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We resolve the structure of a c�2� 2� reconstruction of the rutile TiO2 (100) surface using a
combination of transmission electron diffraction, direct methods analysis, and density functional theory.
The surface structure contains an ordered array of subsurface oxygen vacancies and is in local
thermodynamic equilibrium with bulk TiO2, but not the with oxygen gas-phase environment. The
transition into a bulklike (1� 1) reconstruction offers insights into the time-dependent local thermody-
namics of TiO2 surface reconstruction under global nonequilibrium conditions.
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Of recognized importance to the design of new oxide
catalysts is the ability to understand and model the com-
plex processes of surface reconstruction. To this end, a
reasonably successful model exists with the theoretical
formalism of ab initio atomistic thermodynamics [1,2]
wherein a surface is assumed in thermodynamic equilib-
rium with gas phase and bulk. Full equilibrium however is
not always attained [3] because at least one of the under-
lying processes is slow, raising questions about how such
systems may be described. Consider titanium dioxide
(TiO2) [4]: Ar-sputtering—ubiquitously used in surface
preparation—renders the TiO2 surface highly oxygen de-
ficient. The subsequent reconstruction under anneal is
broadly understood in terms of a slow and ongoing ex-
change of matter between surface, bulk, and gas phase [5–
7]. The degree of residual oxygen deficiency, however, is
often ambiguous. For instance, competing structure models
for a (1� 3) reconstruction of the (100) surface range from
stoichiometric to highly reduced [8–12]. Similarly, a re-
cent study of the (110) surface [13] suggests that the
common (1� 2) double strands are of highly-reduced
Ti2O and not of Ti2O3 stoichiometry as previously thought
[14,15]. Taking cues from a c�2� 2� reconstruction of the
(100) surface [16], this Letter provides several insights in
the thermodynamics of TiO2 surface reconstruction. We
resolve the atomic structure of the c�2� 2� using advanced
surface diffraction techniques, and show, by example, that
oxygen-deficient reconstructions can be surprisingly long-
lived (hours) under oxygen anneal. The eventual conver-
sion of the c�2� 2� into a bulk-terminated (1� 1) sug-
gests a prototype local thermodynamics model of TiO2

surface reconstruction that includes an ad hoc representa-
tion of the ongoing global equilibration processes, a gradu-
ally sliding surface oxygen potential.

As detailed in a separate publication [16], the TiO2(100)
c�2� 2� surface is formed on ion-beam thinned samples
annealed under atmospheric pressure oxygen in a tempera-

ture or time window of 1050–1100 K for between 1 and
2 h. Shorter annealing times and/or lower temperatures
gave incomplete or nonreconstructed surfaces, while lon-
ger annealing resulted in a (1� 1) reconstruction. Anneal-
ing under Ar-flow (1 h) also produced the c�2� 2�.
Crystallographic shear-planes were observed in regions
of higher reduction, indicating the formation of TinO2n�1

Magnéli bulk phases [17]. In summary, in order of decreas-
ing reduction of the crystal and increasing annealing times
we observe the sequence shear-planes �Magn�eli� ! c�2�
2� ! �1� 1� of surface structures, consistent with a slow
reoxidation of the (100) surface [16]. We note that the (1�
3) reconstruction prominent in ultrahigh vacuum (UHV)
experiments [11] was not observed, suggesting that it is
short-lived or not formed under the conditions of our
experiments.
c�2� 2� Atomic structure solution.—Transmission elec-

tron diffraction patterns were recorded using off-zone axis
conditions to minimize dynamical effects. Approximately
5000 separate measurements were reduced to 24 indepen-
dent reflections in c2mm Patterson symmetry and sub-
jected to direct methods (DM) analysis [18,19] which
solves the phase problem of diffraction without the need
for a structure guess. This last point ensures that oxygen-
deficiency is obtained as a direct experimental result. Of
the plausible c�2� 2� symmetries, c1m1 gave the clearest
results [Fig. 1(a)] with one strong site (Ti) and two weaker
sites (O) cleanly resolved. Structure refinement gave a
good fit (�2 � 1:16, R1 � 0:18) between prediced and
measured reflections, producing the atomic positions re-
ported in Table I. The agreement with density functional
theory (DFT) positions [20] is reasonable, keeping in mind
that DM analysis and structure refinement were conducted
in c1m1 symmetry which is close to the true c-symmetry
averaged over twin-related domains. The final reconstruc-
tion [Fig. 1(b)] is characterized by corner-sharing TiO4

tetrahedra that are cooperatively rotated in the surface
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plane. The structure is reduced, containing two oxygen
vacancies per surface unit cell [or 1=2 monolayer (ML)].
Refinement of hypothetical alternatives based upon a stoi-
chiometric c�2� 2� reconstruction with two bridging oxy-
gens [i.e., 0 ML vacancies; Fig. 2(a)] gave a substantially
worse fit (�2 � 2:13, R1 � 0:24) and can thus be excluded
with high confidence (>99:99%).

The c�2� 2� ! �1� 1� phase transition.—Insights into
the relative stability of c�2� 2� and (1� 1) reconstruc-
tions and the role of oxygen vacancies are gained from the
theoretical formalism of ab initio atomistic thermodynam-
ics [1,2] which holds that the preferred reconstruction is
the one of lowest surface free energy

 ��T� � �Gslab�T� � NTigTiO2
� 1

2�O�
surf
O2
�=A: (1)

In this equation Gslab�T�, NTi and A correspond to the
calculated free energy, number of Ti atoms, and total
surface area of the surface slab model, respectively. The
calculated free energy of bulk TiO2 is denoted gTiO2

. Free
energies were calculated using the Mermin-extension to
DFT [24] which includes T dependence in the electronic

energy and entropy terms only [20]; vibrational corrections
were included separately (see below). The general avail-
ability of oxygen atoms is captured by the oxygen chemical
potential �O2

which enters Eq. (1) through the oxygen
excess �O of the slab relative to the TiO2 substrate (see
Ref. [1] for a definition). In a simple extension of the
conventional formalism, we distinguish in Eq. (1) between
the chemical potential at the surface �surf

O2
and in the gas

phase �gas
O2
�p; T� in order to account for the state of non-

equilibrium between the two phases [equilibrium between
surface and bulk however is assumed in Eq. (1)]. �gas

O2
is

determined by the temperature and the gas-phase O2 partial
pressure p (cf. Ref. [2]). We quote �O2

per molecule
relative to h

�

O2
, the enthalphy of formation under standard

conditions [25].
The phase stability of (1� 1) and c�2� 2� reconstruc-

tions as a function of �O2
is compared in Fig. 2 calculated

using a TiO2 slab model of seven Ti-layers thickness and
an (electronic) temperature of 298 K. For each reconstruc-
tion, we considered oxygen vacancy densities of 0, 1=8,
1=4, and 1=2 ML [e.g., Figs. 2(a)–2(c)]. Each composition
appears in the diagram Fig. 2(d) as a free energy line with a
slope proportional to the vacancy density [�� �O=A
cf. Equation (1)]. Of primary interest are the curves of
minimum free energy (thick lines) that result when indi-
vidual lines cross. For both (1� 1) (red curve) and the
c�2� 2� (blue curve) an increase in the slope is observed
as �O2

becomes more negative, indicating the gradual
accumulation of vacancies in these reconstructions under
more reducing conditions. Critically, the onset of vacancies
occurs for the c�2� 2� at less reducing conditions (more

TABLE I. Atomic coordinates of the c�2� 2� surface from
transmission electron diffraction (c1m1, a � 9:169 �A, b �
5:907 �A, � � 90�) and DFT (c-symmetry, a � 9:268 �A, b �
5:958 �A, � � 90�). The calculated vertical position (z, in Å) is
given relative to the top-layer oxygen atom.

Experiment (c1m1) DFT (c)

Layer Atom x=a y=b x=a y=b z= �A
1 O 0.310 0.243 0.292 0.224 0.00
1 O 0.690a 0.243a 0.707 0.228 �0:01
2 Ti 0.151 0 0.188 0 �0:81
2 Ti 0.849a 0 0.812 0 �0:76
2 O 0 0.177 0 0.084 �0:85

aGiven by c1m1 quasisymmetry �x; y� $ ��x; y�.

FIG. 2 (color). Surface phase stability (at Telectr: � 298 K) vs
�O2

calculated for c�2� 2� and p�1� 1� reconstructions con-
taining between 0 and 1=2 ML oxygen vacancies. Top- and side
views of selected structures are shown above.

FIG. 1 (color). Structure of the TiO2�100� c�2� 2� reconstruc-
tion: (a) Direct methods scattering map revealing the in-plane
positions of Ti and O atoms in the surface. (b) Top- and side-
view of the DFT-relaxed structure with large and small spheres
corresponding to O and Ti, respectively. The surface TiO4

tetrahedra are colored blue.
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positive �O2
) than for the (1� 1); thus, while c�2� 2� is

less stable than (1� 1) in the stoichiometric case, the
earlier onset of vacancies results in a clear phase transition
when the two curves cross. This phase transition is driven
by changes in �O2

and it occurs between the fully
1=2 ML-reduced c�2� 2� and a near-stoichiometric (1�
1), the two structures observed in our experiments.

With the transition observed at 	1100 K, we further
examine the temperature dependence of the calculated
transition point (Table II). A significant electronic entropy
contribution arises from the fact that the reduced c�2� 2�
contributes electrons (two per O vacancy) into the conduc-
tion band, while the stoichiometric (1� 1) does not. This
stabilizes the c�2� 2� relative to the (1� 1) with increas-
ing temperature which is evident in a shift of the critical
�O2

to more positive (less reducing) values. The electronic
entropy shift at high temperatures is sensitively dependent
on slab thickness. The c�2� 2� donor electrons are delo-
calized, decaying exponentially into the bulk region of the
slab which increases their entropy as the slab increases in
thickness. Given in the bottom row of Table II is the
calculated T dependent transition-�O2

, which includes in
addition the harmonic vibrational free energy [27]. The
vibrational shift to less negative �O2

at 298 K is almost
entirely due to zero-point effects which favors the c�2�
2�; at higher temperatures vibrational entropy takes over.
Figure 3(a) shows the calculated temperature-dependent
surface phase boundary in a �surf

O2
-T phase diagram (to-

gether with two bulk-Magnéli phase boundaries [26] as a
reference point for the onset of surface shear-planes).

Dynamics of TiO2 surface reconstruction.—The key
result of the thermodynamic analysis is that it pinpoints
the effective surface chemical potential during the ob-
served c�2� 2� ! �1� 1� transition at 1050–1100 K to
approximately �6:7 eV. This value is remarkable because
it shows that �surf

O2
—even after two hours of annealing

under atmospheric pressure oxygen—remains far below
the prevailing gas-phase potential of approximately
�2:3 eV. To put this into context, a pO2

� 10�14 atm
annealing environment at the same temperature would
realize a gas-phase potential of only �5:6 eV [see
pO2

-isolines in Fig. 3(a)], which illustrates just how re-

duced the c�2� 2� is. Furthermore, the eventual transi-
tion to (1� 1) shows that �surf

O2
is shifting, albeit slowly,

presumably on a path towards reaching equality with
�gas

O2
�p; T�.

The process is outlined schematically in Figs. 3(b)–
3(d): In TiO2, the ‘‘source’’ of surface reduction is the
Ar-sputtering procedure which leaves the TiO2 surface
oxygen-deficient [Fig. 3(b), Stage 1]. On annealing, the
oxygen-deficiency rapidly spreads into the bulk (visible in
the blue coloration of the crystal [5]), with interstitial Ti
cations presumably the migrating species [28]. Following
equilibration between surface and bulk [Fig. 3(c)], the
resultant �surf

O2
� �bulk

O2
and T define the initial position of

the system in the �O2
-T phase diagram [Fig. 3(a)]. The

reconstruction corresponding to this position—either
c�2� 2� or (1� 1)—is formed on the surface. The equili-
bration of the condensed with the gas phase [Fig. 3(d)]
takes much longer to complete, requiring the uptake of O2

from the gas phase. This uptake results in �surf
O2

(and �bulk
O2

)
slowly shifting towards �gas

O2
�p; T�; i.e., the system prop-

agates horizontally through the phase diagram towards
the gas-phase equilibrium point defined by T and the
pO2

-isolines. As surface phase boundaries are crossed,
transitions such as the observed c�2� 2� to (1� 1) occur.

Within this dynamical picture of TiO2 surface recon-
struction we can understand the role of temperature, an-

TABLE II. Critical �O2
for the c�2� 2�-1=2 ML$

�1� 1�-0 ML transition as a function of temperature and model
slab thickness. The bottom row gives the critical �O2

for the 17-
layer model with harmonic vibrational free energy effects in-
cluded.

Slab Model 298 K 900 K 1200 K 1500 K

7-layer (16 Å) �7:25 eV �7:00 eV �6:82 eV �6:60 eV
13-layer (31 Å) �7:18 eV �6:79 eV �6:54 eV �6:27 eV
17-layer (38 Å) �7:16 eV �6:75 eV �6:49 eV �6:19 eV

vibr: Correction �6:95 eV �6:72 eV �6:63 eV �6:54 eV

FIG. 3 (color online). Local-equilibrium thermodynamics of
TiO2�100� surface reconstruction. (a) Composite �O2

-T surface
phase diagram detailing the preferred (100) reconstruction as a
function of �surf

O2
. The diagram is overlaid with gas-phase

O2-isopressure lines (dotted lines) which together with T defines
the gas-potential �gas

O2
. (b)–(d) Schematic illustration of the

global TiO2 equilibration processes by which a (100) surface
reduced by Ar-sputtering reoxidizes during thermal anneal. The
degree of TiO2 reduction is indicated by blue color. The net-
effect is a slow left-to-right shift of �surf

O2
in (a) from a highly

reduced state towards �gas
O2
�p; T� with surface phase transitions

occurring along the way.
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nealing time, and gas-phase oxygen partial pressure as
follows: Temperature, in addition to the vertical position
of the system in the phase diagram, determines the rate of
�O2

-equilibration via the Arrhenius relation. This creates
the 1050–1100 K temperature window for the observation
of the c�2� 2�within the experimental time frame (hours).
A minimum temperature is required for the initial equili-
bration between bulk and surface to become activated.
Further increase in T accelerates the equilibration between
bulk, surface, and gas phase. Reports for the (110) surface
suggest that the rate of O2-uptake from the gas phase is
first-order pO2

dependent [7] and this is likely to hold for
the (100) surface as well. Thus, in terms of the phase
diagram (Fig. 3), pO2

determines not only the end-point
of surface-gas equilibration but also the rate at which �surf

O2

shifts towards this point. This has implications for the (1�
3) reconstruction: under the UHV conditions (pO2

<
10�14 atm) where the (1� 3) has been reported [10,11],
O2 uptake will be orders of magnitude slower than under
the atmospheric pressure O2 and Ar-flow conditions of our
experiment. This suggests that the (1� 3) is stable much
below the�surf

O2
	 �6:7 eV conditions here, and thus more

reduced than the c�2� 2�. Notably, only one (namely,
Ref. [10]) of the proposed structure models [8–12] for
the (1� 3) satisfies this criterion [29]. This conclusion is
broadly in line with the (110) surface, for which highly-
reduced reconstructions under UHV were recently made
plausible on the basis of scanning tunneling microscopy
and DFT calculations [13]. Our evolving thermodynamics
model for the (100) should be similarly applicable to the
(110) and other TiO2 surfaces affected by Ar-sputtering
and slow reoxidation. More generally, the use of a gradu-
ally sliding �surf

O2
retains the predictive power of the con-

ventional ab initio atomistic thermodynamics model of
oxide surface reconstruction and accounts in an ad hoc,
intuitive fashion for any ongoing global equilibration pro-
cesses that lead to dynamic changes in reconstruction over
time.
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