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ABSTRACT: The electron-induced dissociation of CO2

adsorbed at the oxygen vacancy defect on the TiO2(110)
surface has been investigated at the single-molecular level
using scanning tunneling microscopy (STM). Electron
injection from the STM tip into the adsorbed CO2 induces
the dissociation of CO2. The oxygen vacancy defect is
found to be healed by the oxygen atom released during
the dissociation process. Statistical analysis shows that the
dissociation of CO2 is one-electron process. The bias-
dependent dissociation yield reveals that the threshold
energy for electron-induced dissociation of CO2 is 1.4 eV
above the conduction-band minimum of TiO2. The forma-
tion of a transient negative ion by the injected electron is
considered to be the key process in CO2 dissociation.

Activation of CO2 followed by its chemical conversion into
useful organic compounds can be a key process in reducing

the amount of CO2 emitted by human activity and potentially
utilizing (or reusing) the CO2 to generate useful products.

1 The
thermal reduction of CO2 requires high temperatures because of
the thermodynamic stability of the CO2 molecule.2 One of the
promising alternatives is the reduction of CO2 using photogen-
erated electrons on photocatalysts.3 Electron-transfer processes
on photocatalysts such as TiO2 are thus a primary area of
research in the photoreduction of CO2.

4 Since the discovery of
the photoactivity of TiO2,

5,6 considerable progress in under-
standing various chemical and physical processes on TiO2 sur-
faces has been made.7 The photoreduction of CO2 is a multistep
process involving both activation of CO2 and dissociation of
the OC�O bond. The key initial step is the activation of CO2

through the transfer of photogenerated electrons in the
photocatalyst.8 Despite the wide use of TiO2 in photocatalysis,

9

especially in CO2 photoreduction studies,3 to the best of our
knowledge, little atomic-scale understanding of electron-induced
chemistry of CO2 on the TiO2 surface is available. In this
work, we used tunneling electrons from the STM tip10�13 to
induce dissociation of individual CO2 molecules adsorbed at
oxygen vacancy defects on a model photocatalyst TiO2(110)
surface, aiming to provide a microscopic view of the electron-
induced CO2 activation process. The oxygen vacancy defect has
been found to be healed by the O atom released during the
dissociation of CO2. We further demonstrate that the dissocia-
tion of CO2 is driven by a one-electron process with a threshold
energy of 1.4 eV above the conduction-band minimum (CBM)
of TiO2.

A schematic of the TiO2(110) surface containing an oxygen
vacancy defect (VO),

14 a bridging hydroxyl (OHb),
15 and a CO2

adsorbed at a VO site16 is shown in Figure 1A along with an inset
figure depicting the tilted adsorption geometry of CO2 at the
VO site.16 The most stable adsorption of CO2 on TiO2(110)
takes place at the VO site in a nearly linear configuration with an
adsorption energy of 0.44 eV. One of the oxygen atoms of the
CO2 is located slightly above the plane of the bridging oxygen
(Obr) rows while the molecular axis of CO2 is tilted away from
the surface normal by 57� along the [110] direction.16

An STM image of the TiO2(110) surface after exposure to
CO2 at 55 K is shown in Figure 1B. Virtually all the VO sites are
occupied with the CO2 features (marked with diamonds), which
are brighter than the OHb features (circles). The inset STM
images in Figure 1B show the same area of the surface before and
after thermal diffusion of two CO2 molecules away from their VO

sites (dotted ellipses), clearly revealing the VO sites under CO2.
This is in agreement with the results of previous thermal
desorption studies.17,18 To compare the apparent heights, we
show in Figure 1C a high-resolution STM image wherein VO,
OHb, and CO2 features are found in close proximity. The CO2

feature is the brightest among the three. Height profiles along the
lines over the CO2 (red) and OHb (green) are shown in
Figure 1D. The apparent height of the CO2 feature is 80 pm
with respect to the Ti row. The symmetrical height profile of the
CO2 feature does not represent the theoretical adsorption
configuration shown in Figure 1A, probably because of the rapid
thermal motion of CO2 at VO at 55 K.19

Dissociation of an adsorbed CO2 molecule occurs when a
positive voltage pulse is applied to themolecule. Figure 2A shows
an STM image of a surface area where most of the VO sites
are occupied by CO2 molecules. Positive voltage pulses (þ2.0 V,
5 pA, 1 s) were applied to each marked CO2 feature during the
scan in the upward direction (Figure 2B). Sharp discontinuities
of the CO2 features were observed immediately after the voltage
pulses. The following scan of the same area (Figure 2C) revealed
dark Obr rows without any CO2 or VO features at the marked
positions. This suggests that the VO sites were healed by O atoms
released from the CO2 molecules upon dissociation of the C�O
bond. It seems that of the two C�O bonds in the CO2, only the
one involving the VO-bound O dissociated, as the dissociation of
CO2 always healed VO. We did not observe any adsorbed CO or
O fragments that would otherwise be found on Ti rows.20 We
also note that the dissociation of CO2 by voltage pulses is a local
process, as voltage pulses to a CO2 feature did not affect the
adjacent CO2 molecules.
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In our work, electron injection into CO2 was essential for
dissociation of the molecule. Voltage pulses with negative biases
in the range from �1.5 to �2.5 V did not result in any disso-
ciation events out of 65 tries, suggesting that injection of holes
cannot induce the dissociation of CO2. Electric-field-induced
dissociation of CO2 was unlikely because the electric field
calculated in our experiments was always less than 2.53 V/nm,
far below theminimum value of 40 V/nm required to dissociate a
CO2 molecule

21 [see Figure S1 in the Supporting Information
(SI)]. Thermal dissociation of CO2 was also ruled out because of
the high thermal activation energy needed to dissociate the C�O
bond (the dissociation energy of the C�O bond in neutral CO2 is
5.45 eV in the gas phase22). We show in Figure S2 that hypo-
thetical thermal dissociation of CO2 at VO on TiO2(110) leading
to either adsorbed or desorbed CO requires at least 1.69 eV of
thermal activation energy. However, it is likely that the CO2

molecule would desorb fromTiO2(110) before the thermal disso-
ciation could take place, in view of the fact that the adsorption
energy of CO2 at VO on TiO2(110) is 0.44 eV.

16 Moreover, one
would expect to observe nonlocal dissociation/desorption events
in the thermal process.We therefore conclude that the dissociation
of CO2 observed in this work is an electron-induced process.

Monitoring the tunneling current trace as a function of time
during the voltage pulse provides critical information on the
electron-induced process.10,11 An example of a tunneling current
trace during a voltage pulse to a CO2 feature atþ2.1 V is shown
in Figure 2D. The STM tip was positioned over a selected CO2

molecule, and a voltage pulse was applied with the tip height
maintained at a fixed distance from the CO2. The sudden drop in
the tunneling current as shown in Figure 2D thus represents a
change under the STM tip, in our case corresponding to a
successful CO2 dissociation event. The distribution of the mea-
sured electron exposure time (t) resulting in successful CO2

dissociation events showed an exponential behavior (Figure 2E;
see the SI for details). We were able to extract the time constant,
τ, which represents the average electron exposure time resulting

Figure 1. (A) Schematic showing an oxygen vacancy defect (VO) (black
square), a bridging hydroxyl (OHb) (black circle), and a CO2 molecule
adsorbed at a VO site on the reduced TiO2(110)-(1 � 1) surface.
Fivefold-coordinated Ti(5f) atoms and bridging oxygens (Obr) are
indicated in red and blue respectively. The molecular axis of the
adsorbed CO2 is perpendicular to the direction of the bridging-oxygen
row ([001] azimuth) and is tilted away from the surface normal by 57�,
as shown in the inset figure. (B) STM image (1.5 V, 5 pA, 15 nm �
15 nm) of the TiO2(110) surface after adsorption of CO2 at 55 K. All of
the VO sites are occupied by CO2. Three CO2 and two OHb features are
marked with diamonds and circles, respectively. The inset shows two
STM images (5.1 nm � 2.6 nm) of the same area on the surface. Two
CO2 molecules (in the dotted ellipse in the upper inset) diffused away
from their VO sites, leaving two intact VO sites visible (lower inset
image). (C) STM image (1.5 V, 5 pA, 3 nm � 3 nm) of an area where
three different features (CO2, OHb, and VO) are shown for comparison.
(D) Height profiles along the red (over CO2) and green (over OHb)
lines in C. The apparent height of the Ti rows is set to zero (dashed line).

Figure 2. (A) STM image (1.5 V, 5 pA, 5.1 nm � 6.4 nm) of the
TiO2(110) surface before voltage pulses were applied to 18 adsorbed
CO2 features (marked with � symbols). Two unknown bright features
(marked with black dots) were used as reference positions. The feature
with a red � is a CO2 feature located right next to an unknown
adsorbate. (B) During the upward scan of the area, voltage pulses
(þ2.0 V, 5 pA, 1 s) were applied to each CO2 feature marked in A.
Because of dissociation, only the lower portions of the CO2 features are
visible. Adjacent CO2 molecules were not affected by the voltage pulses.
For comparison, no voltage pulse was applied to the CO2 in the dotted
circle. Some sharp noise lines appear, probably caused by the unstable tip
condition after pulsing ormobile fragments. (C) STM image of the same
area after application of the voltage pulses. White � symbols represent
the original positions of the adsorbed CO2 molecules before the voltage
pulses. Dark Obr rows resulting from healing of the VO sites are clearly
visible. The CO2 feature in the dotted circle remained intact. In the
lower-left part of the image, four VO features are visible that can be
associated with brighter features at the corresponding positions in A.
A slight change in the shape of the reference object was observed after
the pulsing experiment. (D) Tunneling current trace during a V =
þ2.1 V, I = 5 pA pulse. Electrons tunneled from the STM tip into the
sample at the positive sample bias. The drop in the current at t = 200 ms
(from 14 to 2.8 pA) was due to the dissociation of CO2. (E) Distribution
of electron exposure times resulting in dissociation of CO2. A total of
500 analyses of the current traces are shown. The sampling binwidth was
10 ms. Blue dots represent the numbers of CO2 dissociation events in
the time bins. The data were fitted to a single-exponential decay function
with a decay constant τ = 0.21 s. Error bars are nt

1/2 (Poisson noise),
where nt is the number of events in time bin t. (F) Log�log plot of the
dissociation rate as a function of tunneling current I at a bias voltage
of þ2.1 V. The solid red line is a least-squares fit to the power law In.
The exponent was found to be n = 1.03 ( 0.09.
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in a dissociation event. The dissociation rate (Rdiss) was then
obtained as the reciprocal of the time constant (1/τ). Figure 2F
shows a log�log plot of Rdiss as a function of the tunneling
current I for a total of 2262 dissociation events. A least-squares fit
of the data yielded a slope n = 1.03 ( 0.09, where n is the
exponent in the power-law relationship Rdiss � In,10 indicating
that the CO2 dissociation in our work is a one-electron-driven
process. The dissociation yield per electron remained nearly
constant [Yavg = (2.79 ( 0.63) � 10�7] over the current range
used in the experiment, as would be expected for a one-electron
process (see Figure S3).

The dissociation probability (Pdiss) was found to depend on
the energy of the injected electrons from the STM tip. A plot of
Pdiss as a function of bias voltage at 5 pA (1 s pulse duration) is
shown in Figure 3A. We did not observe the dissociation of CO2

at bias voltages belowþ1.6 V. The threshold voltage (Vthres) for
the dissociation of CO2 was þ1.7 V with a probability Pdiss =
0.02. The value of Pdiss increased with increasing bias voltage,
eventually approaching 1 at þ2.2 V. The voltage dependence
suggests that the electron-induced dissociation of CO2 occurs
through a well-defined electronic state of CO2.

A transient negative ion can be formed in the gas phase upon
attachment of a low-energy electron to a molecule, and a meta-
stable negative ion can subsequently dissociate into fragments.
This process is called dissociative electron attachment (DEA).23

It is also known that the lowest-energy DEA process of CO2 in
the gas phase occurs through the 2Πu state.23 Dissociation of
CO2

� into a neutral CO and an O� ion occurs after an initial
Franck�Condon-type transition of neutral CO2 to the negative
ion followed by internal configuration changes.23 The weak
interaction between CO2 and the TiO2(110) surface suggests

that the electron-induced dissociation of CO2 adsorbed on
TiO2(110) occurs through a DEA process similar to that in the
gas phase. The main difference for the adsorbed CO2 is the
presence of the VO site on the TiO2 surface, which can capture
the fragment O atom. Because of the large binding energy of
Obr on TiO2,

24 the DEA process for CO2 adsorbed on TiO2-
(110) may occur more easily than that for CO2 in the gas phase.
The affinity of the VO site for an O atom has also been demon-
strated in O2 dissociation on the TiO2(110) surface.

25

According to the observed Vthres value, tunneling electrons
from the Fermi level (EF) of the STM tip can be injected into the
CO2 molecule to form CO2

� in the 2Πu state only if the bias
voltage is higher than Vthres = 1.7 eV, as shown in Figure 3B. The
position of the EF of TiO2(110) is ∼0.3 eV below the CBM of
TiO2.

26 Thus, the threshold energy of CO2 dissociation is located
1.4 eV above the CBM. In Figure 3C, we schematically illustrate
the DEA process for a CO2 molecule on TiO2(110). Specifically,
after a tunneling electron from the STM tip is successfully attached
to the adsorbed CO2 molecule, a temporary negative ion (CO2

�)
is formed. Changes in the internal CO2 configuration such as
bending and elongation of the C�O bond occur, as in the gas
phase.23 Upon dissociation of a C�O bond, the O fragment heals
the VO site and is incorporated into theObr row. TheCO fragment
desorbs from the surface or moves away from the reaction site,
probably because it is in an excited state with some excess energy
gained during the dissociation process. The excess electron most
likely dissipates into the conduction band of TiO2(110).

In summary, we have demonstrated the electron-induced
dissociation of CO2 on TiO2(110) at the atomic scale by using
STM in an attempt to mimic the initial step of CO2 activation on
a photocatalyst surface. Our results highlight the importance of
the relative energy level of CO2 with respect to the CBM of TiO2

in the photocatalytic reduction process. In a TiO2 photocatalyst
sensitized with chromophores such as quantum dots, the photo-
excited electrons in the photosensitizer are initially transferred to
the conduction band of TiO2.

27 The electrons quickly relax to
the bottom of the conduction band through electron�phonon
scattering.4 However, our value of the threshold energy for
CO2 dissociation indicates that the electron affinity level of
CO2 lies at least 1.4 eV above the CBM of TiO2. This sets the
minimum energy of the electron above the CBM required to
activate CO2 under “dry” vacuum conditions. The efficiency of
the initial CO2 activation step (i.e., charging by the photogener-
ated electron) is significantly reduced as a result of electron
relaxation within the conduction band. The results point to the
need for a solvent- or coadsorbate-aided CO2 activation process
for more efficient photocatalytic reduction of CO2.
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