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ABSTRACT: Fluorine has been widely reported to improve the
photoreactivity of TiO2 nanocrystals, but surface science studies of
this enhancement have been stymied by the lack of well controlled
fluorination chemistries. Fluorine-terminated rutile (110) surfaces
were produced by the photochemical degradation of solution-
prepared trimethyl acetate monolayers in the presence of XeF2 (g)
at room temperature. X-ray photoemission spectroscopy showed that
the fluorinated surfaces were terminated by 0.8 monolayers of F
bound to initially undersaturated Ti atoms. The fluorinated surface
remained notably contamination free, even after immersion in
solution and exposure to air for tens of minutes. The contami-
nation-resistant properties of the fluorinated surface were attributed to
the random blocking of 80% of the undersaturated Ti atoms, which simulations showed would block 93% of bidentate binding sites.
This fluorine termination was very robust. Immersing the fluorinated surface in boiling H2O for 60 min or boiling base for 10 min
removed only ∼60% of the F atoms. Although the initial TiO2(110) surface was atomically flat, scanning tunneling microscopy
images showed that the fluorinated surface was rough on an atomic scale, displaying short, atomically straight rows parallel to the
[001] direction. The roughened morphology was indication of a relatively isotropic etching reaction. This isotropy was attributed to
both the destabilization of the surface by F as well as the unusual reaction dynamics of XeF2. The increased reactivity of the
fluorinated surface toward etching can be rationalized in terms of disrupted charge balance in the surface layer. Consistent with this,
density functional theory simulations showed that the removal of bridging O atoms from the fully fluorinated surface to produce O2
would be exoergic.

■ INTRODUCTION
The passivation of semiconductor surfaces to unwanted
reactions is important to many fields, from the fabrication of
silicon transistors1 to the generation of efficient perovskite
solar cells2 to the production of quantum-dot-based photo-
voltaics.3 These passivating layers are typically relatively thick
on an atomic scale. As a result, they usually obscure the
underlying structure of the substrate and often act as a barrier
to charge transfer. In contrast, atomically thin passivating layers
are relatively rare, with the most notable being hydrogen-
terminated silicon.4,5

Our interest in F-terminated TiO2 was piqued by a recent
observation that fluorinated anatase TiO2 nanocrystals, which
contain both surface and subsurface F atoms, remain clean
(i.e., carbon free) even after immersion in solution and
exposure to air for tens of minutes.6 This behavior, while
surprising, is consistent with ab initio calculations that
predicted that F-terminated anatase would have an exception-
ally low surface energy.7 Based on this this observation, we
hypothesized that F atoms might passivate TiO2 by binding to
the undersaturated Ti atoms, forming a repellent coating.
Fluorinated nanocrystals behave very differently than

“clean,” adsorbate-free TiO2 surfaces, which spontaneously

develop a monolayer-thick coating of adsorbed formic and
acetic acids when they are exposed to air.8 The adsorbed acids
are the result of ppb-level concentrations of organic acids in air,
which are formed by the degradation of volatile biogenic
hydrocarbons such as isoprene. The formation of this robust
monolayer is due to the strong, bidentate bonds between the
adsorbed acids and undersaturated surface Ti atoms. The acid
monolayers cannot be desorbed cleanly, at least in vacuum, as
the temperatures needed for desorption lead to partial
decomposition of the acids.9

Our interest in the effects of F on TiO2 was also stimulated
by the observation that F is a shape-control agentand thus a
reactivity-control agentin TiO2 nanocrystal growth. The
addition of F to TiO2 growth solutions leads to the production
of anatase TiO2 single crystals with a variety of shapes and
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reactivities.7,10 Many studies have also shown that F doping or
surface fluorination of TiO2 enhances the photocatalytic
degradation of organic molecules in aqueous solutions,
including benzoic acid,11 benzene,12 phenols,13 and organic
dye molecules.14,15 Fluorine also enhances photocatalytic H2
(g) production on Pt/TiO2 via the water splitting reaction.

16,17

A number of researchers have postulated that F doping shifts
the local charge balance in TiO2,

18 stabilizing near-surface
oxygen vacancies and Ti3+,10,17 which are known to affect
surface reactivity.19−21

To further understand the properties of fluorinated TiO2, we
have developed a new synthesis of F-terminated rutile
TiO2(110), the structure of which is sketched in Figure 1.

Our synthesis uses XeF2 as the fluorination agent, which is
safer and easier to handle than F2(g). The fluorination reaction
etches the initially atomically flat TiO2 surface, leaving a
somewhat roughened morphology that is terminated by 0.8
monolayers (ML) of F bound to surface Ti atoms. (Here, we
define 1 ML to be a surface density equivalent to one molecule
per undersaturated Ti atom on a flat TiO2(110) surface.)
As hypothesized, fluorine passivated the TiO2 surface. The

fluorinated surface was stable in air and resisted the adsorption
of acids and other adventitious carbon species. The
fluorination was also relatively stable in solution. Immersing
the fluorinated surface in boiling H2O for 60 min or boiling
base for 10 min removed only ∼60% of the fluorination.
DFT simulations showed that adsorption of F to the

undersaturated Ti atoms disrupted charge balance in the
surface layer, partially oxidizing surface O atoms and
significantly weakening their bonding. As a result, the removal
of bridging O atoms from the fluorinated surface to form O2 is
predicted to be exoergic. We explained the etching of the
surface in terms of both this disrupted charge balance and the
unusual dynamics of XeF2 reactivity.

■ METHODS
Experimental Methods. All solution-phase preparations

were performed with glass or Teflon labware that had been
cleaned as described previously.22 Ultrapure H2O (Millipore)
was used throughout.
Atomically flat rutile TiO2(110), which we refer to as “clean”

TiO2, was prepared by etching commercial samples (MTI
Corp.) for 10 min in 1:1:2 28% NH4OH:30% H2O2:H2O by
volume at 80 °C and rinsing in H2O. The samples were
optionally etched in 1:2 HCl:H2O at 80 °C for 10 min to
remove trace Sn, as sodium stannate is sometimes used as a
H2O2 stabilizer.

23 Trimethylacetic acid (TCI America, >99%)
was purified by sublimation in air. Trimethyl acetate (TMA)
monolayers were prepared by immersing etched TiO2 crystals

for 10 min in a 200 mM aqueous or methanolic trimethylacetic
acid solution at 65 °C. These monolayers are sensitive to
photolytic degradation (vide inf ra), so this synthesis and
subsequent handling were performed in the absence of
fluorescent or UV radiation. The crystals were hydrophobic
upon emersion and not rinsed after monolayer preparation.
The crystal was transferred to a quartz reaction vessel that
contained 75 mg of XeF2 (s, Sigma-Aldrich, 99.99%), placed
on a Schlenk line, flushed with inert gas, and sealed to produce
∼4 Torr of XeF2 (g). The sample was irradiated with 6 mW/
cm2 of above-bandgap (365 nm) radiation from a UV diode
array (Tektite) for 15 min to degrade the TMA monolayer into
isobutene (g) and CO2 (g). To ensure complete reaction, the
sample was rinsed in H2O, a second TMA monolayer was
deposited, the surface was re-exposed to XeF2 (g), and the
sample was rinsed thoroughly in H2O.
After preparation, the sample was transferred in air to an

ultrahigh vacuum (UHV) analysis chamber equipped with a
load lock. Scanning tunneling microscopy (STM) analysis was
performed at room temperature with a W tip and typical
tunneling conditions of 50−100 pA and 1.6−1.8 V. X-ray
photoelectron spectroscopy (XPS) was performed using
unmonochromated Mg Kα irradiation. Photoelectrons were
collected at 70° from the surface normal to maximize surface
sensitivity. A Tougaard baseline was removed from all reported
spectra. The C 1s, F 1s, and Ti 2p3/2 spectra were normalized
to the maximum amplitude of the Ti 2p3/2 transition, whereas
the O 1s spectra were normalized to the maximum amplitude
of the O 1s transition. Small energy corrections (∼0.1 eV)
were applied to the reported spectra using reference energies
to offset mild band bending. The same energy correction was
applied to all spectra from a given sample.

Computational Methods. Density functional theory
(DFT) was used to model the structure and energetics of
fluorinated rutile (110) surfaces using 2 × 1 periodically
repeating slabs consisting of five TiO2 trilayers with
autocompensated surfaces separated by a 12.5 Å vacuum
spacing. Representative structures are shown in the Supporting
Information. During optimization, the positions of the
bottommost TiO2 layer and its terminating bridging O rows
were held fixed. Spin-polarized calculations were performed
using DFT within the generalized gradient approximation24

(GGA) using the revPBE functional25 as implemented in the
Vienna ab initio simulation package (VASP).26−29 Hubbard
on-site Coulomb interactions were included for the Ti d
electrons with U = 4.1.30−33 Long-range dispersion interactions
were included using the DFT-D3(BJ) method with Becke-
Johnson damping.34,35 Electron−ion interactions were de-
scribed using the projector augmented wave (PAW)
method.36,37 Electronic states were expanded in plane waves
with a kinetic energy cutoff of 400 eV and a 6 × 6 × 1
Monkhorst−Pack grid of k points. Brillouin-zone integration
was performed using Gaussian smearing.

■ RESULTS
HF Does Not Fluorinate TiO2 at Room Temperature.

There are many reports of TiO2 surface fluorination by F−- or
HF-containing solutions;38 however, in our hands, these
procedures do not covalently bind F to TiO2. For example,
after a clean TiO2 surface was immersed in 48% HF (aq) for
10 min at room temperature, XPS analysis showed that this
treatment deposited 0.23 ML of fluorine-containing species on
the surface; however, these species rinsed off with water,

Figure 1. Structure of ideal F-terminated TiO2(110) surface with 1.0
ML of F. The Ti, O, and F atoms are represented by blue, red, and
green spheres, respectively.
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leaving only a trace of fluorinated products (Supporting
Information). The rinsed surface displayed the characteristic
transitions of an organic acid monolayer (vide inf ra), which
spontaneously develops on air-exposed TiO2 surfaces.

8 Similar
results were observed after immersion in 40% NH4F (aq). Our
conclusion was that these treatments produced F− in the
surface double layer (Helmholz layer), not covalently bound
fluorine. Previous researchers have shown that the surface
double layer is largely maintained upon substrate emer-
sion,39,40 but is removed by rinsing.
Researchers have fluorinated rutile (110) and TiO2

nanocrystals by exposure to flowing anhydrous HF at elevated
temperatures (200−500 °C) for hours.41,42 We did not
attempt this reaction due to the safety hazards associated
with the procedure.
XeF2 Does Not Fluorinate Air-Exposed TiO2. XeF2 (s)

is a potent fluorinating agent that can be handled in air; the
material sublimes easily and has a 4.5 Torr vapor pressure at 25
°C.43

When previously air-exposed clean TiO2(110) surfaces were
exposed to XeF2 (g) at room temperature with or without
above bandgap irradiation, no reaction was observed. Instead,
photoemission spectra, represented by the blue curves in
Figure 2, showed that the surface remained terminated by

approximately a monolayer of organic acid bound to the
undersaturated Ti sites on the surface.8 The carboxylate moiety
produced absorption features at 289.3 eV in the C 1s spectrum
in Figure 2b and a shoulder at 532.5 eV in the O 1s spectrum
in Figure 2c. A feature at 285.5 eV in the C 1s spectrum was
assigned to a mixture of aliphatic C in the adsorbed acids and
adventitious C. The F 1s transition in Figure 2a was barely
detectable. The scale bars in the C 1s and F 1s spectra

represent the intensity of 0.5 carboxylate C and 0.8 F atoms
per unsaturated Ti atom, as discussed in the Supporting
Information.
This experiment showed that XeF2 does not fluorinate

bridging O sites or other O sites when the undersaturated Ti
sites are blocked.

Fluorination Requires Vacant Undersaturated Ti
Sites. We hypothesized that XeF2 was unable to fluorinate
air-exposed TiO2 surfaces because the most likely reactive sites,
the undersaturated Ti atoms, were blocked by organic acids
deposited from the air. To test this hypothesis, we devised a
strategy to produce adsorbate-free TiO2 surfaces in situ.
Previous researchers44−46 have shown that trimethyl acetate

(TMA) monolayers on TiO2 can be photodecomposed in
vacuum to generate purely gaseous products. This behavior
appears to be unique to adsorbed tertiary acids, as photo-
excitation produces a relatively stable tertiary radical. Other
common carboxylate monolayers are stable to irradiation in
vacuum.47

Figure 3a shows an STM image of a TMA-terminated
TiO2(110) surface prepared from methanolic solution. In this

image, the TMA molecules are imaged as circular protrusions
with a 2 × 1 periodicity that is due to the bidentate bonding of
the acid to surface Ti atoms. Interestingly, these monolayers do
not display the long-range ordering noted in some other
carboxylate monolayers,48 which we tentatively attribute to the
steric bulk of TMA. Irradiation of this surface with above
bandgap radiation in vacuum leads to the complete desorption
of the monolayer and production of an adsorbate-free surface,
as shown in Figure 3b. This reaction is induced by
photoexcited holes generated in the TiO2 crystal that diffuse
to the surface and produce an excited oxidized carboxylate,
which then decomposes to CO2 (g) and isobutene (g).46

To test our hypothesis, we exposed TMA-terminated
TiO2(110) to XeF2 (g) at room temperature in the presence
of above bandgap radiation. To ensure complete reaction, we
then re-terminated the surface with TMA and re-exposed the
surface to XeF2. After reaction, the sample was thoroughly

Figure 2. High resolution XP spectra of (blue) clean, air-exposed
TiO2 (unrinsed) and (red) trimethyl acetate-terminated TiO2 after
exposure to XeF2 (g) and above bandgap radiation with subsequent
H2O rinsing. The panels show the (a) F 1s, (b) C 1s, (c) O 1s, and
(d) Ti 2p regions. No reaction was observed on the air-exposed TiO2
surface, whereas the initially TMA-terminated surface became
fluorinated. The Voigt fit in panel c shows the slight asymmetry in
the O 1s spectrum toward higher binding energy. The scale bars in
the F 1s and C 1s spectra represent the intensity of 0.8 F atoms and
0.5 carboxylate C atoms per unsaturated Ti atom, respectively.

Figure 3. (a) STM image of trimethyl acetate-terminated TiO2(110)
surface prepared from methanolic solution. The dark spots are
missing molecules that may have photodecomposed. The ∼10 white
dots are unknown contaminants. (b) STM image of the same surface
after illumination with 365 nm light in UHV, showing complete
decomposition of the monolayer. The images are on the same scale.
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rinsed in H2O, producing a TiO2 crystal with a partially
fluorinated (0.8 ML) surface, as seen by the red XP spectra in
Figure 2.
Undersaturated Ti Sites Are Fluorinated. The F 1s

transition at 685.0 eV was assigned to F bound to an
undersaturated Ti atom using calibrated DFT simulations. As
described in the Supporting Information, DFT simulations of F
1s binding energies were calibrated against experimental data
from small, fluorine-containing molecules.49 The predicted
binding energies of F bound to different sites on the
TiO2(110) surface are tabulated in Table 1.

The μ3-fluoro sites (i.e., planar or subsurface) were ruled out
by their high binding energies. The replacement of a bridging
O by F to form a μ2-fluoro site was ruled out by the absence of
a carboxylate transition in the O 1s spectrum. If F were to have
replaced the bridging O sites, the undersaturated Ti sites
would have been vacant, enabling adsorption of organic acids
from the air, which was not observed.
The fluorinated surface was remarkably free of adventitious

carbon or adsorbed acids as shown by the C 1s spectrum in
Figure 2. The carboxylate C 1s transition was barely detectable,
and we estimated the adsorbed acids to be ≤5% of the
saturation coverage of 0.5 ML. This low density of carboxylate
is consistent with 80% of the undersaturated Ti sites being
blocked by F. As shown by the Monte Carlo simulation in
Figure 4, if 80% of the undersaturated Ti sites were randomly

blocked, the surface could only adsorb 0.033 ML of bidentate
molecules. This prediction is in good agreement with the
≤0.03 ML observed. The density of adventitious C was 2.5
atoms/nm2, which is equivalent to 6% of a monolayer of
graphene.
Fluorination Reaction Etches TiO2. The fluorination

reaction etches the initially atomically flat TiO2 surface, leaving

a somewhat roughened morphology. The initial preparation of
clean TiO2 surfaces in a hot, basic peroxide solution produces
an atomically flat morphology with near-atomically straight
step edges,50 as seen in Figure 5a. After fluorination, the

surface, shown in Figure 5b, was significantly rougher,
displaying short straight rows parallel to the [001] direction,
which we attributed to F-terminated Ti rows. In addition,
single- and multi-layer etch pits are visible. There was no
evidence of the (2 × 1) symmetry characteristic of organic acid
absorption.
At this time, we do not know whether the etching happened

during the reaction with XeF2, during the H2O rinse, or during
both; however, we know that boiling H2O further etched the
fluorinated substrate. After a fluorinated crystal was immersed
in boiling H2O for 60 min, XPS analysis (Supporting
Information) showed that 65% of the initial fluorine was
removed. In addition, the F 1s transition shifted by 0.3 eV
toward higher binding energy. This shift is consistent with
DFT simulations, which predicted an 0.3 eV shift toward
higher binding energy when one-half of the adsorbed F atoms
were removed from a fully fluorinated surface.
In addition to these chemical changes, immersion in boiling

H2O significantly smoothed the fluorinated surface, as shown
by the STM images in Figure 6. This treatment removed small
islands on the surface and produced larger flat regions with
visible atomic rows parallel to the [001] direction. The
remaining islands had a weak crystallographic habit, suggesting
anisotropic etching. Taken together, these chemical and
morphological changes suggest that the fluorinated surface
can be slowly etched by H2O.
As a final test of the chemical stability of the fluorinated

surface, we immersed a fluorinated sample in a boiling solution
of 1:1 28% NH4OH:H2O by volume for 10 min. XPS analysis

Table 1. F 1s Binding Energies Observed in Experiment and
Predicted by DFT Simulations

F binding site bonding B.E. (eV)

experimental 685.0
unsaturated Ti site μ1 684.3
bridging O site μ2 685.7
planar O site μ3 686.7
subsurface O site μ3 686.1

Figure 4. Simulated availability of bidentate undersaturated Ti
binding sites on TiO2(110) as a function of randomly adsorbed
monodentate species (blocked sites). This Monte Carlo simulation
predicted the adsorption of ∼0.03 ML of organic acid in the presence
of 0.8 ML of F bound to undersaturated Ti sites.

Figure 5. STM images of (a) initial atomically flat TiO2(110) surface
with vicinal steps produced by etching in a hot, basic peroxide
solution and (b) surface after fluorination in XeF2 and rinsing in H2O,
displaying very short atomic rows running along the [001] direction.
The roughness of the fluorinated surface precluded the imaging of
vicinal steps. The images are on very different scales, and the white
rectangle in panel a indicates the relative area of panel b.
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(Supporting Information) showed that this treatment removed
only 60% of the adsorbed fluorine.
In addition to its notable chemical stability, the fluorine

monolayer resisted desorption at moderate temperatures, as
shown by the data in Figure 7. In this experiment, a fluorinated
sample was heated in UHV successively to 250 °C, 550 °C,
and 650 °C, held at temperature for 20 min, then cooled to
room temperature for XPS analysis. The only significant
reaction was F desorption. At the highest temperature, the

TiO2 was slightly reduced as indicated by the appearance of a
small Ti3+ shoulder in the Ti 2p spectrum. Although some
fluorine desorption was noted at 250 °C, one-third of the
fluorine remained after heating at the highest temperature.

Fluorination Disrupts Formal Charge Balance, In-
creasing Reactivity. Rutile is a relatively inert material that is
only etched slowly in very aggressive solutions, such as a hot
basic peroxide solution,51 so we were initially surprised by the
significant etching seen in the STM images in Figure 5b. DFT
simulations suggested that this behavior can be rationalized in
terms of formal charge balance, which is also known as
autocompensation.
The structure of the clean TiO2(110) surface with its

alternating rows of bridging O atoms and undersaturated Ti
atoms can be rationalized in terms of formal charge balance.52

Each (110) plane contains twice as many O anions as Ti
cations. In a purely ionic picture, each plane has a nominal
formal charge of 0. In contrast, if the bridging O atoms on the
surface were to be removed, the surface plane would be
unbalanced and have a nominal positive charge. Electronic
structure calculations have shown that the stability of
structures that leave the surface neutral in a charge balance
formalism can be attributed to the anion-derived surface states
being completely filled and the higher-energy, cation-derived
surface states being completely empty.53

The adsorption of F to the undersaturated Ti atoms disrupts
charge balance in the surface layer. In a purely ionic view, the
adsorbed F becomes F− by oxidizing the bridging O2− atoms to
O−. This behavior is manifested in two ways in DFT
simulations of the fully fluorinated crystal. First and most
importantly, the adsorption of a monolayer of F significantly
destabilized the bridging O atoms, as shown by the calculated
binding energies in Table 2. The bridging O atoms are strongly

bound to the clean surface, with Ti−O bond energies of 3.4
eV. Terminating the surface with a monolayer of acid, as
happens spontaneously in air, slightly increases these energies.
In contrast, terminating the unsaturated Ti atoms with F
decreases the bond energies by 65% to 1.2 eV each. Oxidation
of the bridging O atoms also leads to the development of
unpaired spin density on the bridging O atoms (magnetic
moment = 0.17 μB) and somewhat less unpaired spin density
on the planar surface O atoms (0.08 μB). Similar effects have
been reported in DFT simulations of F bound to anatase
TiO2.

54

The increased reactivity of the fluorinated surface toward
etching can also be rationalized in terms of disrupted charge
balance in the surface layer. The fully fluorinated surface layer
has a stoichiometry of TiO2F0.5. Removing every other
bridging O atom from the surface layer would lead to
TiO1.75F0.5, a charge-balanced surface. Consistent with this
simplistic rationalization, DFT simulations predict that the
removal of a bridging O atom from the fully fluorinated surface
to form 1/2 O2 would be exoergic by 0.47 eV.

Figure 6. STM of fluorinated TiO2(110) surfaces before and after
immersion in boiling H2O for 15 min. Atomic rows running along the
[001] direction are visible in both images. The boiling H2O appears
to etch the surface, as evidenced by the removal of small islands and
the production of larger flat regions. The images are on the same
scale.

Figure 7. XPS analysis of fluorinated TiO2(110) as a function of
successive 20 min heat treatments in UHV. High resolution spectra of
the (a) F 1s, (c) O 1s, and (d) Ti 2p transitions and (b) the F surface
coverage measured from the spectra in panel a. The scale bar on the F
1s spectra represents the intensity of 0.8 F atoms per unsaturated Ti
atom.

Table 2. Calculated Binding Energies of Bridging O Atoms
on Clean, Formate-Terminated, and Fluorine-Terminated
TiO2(110)

system bridging O binding energy (eV)

clean 6.83
formate-TiO2 7.08
F-TiO2 2.40
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■ DISCUSSION

Surface Morphology and Reaction Dynamics. The
absence of crystallographic features in the final morphology,
such as straight step edges or islands with a regular habit,
suggests that the etching reactions occurred isotropically at
many sites on the surface, not at a few reactive sites.55,56 This is
very different than the highly anisotropic, basic peroxide
etching reaction used to create the initial flat surface, which
selectively attacks step sites.50 This is also very different than
the initial fluorination reaction, which only occurred at
undersaturated Ti sites.
One possible explanation for the isotropy of the etching

reaction is the dynamics (not the energetics) of the XeF2
reaction. XeF2 is a relatively stable molecule with a total bond
strength of 2.75 eV; however, the removal of one F atom
produces XeF, a very unstable molecule with a bond strength
of only 0.13 eV.57 When XeF2 reacts with a clean Si(100)
surface, the first step of the reaction is the abstraction of a F
atom to produce a fluorinated surface site and a scattered XeF
molecule.58,59 The XeF molecule is rovibrationally excited by a
combination of the scattering process and the reaction
exothermicity. As a result of this excitation, 60−90% of the
scattered XeF dissociates within a few Å of the surface,
producing a highly reactive F radical.57 If the F radical is
released in the direction of the surface (a statistical process),
the second F atom can also react with the surface. The reaction
of the second F atom is potentially 2.62 eV more exoergic than
the reaction of the first atom, as there is no XeF2 bond to
break.
Because the reaction dynamics of the XeF2/Si(100) reaction

is dominated by the unusual energetics of the XeF2 and XeF
molecules, we hypothesize that similar dynamics may influence
the XeF2/TiO2(110) reaction in two ways. First, the
production of F atoms from the decomposition of XeF
would introduce a much more exoergic reaction channel, as F
atoms are extremely reactive. This high reactivity is consistent
with an isotropic reaction and the production of a rough and
bumpy surface. Second, our experiments showed that no
reaction occurred when the undersaturated Ti atoms were
blocked with acid adsorbed from the air. If there was no initial
XeF2 reaction, no F radicals could have been produced from
the decomposition of XeF. This is consistent with our results.
If F radicals were to have been produced during the reaction of
XeF2 with the acid-covered surface, the F radicals would have
reacted with the adsorbed organic acids on the surface, as F
reacts readily with both C−C and C−H bonds.60 This reaction
would have either created fluorinated adsorbed products or
removed the acid layer entirely by producing fluorinated
gaseous products. Either possibility is definitively ruled out by
the photoemission spectra in Figure 2, which show that the
adsorbed acid layer remained intact.
If our reasoning is correct, less reactive fluorinating agents

are needed for the production of atomically smooth F-TiO2.
Two possibilities are F2 or possibly F-TEDA (Selectfluor).61

Because of the unusual dynamics described above, XeF2 is a
more aggressive etchant than F2, at least on Si surfaces. XeF2
will etch Si continuously at room temperature and is used
industrially for this purpose. In contrast, F2 does not etch Si at
room temperature, as the surface becomes passivated by a thick
fluorosilyl layer.62

Adventitious Carbon and F-TiO2. Photoemission spec-
troscopists have found that almost every air-exposed surface

develops a thin carbon-containing coating of uncertain origin.
This film is described euphemistically as “adventitious C” and
is often used to calibrate XP spectra.63 Our study was initially
motivated by the absence of adventitious C on F-containing
anatase nanocrystals, which led us to hypothesize that fluorine
atoms might passivate TiO2 by binding to the undersaturated
Ti atoms, forming a repellent coating.
Our initial hypothesis was correct in general, but wrong in

detail. The XP spectra in Figure 2 show that F-TiO2 does not
develop an adventitious C coating, as we predicted. However,
quantification of our spectra shows that only 80% of the
undersaturated Ti sites are “blocked” with F. The simulation in
Figure 4 explains why this partial monolayer effectively blocks
the adsorption of air-borne acids and other species that require
a bidentate binding site, but what about the adsorption of
other carbon-containing molecules? For example, the typical
partial pressure of atmospheric methanol is 10−2 to 10−3

mbar,64 far greater than the 10−6−10−7 mbar partial pressure
typical of small organic acids.65 We explain this difference in
terms of bonding geometry. Although methanol and many
other small organic molecules adsorb to TiO2, small molecules
that form monodentate bonds typically desorb near room
temperature.20,66−68 As such, even though monodentate
species will transiently bond to the TiO2 surface, they will
desorb in a room temperature vacuum chamber long before
the photoemission analysis is complete (or even started).

■ CONCLUSIONS
The photochemical degradation of a monolayer of trimethyl
acetate on an atomically flat TiO2(110) surface produced
undersaturated Ti atoms that subsequently reacted with XeF2
(g) to produce a fluorinated surface. After rinsing in H2O,
photoemission spectroscopy showed that 80% of the initially
undersaturated Ti sites were covalently bound to F. This
fluorine termination was surprisingly robust. Immersing the
fluorinated surface in boiling H2O for 60 min or boiling base
for 10 min removed only ∼60% of the F atoms.
The fluorinated surface remained notably contamination

free, even after immersion in solution and exposure to room air
for tens of minutes. Photoemission spectroscopy showed that
the density of adventitious C was 2.5 atoms/nm2, which is
equivalent to 0.06 ML of graphene. In contrast, the Ti sites on
air-exposed clean TiO2(110) surfaces are rapidly and
completely covered with adsorbed acids. The contamination-
resistant properties of the fluorinated surface were attributed to
the random blocking of 80% of the undersaturated Ti atoms,
which simulations showed would block 93% of bidentate
binding sites. Although 20% of the monodentate binding sites
presumably remain exposed, small molecules that bind to TiO2
in a monodentate fashion typically desorb relatively quickly at
room temperature.
Although the initial surface was atomically flat, the

fluorinated surface was rough on an atomic scale, displaying
short, atomically straight rows parallel to the [001] direction.
The roughened morphology was an indication of a relatively
isotropic etching reaction. This type of site non-specific
etching was attributed to both the destabilization of the surface
by F as well as the unusual reaction dynamics of XeF2.
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