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ABSTRACT: Two polymorphs of TiO2, anatase and rutile, are
employed in photocatalytic applications. It is broadly accepted that
anatase is the more catalytically active and subsequently finds
wider commercial use. In this work, we focus on the Ti3+ polaronic
states of anatase TiO2(101), which lie at ∼1.0 eV binding energy
and are known to increase catalytic performance. Using UV-
photoemission and two-photon photoemission spectroscopies, we
demonstrate the capability to tune the excited state resonance of
polarons by controlling the chemical environment. Anatase
TiO2(101) contains subsurface polarons which undergo sub-
band-gap photoexcitation to states ∼2.0 eV above the Fermi level.
Formic acid adsorption dramatically influences the polaronic
states, increasing the binding energy by ∼0.3 eV. Moreover, the
photoexcitation oscillator strength changes significantly, resonating with states ∼3.0 eV above the Fermi level. We show that this
behavior is likely due to the surface migration of subsurface oxygen vacancies.

1. INTRODUCTION

The polaronic Ti3+ states of TiO2 have long been a source of
technological interest. They arise from the reduction of TiO2
and result in n-type semiconductor properties in the material.
Not only do these excess electrons give rise to the conductivity
that permits many surface studies, they also facilitate a wide
range of redox chemistries such as water splitting and hydrogen
generation.1−3 In recent years, it has been shown that these
polaronic states, commonly referred to as the band gap states
(BGS) of TiO2, can also undergo photoexcitation pro-
cesses,4−6 potentially contributing to the catalytic photoyield.
Of the two predominant TiO2 polymorphs, anatase demon-
strates higher catalytic performance.7 Despite this, the
polaronic states of anatase remain poorly understood. In
part, this is because, unlike in rutile TiO2, anatase polarons
rarely exist at the surface in ultrahigh vacuum (UHV)
conditions, resulting in fewer microscopy studies and weaker
spectroscopic signals.8,9

The (101) facet has the lowest surface free energy of anatase
TiO2,

10,11 adopting a (1 × 1) sawtooth structure (see Figure
1). This surface is composed of five- and six-fold coordinated
Ti atoms (Ti5c and Ti6c), bonded to three- and two-fold
coordinated O atoms (O3c and O2c), respectively. Preparation
of this surface in UHV reduces the sample and gives rise to
oxygen vacancies (Ovac), which are well-known to reside in the
subsurface (generally defined as 1 or 2 atomic layers below the
surface).9,12,13 It has been proposed that this is due to greater
atomic relaxations within this region, which results in a lower
vacancy formation energy.8,14 Recently, the influence of the

crystal field has also been suggested as a contribution toward
subsurface Ovac formation, with a bulk-like octahedral field
favorable for the resulting polarons.15
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Figure 1. Ball-and-stick model of anatase TiO2(101). Turquoise
spheres denote Ti ions. Red spheres represent O ions, with two-fold
coordinated bridging O shaded gold. A subsurface oxygen vacancy
(Ovac) is labeled, which represents a common defect and localization
point of polarons.
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Spectroscopically, the BGS of TiO2(101) have been
investigated using photoemission techniques, where they are
detectable at ∼1.0 eV binding energy (BE).16−18 Formally, the
BGS are Ti 3d in character, resulting from the Jahn−Teller
splitting of d-orbitals in the pseudo-octahedral crystal field of
anatase, which gives rise to orbitals of t2g- and eg-like
symmetry.16−18 Two-photon photoemission spectroscopy
(2PPE) is a pump-probe technique that offers additional
information about the BGS, such as photoexcitation properties.
2PPE spectra are most commonly produced as a result of
coherent (simultaneous two-photon excitation of an occupied
state) or incoherent (two sequential one-photon excitations via
an intermediate state) processes, providing information on
both the occupied and the excited states, respectively.
Although there have now been numerous 2PPE studies of
rutile TiO2,

4−6,19−21 few have been published on anatase.22,23

In these earlier studies, a relatively weak 2PPE resonance was
observed for anatase TiO2(101), which was ascribed to
excitation of the BGS to an excited state ∼2.5 eV above the
Fermi level (EF). This is similar to the behavior observed for
rutile TiO2(110).

22

Polarons form at Ovac in both anatase and rutile TiO2,
although their behavior differs distinctly in the two
polymorphs. In rutile TiO2(110), polarons are known to
have a low energy barrier for “hopping” to adjacent Ti

atoms.24−27 Consequently, although the rutile UPS BGS
intensity can fluctuate significantly with the surface environ-
ment,28−30 the BE of the initial and excited states only shifts
minimally.4,31 In anatase, however, density functional theory
(DFT) and scanning tunneling spectroscopy (STS) have
shown that polarons associated with Ovac have higher energy
barriers for hopping and hence are localized at the defect.8,32

This suggests that polarons in anatase are able to be trapped at
specific defect sites when the surface is chemically altered, with
the potential to modify the photoexcitation behavior. In this
work, we test this hypothesis by forming two distinctive
anatase TiO2(101) surface environments. As-prepared
TiO2(101) with subsurface defects is denoted as C-A101,
and TiO2(101) with a saturated coverage of dissociatively
adsorbed formic acid is denoted FA-A101.

2. METHODS
UV photoemission spectroscopy (UPS, VG Microtech) and
2PPE experiments were performed in a UHV system with a
base pressure of ∼1.0 × 10−10 mbar, with the partial pressure
of residual water ∼3 × 10−11 mbar. UPS and 2PPE spectra
were recorded with a hemispherical electron energy analyzer
(VG Scienta R3000) with the entrance lens normal to the
sample surface, with the sample biased by −6.0 V. Photo-
emission from the Ta sample holder was used to determine the

Figure 2. (a) 2PPE spectra (hν = 3.44−4.00 eV, 360−310 nm) measured from C-A101 with p-polarized light. Spectra were fitted using the
procedure described in previous work (see refs 20 and 21). The red circles represent the original data points, and the blue line represents the fit.
The gold peak represents the 2PPE background. Two dominant peaks are observed, labeled feature 1 and feature 2 (green and blue Gaussians,
respectively). (b) 2PPE spectra (hν = 3.87 eV, 320 nm) measured with p- and s-polarized light. The spectra are normalized to the intensity at the
workfunction cut off. The difference spectrum (p − s) shows the presence of the two dominant features identified in (a), as well as a third feature at
∼7.7 eV from the free carrier population, which is enlarged in the inset. (c) Plot of the photon energy dependence of the two fitted peaks in (a).
The gradient (x) and y-intercept values determine the 2PPE process and intermediate/initial state energy, respectively, according to equations for
coherent (E − EF = hνprobe + hνpump + Einitial) and incoherent (E − EF = hνprobe + Eintermediate) excitations. A blue diamond signifies feature 2
(coherent) and a green pentagon, feature 1 (incoherent). The resonant photon energy (circled) is identified by the point at which the two lines
intersect one another and is calculated as ∼2.81 eV (440 nm).
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position of EF. UPS and 2PPE were both used to measure
workfunction values. The incident angle of the laser was 68 ±
1° from the surface normal, with the laser spot having a
diameter of ∼0.5 mm at the sample. The system is also
equipped with an X-ray (VG Microtech) source, which enables
core-level photoelectron spectroscopy (XPS) measurements.
All spectra were recorded at room temperature (RT) unless
otherwise indicated.
Tunable femtosecond laser pulses (280−390 nm) were

generated by Light Conversion tunable optical parametric
amplifiers (TOPAS-c), pumped by a Coherent Legend
regenerative amplifier operating at 1 kHz, seeded by a Ti-
sapphire oscillator (Coherent Micra). The power was reduced
to ∼1 mW using neutral density filters to minimize space-
charge effects. UPS measurements were performed to check for
laser-induced defect states, with none being found. To ensure
that the results were not influenced by fluctuations in laser
power, it was monitored throughout experiments from a
separate beam via a beam splitter earlier in the optical
sequence after the TOPAS-c. The polarization of light relative
to the crystal orientation is controlled by the use of a periscope
that is inserted at the end of the optical sequence.
The natural anatase TiO2(101) crystal (MaTeck) and rutile

TiO2(110) sample were cleaned with multiple cycles of 20 min
sputtering (1 kV, 1 μA cm−2) and 10 min annealing at 950 and
1000 K, respectively. The sample temperature was monitored
via a K-type thermocouple in close proximity to the sample, as
well using a pyrometer (Minolta). Photoemission spectra of
anatase TiO2(101) were taken after approximately 1 h to
ensure full migration of surface Ovac to the subsurface. After
cleaning, XPS evidenced a contamination level of ∼0.05 ML
measured in the anatase sample, comprising naturally
occurring Nb, Ca, C, and Na. XPS of the rutile sample
evidenced a contamination of <0.05%. Both samples displayed
a sharp (1 × 1) low energy electron diffraction (LEED)
pattern. LEED was used to determine that the [010] azimuth
lay in the horizontal direction of the anatase sample. Formic
acid exposure was via gas phase dosing under UHV conditions
from a liquid sample. Samples were cleaned via freeze/thaw
pumping to remove dissolved O2 and CO2, which could affect
accurate monitoring of the defect states. The purity of the acid
in the gas phase was monitored by a residual gas analyzer
(Hiden Analytical, HAL 101). The resulting interfaces were
characterized by XPS.

3. RESULTS AND DISCUSSION
3.1. Sub-Band-Gap Polaron Photoexcitation in C-

A101. At the C-A101 surface, we investigated photoexcitation
of polarons associated with subsurface vacancies.33,34 2PPE
spectra of as-prepared anatase TiO2(101) that contains
subsurface vacancies are shown in Figure 2a. The red circles
represent the raw data points, and the blue line represents the
subsequent fit to two Gaussians and a background. Two
features become apparent at higher hν, labeled feature 1 and
feature 2, which have a different electron energy dependence
when varying the photon energy. The polarization dependence
of the 2PPE spectra at 3.87 eV, 320 nm (Figure 2b) shows that
the oscillator strength is higher with p-polarized light for all
features, in agreement with previous work.22 Features 1 and 2
are visible as well as a third, smaller feature at 7.7 eV (see
inset). Its energy suggests that it is a coherent 2PPE feature
from the shallow donor state slightly below EF.

32,35 Figure 2c
gives the quantitative representation of the final state energy (E

− EF) dependence on photon energy (eV). In these plots, data
points produce gradients of 1 or 2 for incoherent and coherent
processes, respectively, with a y-intercept equal to the
intermediate or initial state energy, respectively (see Figure 2
caption for equations). We find a coherent and an incoherent
contribution, where the incoherent 2PPE process (feature 1)
represents excitation into an intermediate state of t2g-like
character,22 ∼2.0 eV above EF. Coherent 2PPE gives rise to
feature 2, with a y-intercept of around −0.9 eV, consistent with
excitation of BGS polarons. The resonant photon energy of the
process is ∼2.81 eV, significantly less than that of the optical
band gap, 3.20 eV.7,33,34,36,37 This is in line with previous
studies that demonstrate the extended photoresponse of Ti3+

doped TiO2.
38,39

This interpretation differs from the assignment of spectra in
earlier work,22 where it was concluded that the 2PPE spectra of
C-A101 predominantly consists of an incoherent 2PPE feature
via an intermediate state centered at 2.5 eV above EF, with no
contributing coherent peak. The differing interpretation is
likely a result of the available experimental photon energies. It
is now clear that the photon energies employed in the previous
work (hν = ∼2.9−3.1 eV (430−400 nm)) are close to the
resonant photon energy for BGS excitation in C-A101,
resulting in significant overlap between the coherent and
incoherent 2PPE feature. In our work, tunable optical
parametric amplifiers (see Methods section) give access to
higher photon energies, allowing the separation of features 1
and 2 in spectra. Figure 3a shows an example of this, which
illustrates the overlap of normalized 2PPE spectra recorded at
photon energies of 3.18 and 4.00 eV (390 and 310 nm). The
locations of features 1 and 2 in the two spectra are labeled. The
increase in spectral intensity at 5.3 eV in the 3.18 eV (390 nm)

Figure 3. (a) 2PPE spectra of hν = 3.18 eV (390 nm) and 4.00 eV
(310 nm), with the peak locations for features 1 and 2 at each photon
energy labeled (recorded with p-polarized light). The spectra are
normalized at 4.89 eV (E − EF). (b) 2PPE spectrum (hν = 3.18 eV,
390 nm) of C-A101 fitted with Gaussian peaks. The red circles
represent the original data points, and the blue line is the fit to the
background (Bkg), feature 1 (F1), and feature 2 (F2) contributions.
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spectrum is due to greater overlap of the coherent and
incoherent features at near resonant conditions. Figure 3b
further demonstrates this by spectral fitting.
3.2. Defect Migration at the Formate TiO2(101)

Interface. The adsorption of formic acid (HCOOH) on the
anatase TiO2(101) surface has been studied experimentally
and computationally in recent years.40−44 It is now known that
formic acid adsorbs dissociatively on the anatase TiO2(110)
surface at RT and saturates at ∼0.5 ML, as at the rutile
TiO2(110) surface.

45 However, in contrast to rutile (110),46,47

formate forms mixed monodentate/bidentate adsorption
configurations at saturated adsorption coverages. Although
these structural aspects are now clear, the effect of adsorption
on the electronic structure is not known. Figure 4a shows
unnormalized He-I (21.2 eV) UPS spectra of C-A101 and FA-
A101, the latter being formed by in situ exposure to formic
acid. Two additional features are evident at 6.0 and 11.0 eV BE
following adsorption, which are also clear in the resulting
difference spectrum (see Figure 4b). The peak at 11.0 eV is
similar to a feature observed in spectra of rutile TiO2(110)
surfaces after dissociative adsorption of water or carboxylic
acids.29,48−52 This is assigned specifically to the 3σ OH orbital
based on UPS studies of hydroxylated and trimethyl acetic acid
TiO2 systems.53,54 The residual peak at 11.0 eV BE in the C-

A101 spectrum has previously been attributed to small levels of
water dissociation at step edges.23 In the difference spectrum,
the peak at ∼4 eV arises predominantly due to an upward shift
in the valence band maximum. This is associated with band
bending caused by increased negative charge at the surface,
which is expected to arise from Ovac and polaron migration to
the surface (see below). The peak at ∼6.0 eV is best assigned
to the formate highest occupied molecular orbital (HOMO)
due to its similar appearance in the UPS spectra of formate on
rutile (110).55,56

Following flashing FA-A101 to 396 K, we find that both the
6.0 and the 11.0 eV peaks are removed, and the spectrum
largely resembles that of C-A101 (see Figure 4c). This clear
desorption of formate is in agreement with recent thermal
programmed desorption (TPD) and vibrational spectroscopy
measurements, which evidenced the evolution of gas phase
water at ∼400 K.45

Figure 4d compares the valence band maxima (VBM) of C-
A101 and FA-A101 and the analogous rutile TiO2(110)
equivalents with He-II (40.8 eV) UPS. Here, R-R110 refers to
the as-prepared reduced surface which contains surface oxygen
vacancies. FA-R110 denotes the formate saturated surface. The
spectra are shown after removal of the secondary electron
background with a Tougaard function.57 As expected, the VBM

Figure 4. (a) He-I (21.2 eV) UPS spectra of C-A101 and FA-A101 following in situ gas phase dosing of formic acid. (b) Difference spectra from
(a) showing peaks associated with the 3σ OH orbital and formate HOMO. Negative peaks represent a decrease in signal due to attenuation effects.
(c) He-I (21.2 eV) UPS spectra of FA-A101 following flashing to 396 K and subsequent cooling to RT. Dashed lines represent the MOs of interest.
(d) He-II (40.8 eV) spectra showing a comparison of the VBM of C-A101, FA-A101, R-R110, and FA-R110. The inset shows an expanded region
near the VBM. Dashed lines represent the subsequent shift of the VBM. The secondary electron contribution has been removed with a Tougaard
profile.
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of C-A101 and R-R110 occurs at ∼3.2 and 3.05 eV BE,
respectively.36 Following a saturation adsorption of FA, the
VBM of rutile TiO2(110) does not change. However, in
anatase TiO2(101), the VBM shifts 0.2 eV lower in BE, a result
of band bending caused by the migration of localized Ovac

polarons to the surface.
Formation of FA-A101 causes the BGS peak to shift to

∼0.30 eV higher BE and to increase in intensity by 63%
compared with C-A101 (see Figure 5a). UPS is a surface
sensitive technique, probing the top ∼1 nm of the sample;58

this rise in BGS intensity is therefore evidence of an increased
density of polarons in this region. This is in line with results
from FA-R110,20 a key difference being that a BGS BE shift is
not observed for FA-R110, whereas it is for FA-A101. This
indicates that the polaronic states are in an altered chemical
environment in FA-A101 compared with C-A101. The
difference spectrum (see Figure 5b) shows a decrease in
intensity between ∼0 and 0.9 eV BE following formic acid
adsorption, evidencing a movement of the original C-A101
polaron population. An explanation for these observations is
that subsurface Ovac (and associated polarons) are diffusing to

the surface, as has been suggested by both IRRAS and DFT
calculations.41,45 The shift of 0.3 eV BE is also in agreement
with measurements by Setvin et al., where the BE's of
subsurface and surface polarons were measured by UPS and
STS, respectively, following tip-induced migration of Ovac (and
polarons).32 Furthermore, DFT calculations of FA-R110
showed no density of states (DOS) in this region, excluding
the possibility of formate molecular orbitals contributing to
this signal.20 This adsorbate-induced migration likely occurs
due to surface relaxations, which may reduce the energetic gain
required to accommodate Ovac at the TiO2(101) surface.8,14

This may be related to the significant relaxation at TiO2

surfaces caused by formic acid adsorption.45,59

2PPE spectra of TiO2(101) also show substantial differences
following formic acid adsorption (see Figure 5c). In the p-
polarized spectrum specifically, FA-A101 displays a large peak
at ∼6.9 eV (E − EF). On varying the photon energy, this peak
(labeled feature A) shifts in energy and displays a strong
intensity dependence (see Figure 5d). A smaller, broader
feature, B, also becomes clear at lower photon energies and
appears to be merging with feature A, indicative of a resonance

Figure 5. (a) BGS region of C-A101 and FA-A101 following exposure to formic acid via in situ gas phase dosing. Peaks are isolated following
subtraction of the secondary electron background via a Tougaard function. Dashed lines represent locations of peak maxima. Following adsorption,
the peak is 0.3 eV higher in BE and 63% larger by peak area. (b) Difference spectrum between the raw UPS He-I spectrum of FA-A101 and C-
A101. The arrow represents the shift in electron density. The dashed line represents the maximum point of He-I β contribution from the valence
band region. (c) 2PPE spectra of C-A101 and FA-A101 (hν = 3.87 eV (320 nm)) normalized at 5.2 eV (E − EF). The polarization of light is shown
in the panel legend. (d) 2PPE spectra of FA-A101 (p-polarized, hν = 3.94−3.40 eV (315−365 nm)) showing the formation of a resonance peak in
the 2PPE spectra. Spectra have been normalized at 5.2 eV (E − EF). The circle represents the increased 2PPE signal from coherent 2PPE valence
band contributions at higher hν. (e) Stacked 2PPE spectra (s-polarized, hν = 4.00−3.44 eV (310−360 nm)). Dashed lines represent two features:
one lies at a constant E − EF regardless of hν, the other the movement of feature B with hν. (f) The gradient (x) and y-intercept values determine
the 2PPE process and intermediate/initial state energy, respectively, according to equations for coherent (E − EF = hνprobe + hνpump + Einitial) and
incoherent (E − EF = hνprobe + Eintermediate) excitations. A blue square signifies feature B (coherent) and a yellow triangle, feature A (incoherent).
The circle represents the resonant photon energy for the excitation process.
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process.60 By comparing p- and s-polarized spectra, it is evident
that feature B is present in both. Figure 5e shows the s-
polarized 2PPE spectra as a function of hν. Feature B clearly
shifts in energy but displays little intensity dependence.
Another feature at lower energy shows no hν dependence,
which is likely the result of an Auger process, as has been
observed in the 2PPE spectra of FA-R110.20 Figure 5f shows
the E − EF versus hν dependence of features A and B taken
from p- and s-polarized 2PPE spectra, respectively. We find
that feature A is produced by an incoherent 2PPE process from
an intermediate state centered 3.04 eV above EF, whereas
feature B is a coherent process from the FA-A101 BGS at ∼1.2
eV BE. The 2PPE features from FA-A101 are labeled in Figure
6a, which shows the p-polarized spectra (3.81 eV, 325 nm)

following peak fitting. In previous work, DFT was used to
calculate the density of states (DOS) of Ti3+ electrons at a
variety of Ovac positions in TiO2(101); the intermediate state
energy reported here matches the position of surface-localized
DOS in the conduction band.15 These DOS are t2g-like in
character, suggesting a t2g → t2g transition, as in C-A101. The
orbital energy diagrams for BGS polarons and their resonant
excited state for C- and FA-A101 are shown in Figure 6b. The
formation of a large 2PPE feature supports the interpretation
from UPS that surface migration of polaronic states occurs
upon formic acid adsorption; the large shift in resonance
photon energy also demonstrates the changing chemical
environment. As a result of the new coordination environment,

the t2g-like orbitals of surface-localized Ovac polarons have an
increased energy separation. Polarons in TiO2 exist in distinct
configurations, dictated by the electric field of the surface.61

The clear dependence of the photoexcitation on the electric
field vector orientation reveals that Ovac polarons at the FA-
A101 surface largely exist in a single configuration, with a
transition dipole moment in the [010] direction.
Although we have focused on formate adsorption in this

work, the adsorbate-induced modification of polaronic states in
TiO2(101) is likely observable in other systems with high
surface coverages and significant surface relaxations. It may be
possible to exert further control over this effect based on the
electrostatic properties of the adsorbate.

4. CONCLUSIONS

In summary, we have shown that it is possible to tune the
energetics of Ovac polarons in anatase TiO2(101) by chemically
altering the surface environment. It is likely that this control is
possible due to the decreased mobility of polarons at anatase
Ovac sites, relative to those in rutile. On C-A101, subsurface
polarons undergo resonant photoexcitation at energies below
that of the band gap, potentially giving rise to an extended
photoresponse. UPS confirms that formic acid adsorbs
dissociatively on TiO2(101). The effect on the BGS is
profound, shifting the BE 0.3 eV higher and causing the
formation of a large, sharp resonance peak in the 2PPE spectra.
This peak is a result of strong coupling from the BGS to an
intermediate state 3.04 eV above EF, which also evidences an
increased splitting of the t2g-like energy levels. Our UPS and
2PPE studies indicate that this modification is caused by
surface Ovac and polaron migration, as was also suggested in
vibrational spectroscopy measurements.41

Manipulating polaronic states has mostly been limited to
STM tip engineering. Here, we demonstrate the ability to do
so on the macroscale through a facile chemical process. This
capacity to tune the energetic environment of polarons has
implications for the technological applications of anatase TiO2
that look to exploit the role of polaronic states.

■ AUTHOR INFORMATION

Corresponding Author
Geoff Thornton − Department of Chemistry, University
College London, London WC1H 0AJ, United Kingdom;
London Centre for Nanotechnology, University College
London, London WC1H 0AH, United Kingdom;
orcid.org/0000-0002-1616-5606; Email: g.thornton@

ucl.ac.uk

Authors
Alex J. Tanner − Department of Chemistry, University College
London, London WC1H 0AJ, United Kingdom; London
Centre for Nanotechnology, University College London,
London WC1H 0AH, United Kingdom

Robin Kerr − Department of Chemistry, University College
London, London WC1H 0AJ, United Kingdom; London
Centre for Nanotechnology, University College London,
London WC1H 0AH, United Kingdom

Helen H. Fielding − Department of Chemistry, University
College London, London WC1H 0AJ, United Kingdom;
orcid.org/0000-0003-1572-0070

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpcc.1c03684

Figure 6. (a) 2PPE p-polarized spectrum (hν = 3.81 eV, 325 nm) of
FA-A101 fitted with Gaussian lineshapes. The red line represents the
original spectrum, and the blue line represents the fit to the Gaussian
distributions. The gold peak represents the 2PPE background. Three
dominant features are labeled corresponding to their 2PPE origin. (b)
Orbital energy level diagram demonstrating the orbital splitting and
resonance levels of polarons in C-A101 (subsurface Ovac) and FA-
A101 (surface Ovac). Excited state energies are obtained from 2PPE.
The occupied state energies are obtained from UPS.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.1c03684
J. Phys. Chem. C XXXX, XXX, XXX−XXX

F

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Geoff+Thornton"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1616-5606
https://orcid.org/0000-0002-1616-5606
mailto:g.thornton@ucl.ac.uk
mailto:g.thornton@ucl.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alex+J.+Tanner"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Robin+Kerr"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Helen+H.+Fielding"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1572-0070
https://orcid.org/0000-0003-1572-0070
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c03684?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c03684?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c03684?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c03684?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c03684?fig=fig6&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c03684?rel=cite-as&ref=PDF&jav=VoR


Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We thank Annabella Selloni and Bo Wen for useful discussions.
We also thank Omri Tau and River Riley for assistance in laser
maintenance. This work was supported by the European
Research Council Advanced Grant ENERGYSURF (G.T.),
EPSRC (U.K.) (EP/D068673/1), EU COST Action CM1104,
and the Royal Society (U.K.) through a Wolfson Research
Merit Award to G.T.

■ REFERENCES
(1) Fujishima, A.; Honda, K. Electrochemical Photolysis of Water at
a Semiconductor Electrode. Nature 1972, 238 (5358), 37−38.
(2) Bikondoa, O.; Pang, C. L.; Ithnin, R.; Muryn, C. A.; Onishi, H.;
Thornton, G. Direct Visualization of Defect-Mediated Dissociation of
Water on TiO2 (110). Nat. Mater. 2006, 5 (3), 189−192.
(3) Deskins, N. A.; Kimmel, G. A.; Petrik, N. G. Observation of
Molecular Hydrogen Produced From Bridging Hydroxyls on Anatase
TiO2(101). J. Phys. Chem. Lett. 2020, 11 (21), 9289−9297.
(4) Zhang, Y.; Payne, D. T.; Pang, C. L.; Fielding, H. H.; Thornton,
G. Non-Band-Gap Photoexcitation of Hydroxylated TiO2. J. Phys.
Chem. Lett. 2015, 6 (17), 3391−3395.
(5) Wang, Z.; Wen, B.; Hao, Q.; Liu, L.-M.; Zhou, C.; Mao, X.;
Lang, X.; Yin, W.-J.; Dai, D.; Selloni, A.; et al. Localized Excitation of
Ti3+ Ions in the Photoabsorption and Photocatalytic Activity of
Reduced Rutile TiO2. J. Am. Chem. Soc. 2015, 137 (28), 9146−9152.
(6) Argondizzo, A.; Cui, X.; Wang, C.; Sun, H.; Shang, H.; Zhao, J.;
Petek, H. Ultrafast Multiphoton Pump-Probe Photoemission
Excitation Pathways in Rutile TiO2(110). Phys. Rev. B: Condens.
Matter Mater. Phys. 2015, 91 (15), 155429.
(7) Luttrell, T.; Halpegamage, S.; Tao, J.; Kramer, A.; Sutter, E.;
Batzill, M. Why Is Anatase a Better Photocatalyst Than Rutile? -
Model Studies on Epitaxial TiO2 Films. Sci. Rep. 2015, 4 (1), 4043.
(8) Cheng, H.; Selloni, A. Energetics and Diffusion of Intrinsic
Surface and Subsurface Defects on Anatase TiO2(101). J. Chem. Phys.
2009, 131 (5), 054703.
(9) Setvín, M.; Aschauer, U.; Scheiber, P.; Li, Y.-F.; Hou, W.;
Schmid, M.; Selloni, A.; Diebold, U. Reaction of O2 with Subsurface
Oxygen Vacancies on TiO2 Anatase (101). Science 2013, 341 (6149),
988−991.
(10) Lazzeri, M.; Vittadini, A.; Selloni, A. Structure and Energetics of
Stoichiometric TiO2 Anatase Surfaces. Phys. Rev. B: Condens. Matter
Mater. Phys. 2001, 63 (15), 155409.
(11) Yang, H. G.; Sun, C. H.; Qiao, S. Z.; Zou, J.; Liu, G.; Smith, S.
C.; Cheng, H. M.; Lu, G. Q. Anatase TiO2 Single Crystals with a
Large Percentage of Reactive Facets. Nature 2008, 453 (7195), 638−
641.
(12) Setvín, M.; Schmid, M.; Diebold, U. Aggregation and
Electronically Induced Migration of Oxygen Vacancies in TiO2
Anatase. Phys. Rev. B: Condens. Matter Mater. Phys. 2015, 91 (19),
195403.
(13) He, Y.; Dulub, O.; Cheng, H.; Selloni, A.; Diebold, U. Evidence
for the Predominance of Subsurface Defects on Reduced Anatase
TiO2(101). Phys. Rev. Lett. 2009, 102 (10), 106105.
(14) Cheng, H.; Selloni, A. Surface and Subsurface Oxygen
Vacancies in Anatase TiO2 and Differences with Rutile. Phys. Rev.
B: Condens. Matter Mater. Phys. 2009, 79 (9), 092101.
(15) Yin, W.; Wen, B.; Ge, Q.; Wei, X.; Teobaldi, G.; Liu, L. Effect
of Crystal Field on the Formation and Diffusion of Oxygen Vacancy
at Anatase (101) Surface and Sub-Surface. Prog. Nat. Sci. 2020, 30
(1), 128−133.
(16) Thomas, A. G.; Flavell, W. R.; Kumarasinghe, A. R.; Mallick, A.
K.; Tsoutsou, D.; Smith, G. C.; Stockbauer, R.; Patel, S.; Grätzel, M.;
Hengerer, R. Resonant Photoemission of Anatase TiO2 (101) and
(001) Single Crystals. Phys. Rev. B: Condens. Matter Mater. Phys. 2003,
67 (3), 035110.

(17) Thomas, A. G.; Flavell, W. R.; Mallick, A. K.; Kumarasinghe, A.
R.; Tsoutsou, D.; Khan, N.; Chatwin, C.; Rayner, S.; Smith, G. C.;
Stockbauer, R. L.; et al. Comparison of the Electronic Structure of
Anatase and Rutile TiO2 Single-Crystal Surfaces Using Resonant
Photoemission and X-Ray Absorption Spectroscopy. Phys. Rev. B:
Condens. Matter Mater. Phys. 2007, 75 (3), 035105.
(18) Jackman, M. J.; Thomas, A. G.; Muryn, C. Photoelectron
Spectroscopy Study of Stoichiometric and Reduced Anatase
TiO2(101) Surfaces: the Effect of Subsurface Defects on Water
Adsorption at Near-Ambient Pressures. J. Phys. Chem. C 2015, 119
(24), 13682−13690.
(19) Argondizzo, A.; Tan, S.; Petek, H. Resonant Two-Photon
Photoemission From Ti 3d Defect States of TiO2(110) Revisited. J.
Phys. Chem. C 2016, 120 (24), 12959−12966.
(20) Tanner, A. J.; Wen, B.; Ontaneda, J.; Zhang, Y.; Grau-Crespo,
R.; Fielding, H. H.; Selloni, A.; Thornton, G. Polaron-Adsorbate
Coupling at the TiO2(110)-Carboxylate Interface. J. Phys. Chem. Lett.
2021, 12 (14), 3571−3576.
(21) Tanner, A. J.; Wen, B.; Zhang, Y.; Liu, L.-M.; Fielding, H. H.;
Selloni, A.; Thornton, G. Photoexcitation of Bulk Polarons in Rutile
TiO2. Phys. Rev. B: Condens. Matter Mater. Phys. 2021, 103 (12),
L121402.
(22) Wen, B.; Hao, Q.; Yin, W.-J.; Zhang, Le; Wang, Z.; Wang, T.;
Zhou, C.; Selloni, A.; Yang, X.; Liu, L.-M. Electronic Structure and
Photoabsorption of Ti3+ Ions in Reduced Anatase and Rutile TiO2.
Phys. Chem. Chem. Phys. 2018, 20 (26), 17658−17665.
(23) Payne, D. T.; Zhang, Y.; Pang, C. L.; Fielding, H. H.; Thornton,
G. Creating Excess Electrons at the Anatase TiO2(101) Surface. Top.
Catal. 2017, 60 (6), 392−400.
(24) Zhang, Y.; Payne, D. T.; Pang, C.; Cacho, C.; Chapman, R. T.;
Springate, E.; Fielding, H. H.; Thornton, G. State Selective Dynamics
of TiO2 Charge Carrier Trapping and Recombination. J. Phys. Chem.
Lett. 2019, 10 (17), 5265−5270.
(25) Deskins, N. A.; Rousseau, R.; Dupuis, M. Distribution of Ti3+

Surface Sites in Reduced TiO2. J. Phys. Chem. C 2011, 115 (15),
7562−7572.
(26) Morita, K.; Shibuya, T.; Yasuoka, K. Stability of Excess
Electrons Introduced by Ti Interstitial in Rutile TiO2(110) Surface. J.
Phys. Chem. C 2017, 121 (3), 1602−1607.
(27) Bogomolov, V. N.; Firsov, Y. A.; Kudinov, E. K.; Mirlin, D. N.
On the Experimental Observation of Small Polarons in Rutile (TiO2).
Phys. Status Solidi B 1969, 35 (2), 555−558.
(28) Yim, C. M.; Chen, J.; Zhang, Y.; Shaw, B.-J.; Pang, C. L.;
Grinter, D. C.; Bluhm, H.; Salmeron, M.; Muryn, C. A.; Michaelides,
A.; et al. Visualization of Water-Induced Surface Segregation of
Polarons on Rutile TiO2(110). J. Phys. Chem. Lett. 2018, 9 (17),
4865−4871.
(29) Tao, J.; Luttrell, T.; Bylsma, J.; Batzill, M. Adsorption of Acetic
Acid on Rutile TiO2(110) vs (011)-2 × 1 Surfaces. J. Phys. Chem. C
2011, 115 (8), 3434−3442.
(30) Yim, C. M.; Pang, C. L.; Thornton, G. Oxygen Vacancy Origin
of the Surface Band-Gap State of TiO2(110). Phys. Rev. Lett. 2010,
104 (3), 036806.
(31) Payne, D. T.; Zhang, Y.; Pang, C. L.; Fielding, H. H.; Thornton,
G. Coverage-Dependent Two-Photon Photoexcitation at the H2O/
TiO2 Interface. Surf. Sci. 2016, 652 (C), 189−194.
(32) Setvín, M.; Franchini, C.; Hao, X.; Schmid, M.; Janotti, A.;
Kaltak, M.; Van de Walle, C. G.; Kresse, G.; Diebold, U. Direct View
at Excess Electrons in TiO2 Rutile and Anatase. Phys. Rev. Lett. 2014,
113 (8), 086402.
(33) Kavan, L.; Grätzel, M.; Gilbert, S. E.; Klemenz, C.; Scheel, H. J.
Electrochemical and Photoelectrochemical Investigation of Single-
Crystal Anatase. J. Am. Chem. Soc. 1996, 118 (28), 6716−6723.
(34) Sanjines, R.; Tang, H.; Berger, H.; Gozzo, F.; Margaritondo, G.;
Lévy, F. Electronic Structure of Anatase TiO2 Oxide. J. Appl. Phys.
1994, 75 (6), 2945−2951.
(35) Aiura, Y.; Ozawa, K.; Schwier, E. F.; Shimada, K.; Mase, K.
Competition Between Itineracy and Localization of Electrons Doped

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.1c03684
J. Phys. Chem. C XXXX, XXX, XXX−XXX

G

https://doi.org/10.1038/238037a0
https://doi.org/10.1038/238037a0
https://doi.org/10.1038/nmat1592
https://doi.org/10.1038/nmat1592
https://doi.org/10.1021/acs.jpclett.0c02735?ref=pdf
https://doi.org/10.1021/acs.jpclett.0c02735?ref=pdf
https://doi.org/10.1021/acs.jpclett.0c02735?ref=pdf
https://doi.org/10.1021/acs.jpclett.5b01508?ref=pdf
https://doi.org/10.1021/jacs.5b04483?ref=pdf
https://doi.org/10.1021/jacs.5b04483?ref=pdf
https://doi.org/10.1021/jacs.5b04483?ref=pdf
https://doi.org/10.1103/PhysRevB.91.155429
https://doi.org/10.1103/PhysRevB.91.155429
https://doi.org/10.1038/srep04043
https://doi.org/10.1038/srep04043
https://doi.org/10.1063/1.3194301
https://doi.org/10.1063/1.3194301
https://doi.org/10.1126/science.1239879
https://doi.org/10.1126/science.1239879
https://doi.org/10.1103/PhysRevB.63.155409
https://doi.org/10.1103/PhysRevB.63.155409
https://doi.org/10.1038/nature06964
https://doi.org/10.1038/nature06964
https://doi.org/10.1103/PhysRevB.91.195403
https://doi.org/10.1103/PhysRevB.91.195403
https://doi.org/10.1103/PhysRevB.91.195403
https://doi.org/10.1103/PhysRevLett.102.106105
https://doi.org/10.1103/PhysRevLett.102.106105
https://doi.org/10.1103/PhysRevLett.102.106105
https://doi.org/10.1103/PhysRevB.79.092101
https://doi.org/10.1103/PhysRevB.79.092101
https://doi.org/10.1016/j.pnsc.2020.01.001
https://doi.org/10.1016/j.pnsc.2020.01.001
https://doi.org/10.1016/j.pnsc.2020.01.001
https://doi.org/10.1103/PhysRevB.67.035110
https://doi.org/10.1103/PhysRevB.67.035110
https://doi.org/10.1103/PhysRevB.75.035105
https://doi.org/10.1103/PhysRevB.75.035105
https://doi.org/10.1103/PhysRevB.75.035105
https://doi.org/10.1021/acs.jpcc.5b02732?ref=pdf
https://doi.org/10.1021/acs.jpcc.5b02732?ref=pdf
https://doi.org/10.1021/acs.jpcc.5b02732?ref=pdf
https://doi.org/10.1021/acs.jpcc.5b02732?ref=pdf
https://doi.org/10.1021/acs.jpcc.6b04517?ref=pdf
https://doi.org/10.1021/acs.jpcc.6b04517?ref=pdf
https://doi.org/10.1021/acs.jpclett.1c00678?ref=pdf
https://doi.org/10.1021/acs.jpclett.1c00678?ref=pdf
https://doi.org/10.1103/PhysRevB.103.L121402
https://doi.org/10.1103/PhysRevB.103.L121402
https://doi.org/10.1039/C8CP02648C
https://doi.org/10.1039/C8CP02648C
https://doi.org/10.1007/s11244-016-0706-8
https://doi.org/10.1021/acs.jpclett.9b02153?ref=pdf
https://doi.org/10.1021/acs.jpclett.9b02153?ref=pdf
https://doi.org/10.1021/jp2001139?ref=pdf
https://doi.org/10.1021/jp2001139?ref=pdf
https://doi.org/10.1021/acs.jpcc.6b09669?ref=pdf
https://doi.org/10.1021/acs.jpcc.6b09669?ref=pdf
https://doi.org/10.1002/pssb.19690350202
https://doi.org/10.1021/acs.jpclett.8b01904?ref=pdf
https://doi.org/10.1021/acs.jpclett.8b01904?ref=pdf
https://doi.org/10.1021/jp111270x?ref=pdf
https://doi.org/10.1021/jp111270x?ref=pdf
https://doi.org/10.1103/PhysRevLett.104.036806
https://doi.org/10.1103/PhysRevLett.104.036806
https://doi.org/10.1016/j.susc.2016.02.018
https://doi.org/10.1016/j.susc.2016.02.018
https://doi.org/10.1103/PhysRevLett.113.086402
https://doi.org/10.1103/PhysRevLett.113.086402
https://doi.org/10.1021/ja954172l?ref=pdf
https://doi.org/10.1021/ja954172l?ref=pdf
https://doi.org/10.1063/1.356190
https://doi.org/10.1021/acs.jpcc.8b05955?ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c03684?rel=cite-as&ref=PDF&jav=VoR


Into the Near-Surface Region of Anatase TiO2. J. Phys. Chem. C 2018,
122 (34), 19661−19669.
(36) Scanlon, D. O.; Dunnill, C. W.; Buckeridge, J.; Shevlin, S. A.;
Logsdail, A. J.; Woodley, S. M.; Catlow, C. R. A.; Powell, M. J.;
Palgrave, R. G.; Parkin, I. P.; et al. Band Alignment of Rutile and
Anatase TiO2. Nat. Mater. 2013, 12 (9), 798−801.
(37) Di Valentin, C.; Selloni, A. Bulk and Surface Polarons in
Photoexcited Anatase TiO2. J. Phys. Chem. Lett. 2011, 2 (17), 2223−
2228.
(38) Zuo, F.; Wang, Le; Wu, T.; Zhang, Z.; Borchardt, D.; Feng, P.
Self-Doped Ti3+ Enhanced Photocatalyst for Hydrogen Production
Under Visible Light. J. Am. Chem. Soc. 2010, 132 (34), 11856−11857.
(39) Xing, M.; Zhang, J.; Chen, F.; Tian, B. An Economic Method to
Prepare Vacuum Activated Photocatalysts with High Photo-Activities
and Photosensitivities. Chem. Commun. 2011, 47 (17), 4947−4949.
(40) Vittadini, A.; Selloni, A.; Rotzinger, F. P.; Gratzel, M. Formic
Acid Adsorption on Dry and Hydrated TiO2 Anatase (101) Surfaces
by DFT Calculations. J. Phys. Chem. B 2000, 104 (6), 1300−1306.
(41) Xu, M.; Noei, H.; Buchholz, M.; Muhler, M.; Wöll, C.; Wang,
Y. Dissociation of Formic Acid on Anatase TiO2(101) Probed by
Vibrational Spectroscopy. Catal. Today 2012, 182 (1), 12−15.
(42) Kou, L.; Frauenheim, T.; Rosa, A. L.; Lima, E. N. Hybrid
Density Functional Calculations of Formic Acid on Anatase
TiO2(101) Surfaces. J. Phys. Chem. C 2017, 121 (32), 17417−17420.
(43) Tabacchi, G.; Fabbiani, M.; Mino, L.; Martra, G.; Fois, E. The
Case of Formic Acid on Anatase TiO2 (101): Where Is the Acid
Proton? Angew. Chem., Int. Ed. 2019, 58 (36), 12431−12434.
(44) Wang, Y.; Wen, B.; Dahal, A.; Kimmel, G. A.; Rousseau, R.;
Selloni, A.; Petrik, N. G.; Dohnálek, Z. Binding of Formic Acid on
Anatase TiO2(101). J. Phys. Chem. C 2020, 124 (37), 20228−20239.
(45) Petrik, N. G.; Wang, Y.; Wen, B.; Wu, Y.; Ma, R.; Dahal, A.;
Gao, F.; Rousseau, R.; Wang, Y.; Kimmel, G. A.; et al. Conversion of
Formic Acid on Single- and Nano-Crystalline Anatase TiO2(101). J.
Phys. Chem. C 2021, 125 (14), 7686−7700.
(46) Grinter, D. C.; Woolcot, T.; Pang, C. L.; Thornton, G. Ordered
Carboxylates on TiO2(110) Formed at Aqueous Interfaces. J. Phys.
Chem. Lett. 2014, 5 (24), 4265−4269.
(47) Balajka, J.; Hines, M. A.; DeBenedetti, W. J. I.; Komora, M.;
Pavelec, J.; Schmid, M.; Diebold, U. High-Affinity Adsorption Leads
to Molecularly Ordered Interfaces on TiO2 in Air and Solution.
Science 2018, 361 (6404), 786−789.
(48) Cocks, I. D.; Guo, Q.; Patel, R.; Williams, E. M.; Roman, E.; de
Segovia, J. L. The Structure of TiO2(110) (1 × 1) and (1 × 2)
Surfaces with Acetic Acid Adsorption  a PES Study. Surf. Sci. 1997,
377−379, 135−139.
(49) Wendt, S.; Sprunger, P. T.; Lira, E.; Madsen, G. K. H.; Li, Z.;
Hansen, J. Ø.; Matthiesen, J.; Blekinge-Rasmussen, A.; Lægsgaard, E.;
Hammer, B.; et al. The Role of Interstitial Sites in the Ti3d Defect
State in the Band Gap of Titania. Science 2008, 320 (5884), 1755−
1759.
(50) Onishi, H.; Aruga, T.; Egawa, C.; Iwasawa, Y. Adsorption of
CH3OH, HCOOH and SO2 on TiO2(110) and Stepped TiO2(441)
Surfaces. Surf. Sci. 1988, 193 (1−2), 33−46.
(51) Vohs, J. M.; Barteau, M. A. Spectroscopic Characterization of
Surface Formates Produced via Reaction of HCOOH and
HCOOCH3 on the (0001) Surface of Zinc Oxide. Surf. Sci. 1988,
197 (1−2), 109−122.
(52) Onishi, H.; Aruga, T.; Iwasawa, Y. Catalytic Reactions on a
Metal Oxide Single Crystal: Switchover of the Reaction Paths in
Formic Acid Decomposition on Titanium Dioxide TiO2(110). J. Am.
Chem. Soc. 1993, 115 (22), 10460−10461.
(53) Wang, Z.-T.; Garcia, J. C.; Deskins, N. A.; Lyubinetsky, I.
Ability of TiO2(110) Surface to Be Fully Hydroxylated and Fully
Reduced. Phys. Rev. B: Condens. Matter Mater. Phys. 2015, 92 (8),
081402.
(54) Sandell, A.; Ragazzon, D.; Schaefer, A.; Farstad, M. H.; Borg, A.
Photochemistry of Carboxylate on TiO2(110) Studied with
Synchrotron Radiation Photoelectron Spectroscopy. Langmuir 2016,
32 (44), 11456−11464.

(55) Onishi, H.; Aruga, T.; Iwasawa, Y. Switchover of Reaction Paths
in the Catalytic Decomposition of Formic Acid on TiO2(110)
Surface. J. Catal. 1994, 146 (2), 557−567.
(56) Wang, L. Q.; Ferris, K. F.; Shultz, A. N.; Baer, D. R.; Engelhard,
M. H. Interactions of HCOOH with Stoichiometric and Defective
TiO2(110) Surfaces. Surf. Sci. 1997, 380 (2−3), 352−364.
(57) Tougaard, S. Quantitative Analysis of the Inelastic Background
in Surface Electron. Surf. Interface Anal. 1988, 11 (9), 453−472.
(58) Woodruff, D. P. Modern Techniques of Surface Science;
Cambridge University Press, 2016.
(59) Yu, Y.-Y.; Gong, X.-Q. Unique Adsorption Behaviors of
Carboxylic Acids at Rutile TiO2(110). Surf. Sci. 2015, 641, 82−90.
(60) Ueba, H.; Gumhalter, B. Theory of Two-Photon Photo-
emission Spectroscopy of Surfaces. Prog. Surf. Sci. 2007, 82 (4−6),
193−223.
(61) Yim, C. M.; Watkins, M. B.; Wolf, M. J.; Pang, C. L.;
Hermansson, K.; Thornton, G. Engineering Polarons at a Metal Oxide
Surface. Phys. Rev. Lett. 2016, 117 (11), 116402.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.1c03684
J. Phys. Chem. C XXXX, XXX, XXX−XXX

H

https://doi.org/10.1021/acs.jpcc.8b05955?ref=pdf
https://doi.org/10.1038/nmat3697
https://doi.org/10.1038/nmat3697
https://doi.org/10.1021/jz2009874?ref=pdf
https://doi.org/10.1021/jz2009874?ref=pdf
https://doi.org/10.1021/ja103843d?ref=pdf
https://doi.org/10.1021/ja103843d?ref=pdf
https://doi.org/10.1039/c1cc10537j
https://doi.org/10.1039/c1cc10537j
https://doi.org/10.1039/c1cc10537j
https://doi.org/10.1021/jp993583b?ref=pdf
https://doi.org/10.1021/jp993583b?ref=pdf
https://doi.org/10.1021/jp993583b?ref=pdf
https://doi.org/10.1016/j.cattod.2011.08.045
https://doi.org/10.1016/j.cattod.2011.08.045
https://doi.org/10.1021/acs.jpcc.7b06957?ref=pdf
https://doi.org/10.1021/acs.jpcc.7b06957?ref=pdf
https://doi.org/10.1021/acs.jpcc.7b06957?ref=pdf
https://doi.org/10.1002/anie.201906709
https://doi.org/10.1002/anie.201906709
https://doi.org/10.1002/anie.201906709
https://doi.org/10.1021/acs.jpcc.0c06031?ref=pdf
https://doi.org/10.1021/acs.jpcc.0c06031?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c00571?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c00571?ref=pdf
https://doi.org/10.1021/jz502249j?ref=pdf
https://doi.org/10.1021/jz502249j?ref=pdf
https://doi.org/10.1126/science.aat6752
https://doi.org/10.1126/science.aat6752
https://doi.org/10.1016/S0039-6028(96)01381-7
https://doi.org/10.1016/S0039-6028(96)01381-7
https://doi.org/10.1126/science.1159846
https://doi.org/10.1126/science.1159846
https://doi.org/10.1016/0039-6028(88)90321-4
https://doi.org/10.1016/0039-6028(88)90321-4
https://doi.org/10.1016/0039-6028(88)90321-4
https://doi.org/10.1016/0039-6028(88)90576-6
https://doi.org/10.1016/0039-6028(88)90576-6
https://doi.org/10.1016/0039-6028(88)90576-6
https://doi.org/10.1021/ja00075a112?ref=pdf
https://doi.org/10.1021/ja00075a112?ref=pdf
https://doi.org/10.1021/ja00075a112?ref=pdf
https://doi.org/10.1103/PhysRevB.92.081402
https://doi.org/10.1103/PhysRevB.92.081402
https://doi.org/10.1021/acs.langmuir.6b02989?ref=pdf
https://doi.org/10.1021/acs.langmuir.6b02989?ref=pdf
https://doi.org/10.1006/jcat.1994.1094
https://doi.org/10.1006/jcat.1994.1094
https://doi.org/10.1006/jcat.1994.1094
https://doi.org/10.1016/S0039-6028(97)00023-X
https://doi.org/10.1016/S0039-6028(97)00023-X
https://doi.org/10.1002/sia.740110902
https://doi.org/10.1002/sia.740110902
https://doi.org/10.1016/j.susc.2015.05.023
https://doi.org/10.1016/j.susc.2015.05.023
https://doi.org/10.1016/j.progsurf.2007.03.002
https://doi.org/10.1016/j.progsurf.2007.03.002
https://doi.org/10.1103/PhysRevLett.117.116402
https://doi.org/10.1103/PhysRevLett.117.116402
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c03684?rel=cite-as&ref=PDF&jav=VoR

