced changes to surface electronic structure, we compute
the differential DOS by subtracting the contributions from surface atoms (Cul, Cu2, O) with and
without adsorbed CO». The differential DOS (Figure 4b, black) reflects the changes to the surface
states upon CO- adsorption and would be zero if there were no differences. For comparison, we
compute a differential dI/dV signal (Figure 4b, red). Considering occupied states, in Figure 4b we
see the differential DOS begins to rise around -1 eV below the Fermi level, which corresponds
qualitatively to the experimental data where we observe an increase of conductance at -1 V. In
unoccupied states, the differential DOS is negative from 1-2 eV, in agreement with the differential
di/dVv which also shows a decreased conductance in the range 1-1.75V. This discussion is
consistent with a picture where the CO> does not directly contribute states near the Fermi level,
but instead can induce more subtle changes in surface electronic structure that are observed
experimentally.
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Figure 4. (a) Constant height spectroscopy of O-Cu(100) (red) and CO2 molecule (blue). Tip
height set at (2 V, 0.2 nA) (b) Comparison of HSEO06 differential DOS {DOS[Cul, Cu2, O for
CO; adsorbed on Cu(100)-0] — DOS[Cul, Cu2, O for bare Cu(100)-O]} and differential dl/dV
signal calculated from (a). Dashed lines indicate the zeros for both data sets to distinguish
positive and negative differential regions.

Conclusion

In conclusion, we characterized the clean Cu(100)-O surface with STM and resolved the
ladder-like structure of the missing row reconstruction, consistent with previous studies. Using
scanning tunneling spectroscopy, we observed two new states and a shift of the n = 1 FER away
from the Fermi level, in good agreement with the DFT-calculated DOS and increased surface work
function. In situ deposition of CO> allows us to unambiguously identify and study the adsorption
sites of CO> on the Cu(100)-O surface. STM imaging and DFT calculations show that the most
stable adsorption site for CO- is bridging between two surface O atoms. Our STM experiment and
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DFT calculation also show that the CO, molecules are weakly bound on the surface and have small
diffusion barriers along and perpendicular to the missing rows. Tunneling spectroscopy of the CO-
molecules in comparison with the DFT calculated DOS near the Fermi level shows only a
relatively small change in the surface electronic structure due to CO> adsorption.
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Comparison of PBE & HSE06-DFT

Figure S1 shows a simulated STM image of the Cu(100)-O surface with the same setup (-400 mV
bias, 0.001 /A% isosurface density) using PBE versus HSE06. Both STM images exhibit the ladder
structure with bright contrasts corresponding to surface Cu atoms and dark contrasts corresponding
to the missing row. Aside from the different contrast of the overall image, the major difference
between the PBE and HSEO06 images is that the PBE additionally shows gray contrasts between
rungs, corresponding to the surface O atoms. Such additional contrasts make the ladder-like
structure less clear using PBE and the HSEO6 version more resemble the experimental image. The
different contrast of the O atoms with PBE versus HSEQ6 for this bias setting can be understood
by examining the LDOS for the surface O atom. Figure S2 shows that HSEO6 shifts the LDOS of
the O surface atom down in energy versus PBE. At a bias voltage of -400 mV this means that
within HSEQ6 the O surface atom will contribute less to the VASP generated partial charge density.
This results in the O surface atom registering as a dark contrast in the HSE06 STM image versus
a gray contrast in the PBE STM image.

a ;!;;‘;1 bE
O

Figure S1. Simulated STM using (a) PBE and (b) HSE06 for O-Cu(100) surface with a voltage
bias of -400 mV and an isosurface density of 0.001 e/A3.
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Figure S2. LDOS for the surface O atom on O-Cu(100) using PBE and HSEQ6 functionals.



Motion of CO2 molecules

While most of the tip-induced motion of the CO> molecules was apparent as glitch lines in STM
images, we also observed motion of the molecules without glitch lines. Figure S3 shows two
successive STM images showing motion of a CO2 molecule without glitch lines. We interpret these
images not as an indication of intrinsic surface diffusion, but rather that the STM tip can perturb
molecules > 1 nm away. In this case, molecules can be perturbed while the STM tip is scanning
nearby regions of the image, and molecular motion will not appear as glitch lines.

Figure S3. Successive STM images of tip-induced motion of the CO2 molecules without glitch
lines. The CO2 molecule on the bottom right of figure (a) hopped across a CuO column as seen
in (b). Previous location of the CO2 molecule is marked with white dash oval in (b).

In support of this interpretation, we confirmed that the CO2 molecules are stable on the Cu(100)-
O surface at 5K in the absence of tip perturbation. Figure S4 shows STM images of the same
nanoscale area taken 12 hours apart with the tip retracted ~ 300 nm between images. The pattern
of the bright protrusions locating the CO. molecules is unchanged, indicating that no surface
diffusion has taken place in this time period.



Figure S4. (a) STM image of CO2. molecules on Cu(100)-O surface. (b) STM image of the same
area in (a) taken 12 hours later showing no motion of the CO2 molecules.
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Additional DFT calculations for CO2 adsorption
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Figure S5. DFT PBE relaxed CO2 adsorption configuration and binding energy for the six
sites examined on Cu(100)-O.
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Figure S6. The diffusion path obtained from cNEB for CO; diffusion: (a) along the missing row,
(b) across the missing row

DFT-calculated vibrational frequencies

As isshown in Table S1, there is error between experimental gas phase CO> vibrational frequencies
and PBE values. Such error is well known issue with DFT vibrational frequencies but the change
in frequency upon adsorption should be relatively accurate. PBE shows that CO, adsorption on
Cu(100)-0 has a minor effect the vibrational frequencies (only by an average of a decrease of 10
cmY), consistent with the weak adsorption of CO; on this surface.

Table S1. Vibrational frequencies (cm™) for experimental CO,, PBE isolated CO2, PBE
adsorbed CO>



Vibrational COz,exp CO2,PBE ratio of CO.,PBE

types (gas) (gas) CO2,PBE/CO2,exp. (adsorbed)
Antisymmetric stretch 2349" 2367 1.0076 2357
Symmetric stretch 1333° 1318 0.9888 1315
In plane bending 667" 631 0.9464 619
Out of plane bending 667 631 0.9462 613
Surface related - - - 86
Surface related - - - 71
Surface related - - - 62
Surface related - - - 57
Surface related - - - 35
*  Shimanouchi, T., Tables of Molecular Vibrational Frequencies, Consolidated Volume 1, NSRDS NBS-
39

"Vibrational Intensities in Infrared and Raman Spectroscopy” WB Person, G Zerbi, ed. Elsevier,
Amsterdam, 1982



