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Abstract

The surface structure of Mg-doped rutile TiO,(011) surfaces is determined by combining
core level/valence band photoemission and photoelectron diffraction (PED) to evolutionary
algorithm, density functional theory (DFT) and multiple scattering calculations. Upon anneal-
ing the reduced crystal above 620 K, Mg segregates by substitution to Ti atoms from the TiO;
lattice while keeping the known reconstruction of the Mg-free surface. Band gap states being
totally healed by Mg segregation, the charge compensation is provided by O vacancies as for-

mally expressed by the Kroger and Vink notation. A full support to those findings comes from
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DFT calculations based on findings from evolutionary algorithm calculations which demon-
strate that a combination of four surface structures nicely accounts for the observed experimen-
tal Ti 3s and Mg 2s patterns. These model structures only involve Mg in substitutional position
and O vacancies, whereas neither interstitial atoms nor excess electrons are experimentally

detected.

Introduction

Doping titanium dioxide by aliovalent cations is an actively pursued route to tailor the multiple
properties of this material’. Depending on how the cation valence structure compares with that of
titanium (either donor or acceptor), the doping elements modify the gap width”, change the electri-
cal conductivity and shift the flat band potential. In this context, the numerous applications of Al-
and Mg-doped TiO, have attracted much attention. Aluminum-doping reduces the photocatalytic
activity of TiO, pigments by widening the band gap and trapping the photogenerated charges®.
Both Mg->"? or Al-doped! TiO, improve the performances of dye-sensitised solar cells through
the increase of the open circuit voltage!’. Similarly, Mg-doped TiO» electron transport layers im-
prove the efficiency of perovskite solar cells't. The reversible intercalation of multivalent Mg+
and AI*T jons in anatase with a high concentration of cation (Ti) vacancies was brought forward
as a proof of concept for increasing the volumetric energy densities in multivalent batteries 2. Fi-
nally, Mg-doped titanium dioxide is frequently used to promote photocatalytic reactions such as

photoreduction of CO,™, oxidation of NO'# and photodegradation’>19.,

The Al and Mg insertion modes are quite similar. Both elements are suggested to occupy sub-
stitutional sites accompanied by oxygen vacancies for charge compensation, hence preserving the
initial structure of the oxide®IOZIMAS  The substitution of Ti ions by Mg®12:1> and AJ101Z1S
ions in the TiO; lattice is favored by the similarity of the ionic radius of AI** (0.53 A) and Mg+
(0.72 A) with that of Ti** (0.68 A)1?. Regarding electronic properties, pristine titanium dioxide

can be easily reduced to a n-type semiconductor through the formation of both oxygen vacancies
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and titanium interstitials ions2Y. Those two types of intrinsic point defects generate excess elec-
trons that populate the Ti 3d band gap states (BGS)#!' located within the band gap at about 0.8 eV
below the Fermi level as observed experimentally*>"2% and modeled by hybrid DFT calculations2”.
Substitution of Ti atoms by Al atoms is predicted to heal the band gap states %718, Owing to the
importance of the topic, a variety of techniques focused on the impact of doping on the crystal-

8

lographic and electronic structure of the oxide, including x-ray absorption®, x-ray scattering'%,

28129

electron paramagnetic resonance and nuclear magnetic resonance . However, despite inten-

sive efforts, the still vivid debate on the actual doping element/vacancy ratio and on the occurrence

10117018130

of interstitial positions for doping elements remains central in the understanding of the

crystallography of doped oxides, the subject being further complicated by the sensitivity of the

actual properties of doped TiO, to synthesis conditions >0,

Quite efficient for investigating bulk properties, the aforementioned methods are hardly rel-
evant to analyze the extreme surface of the solids which plays an important role in many appli-
cations. For example, surface structure is a key parameter in catalysis and photocatalysis and
in dye-sensitized and perovskite solar cells in which it drives charge transfer. The present work
takes up the challenge of the analysis of the surface defect states of Mg-doped TiO,(011) rutile.
Besides, whereas the bulk structure of Al-doped TiO, has been abundantly studied %718, the Mg-
doped one has never been investigated. We combine herein experimental data - surface sensitive
core level and valence band photoemission and resonant photoelectron diffraction (PED) exper-
iments - with a theoretical analysis based on evolutionary algorithm, density functional theory
(DFT) and multiple scattering calculations. Resonant PED experiments supported by calculations
have proven to be an extremely relevant tool to determine the structure of the rutile (110)313% and
(011)3% surface regions. The technique shows a great sensitivity to small defects concentrations,
thanks to the enhancement of the Ti 3d emission through the resonant valence-band photoemission

31432

process . At the Ti L, 3 edge, the direct photoemission from the valence-band states (with the

Ti 3d character) overlaps and interferes with the Auger-like autoionization process, in particular



with the participator decay channel that leads to the same final state of a VB photoemission=49,

Of particular interest in the case under study, PED could demonstrate that the defective Ti 3d sites

mostly lie on the subsurface layers of the rutile TiO,(110) surface=132

, a result latter supported
by an electron energy loss study of the origin and depth profile of band gap states (BGS)%L. Such
an ability to probe the existence and localization of excess electrons is central in the present work
which aims to examine (i) the surface structure of a Mg-doped rutile TiO,(011) crystal, (ii) the

mode of insertion of Mg atoms and (iii) the behavior of the excess electrons in the presence of the

doping element.

Methods

Experimental

The experiments were performed at the ALOISA beamline®” of the Elettra Synchrotron Light
Source in Trieste, Italy, in an ultra-high vacuum chamber (base pressure 1010 mbar) that has al-
ready been described?!32, We used a TiO»(011) crystal (SurfaceNet GmbH) doped by magnesium
that could easily segregate by annealing. This single sample, which contains magnesium as random
impurity, offers the opportunity to explore the surface structure of a doped oxide. The amount of
magnesium is below the detection limit of this element by electron microprobe analysis (ca. 1%).
It was carefully checked by photoemission that no other impurity appeared during the experiments.
The sample was prepared under vacuum through cycles of argon ion bombardment (1 keV, 30 min)
followed by annealing at different temperatures. For photoemission and PED experiments, the X-
ray beam was impinging the sample at grazing incidence (4°) with light polarization normal to the
surface. Surface analysis was performed by photoemission from the Mg 2p and Ti 3p levels at a
primary photon energy of 140 eV. This energy allows (i) a relatively larger sensitivity to Mg rather
than to Ti, thanks to the favorable photoionization cross section of Mg 2p (3.4 Mbarn) compared

to that of Ti 3p (1.2 Mbarn)=® and (ii) the best surface sensitivity due to an electron escape depth



as short as ~5 A for both Mg 2p and Ti 3p photoelectrons. Instead, to study the valence band in
conditions allowing the resonant enhancement of the Ti 3d defect states, the chosen photon energy
was 462.5 eV. It corresponds to the Ti L, threshold, as determined by XANES measurements->.
We performed PED measurements on the Mg-doped rutile crystal by recording the Mg 2s and Ti
3s core levels intensities as a function of polar and azimuthal angles. Even if the cross sections
of these levels are smaller than those of the corresponding p levels, experimental values of the
peak area are easier to extract since the quantitative analysis of the area of the Mg 2p spectral line
requires to subtract the Ti 3p shake up satellite that is superposed to it (see Figure[I)). The kinetic
energies for the PED experiments were 428 eV and 455 eV, for the Mg 2s and the Ti 3s lines,

respectively. All measurements were done at room temperature.
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Figure 1: Photoemission spectra recorded at a photon energy of 140 eV over the binding energy
range corresponding to the Mg 2p, Ti 3p and O 2s core levels, for surfaces of different rutile
TiO,(011) samples: (a) Mg-free crystal sputtered and annealed at 870 K; (b) Mg-doped crystal
after sputtering; (c) same as (b) after annealing at 620 K for 3 minutes; (d) same as (b) annealed at
870 K for 3 minutes.

PED patterns were recorded by scanning the azimuthal angle ¢ over 110° including both sym-
metry directions [011] and [001]. The polar angle 6 was varied from -2 to 80°, where 0° corre-
sponds to the direction normal to the surface. The step size was 2° for both ¢ and 6. In order to
obtain the full ¢ range of 360°, the measured patterns were folded symmetrically according to the

C2v point symmetry of the surface. The symmetry was checked for Ti 2p PED with a few wider ¢



scans. The PED patterns are reported as ) functions with:

1(8,9) —1p(6)
1o(0)

x(6,0) = 6]

where Ip(0) is given by the ¢-average of the photoemission intensity /(6,¢) measured at polar
angle 0 and azimuth ¢ and represents the non-diffractive contribution”?.
To analyse the difference between two patterns y4 and Y, we used the structure reliability factor,

R, defined as:

Rr=Y (xa—28)*/ Y. (xz +x3) )

where the sum is performed over the whole experimental angular ranges. Ry =0 and Ry =1

correspond to identical and uncorrelated datasets, respectively.

Computational details

DFT calculations have been used to model and optimize the structure of Mg-doped rutile, be-
fore the PED modeling. However, considering the numerous possibilities for Mg doping in the
TiO,(011) crystal, a comprehensive human screening appears as a huge and waste of time un-
dertaking. Starting with compositions deduced from XPS experiments, we used the evolutionary

algorithm implemented in USPEX4V-43

in combination with total energy DFT calculations through
the VASP code***> to determine the structure of doped rutile. Evolutionary algorithm calculations
were performed through fixed compositions calculations using the surface method implemented
in USPEX, with the system divided in substrate, buffer and surface regions. In agreement with
experimental results, Mg atoms were included only in the surface region. Seeds structures derived
from the rutile TiO»(011) reconstruction previously published>? were also included.

The most stable structures given by USPEX were then optimized at higher accuracy with VASP,
following the conditions we already published?. In particular the system was modeled by sym-

metric slabs of 11 layers, with reconstruction and Mg on both sides. Total energy calculations

were performed at the GGA+U level with the PBE#® functional and U, rf = 4.2 eV in the Du-



darev’s approach“*”. The projector augmented-wave (PAW) method has been used, with twelve
valence electrons for Ti (namely, 352 3p6 4s? and 3d2), six for O (namely, 2s% and 2p4), and two
for Mg (namely, 3s> and 3p®) and a converged plane-wave cutoff of 500 eV has been applied.
A 3x3x1 Monkhorst-Pack“® k-point mesh was used to sample the first Brillouin zone. The ge-
ometry optimization was completed when forces were smaller than 0.01 eV.~!. PED patterns of
the best candidates, namely the most stable, were then modeled by performing multiple scattering

calculations using the EDAC code*”, within the cluster approach.

Results and Discussion

Reoxidation of the rutile surface

Photoemission spectra involving the Mg 2p, Ti 3p and O 2s core levels and the corresponding
valence band region are shown in Figures [I| and [2] respectively. Spectra recorded on the Mg-free
TiO,(011) crystal prepared in similar conditions as the Mg-doped rutile sample are shown in both
figures for comparison (bottom (a) curves). Upon sputtering the Mg-doped TiO,(011) crystal,
a Mg-free surface is obtained confirming the very low concentration of Mg in the material. The
strong component seen on the lower binding energy side of the Ti 3p line stems from the reduced Ti
atoms whose formation goes with the appearance of oxygen vacancies (Figure[I(b)). Mg segregates
after a mild annealing at 620 K for 3 minutes (Figure[I|c)). Subsequent annealing at temperatures
higher than 870 K for 3 minutes (Figure [I[d)) leads to additional Mg segregation. Owing to the
proximity of the binding energies of the two levels, escape depths were judged similar. The Ti 3p
binding energy of 37.4 eV is similar to that of stoichiometric TiO,. The binding energy of Mg
2p is 50.5 eV for the annealing at 620 K and 50.9 eV for the magnesium richest surface obtained
after annealing at 870 K. Both values are close to that found for oxidized Mg°Y. The shifted
Ti 3p component, which is associated with a reduction of the oxide, decreases in intensity upon
annealing at 620 K (Figure[I|(c)). It is no longer observed after annealing at 870 K (Figure [I(d)).

Spectra of the valence band region are shown in Figure 2] at the excitation energy of the Ti L,
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Figure 2: Spectra of the valence band region on the same rutile TiO,(011) surfaces as in Figure
Spectra are recorded at 462.5 eV i.e. at Ti 2p — Ti 3d threshold in order to enhance the band gap
state (see text).

edge (on-resonance) for higher sensitivity to the band gap state (BGS). As a result of argon ion
sputtering the TiO,(011) surface, a Ti 3d BGS appears at a binding energy of ~0.8 eV (Figure
b)), as commonly observed in photoemission spectra of defective rutile surfaces?2"2>. The BGS
(Figure b)) and the Ti 3p lower binding energy shift>!' are both fingerprints of the reduction of the
oxide which is formally expressed by Ti** — Ti"* with n < 4. Upon annealing the ion-bombarded
Mg-doped sample, Mg segregates within the surface layers (Figures[I|c) and (d)). In addition, the
feature associated with the Ti 3d states in the valence spectra decreases (Figures [2|c) and (d)). It
even totally disappears at 870 K for the Mg richest surface. In this case, the Ti 3d level is totally
empty which means that, in the layers probed by the photoemission analysis, the Ti atoms have
been fully reoxidized and are only in the Ti*T oxidation state. Finally, it should be noticed that
in the case of pristine rutile, the reoxidation of the reduced surface via the inward diffusion of
interstitial titanium ions occurs rapidly above 740 K. Therefore, the fast healing of the BGS
observed at a temperature as low as 620 K at the surface of the Mg-doped TiO is likely associated

to the surface segregation of Mg.



Localization of magnesium atoms

Determining the position of Mg atoms in the structure consists in refining, at the atomic scale, the
structure of the topmost layers by combining experimental results and multiple scattering simu-
lations with a theoretical approach based on DFT calculations, as we already did for determining
the reconstruction of undoped TiO,(01 )33, Many parameters have to be taken in account: pro-
portion of Ti atoms substituted by Mg atoms, distribution and positions of these Mg atoms in the
surface layers, distribution of oxygen vacancies (O,,,) related to the presence of Mg atoms as well
as structural relaxations due to substituted cations and O,,.. As it is impossible to carry out an
exhaustive study of all cases, some assumptions must be made. The choice of the refined structure
will be guided by the quantitative analysis of the experimental data and the energy of the calculated

structures, as determined by DFT.
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Figure 3: PED patterns of (a) the Ti 2p level of the Mg-free TiO>(011) (:rystallB;gI measured at a
kinetic energy of 464 eV, (b) the Ti 3s and (c) the Mg 2s levels of the Mg-doped crystal after
annealing to 870 K, measured at kinetic energies of 455 and 428 eV, respectively. The projection
is linear, with the polar angle 6 = 0 ° along the surface normal. The azimuth ¢ = 0 ° is found at
3 o’clock along <100> and ¢ = 90 ° is found at 12 o’clock along <011>. The main well-defined
spots of the Ti 3s pattern have been surrounded by circles and triangles which were then applied
without change on the Ti 2p and Mg 2s patterns. (Ti 3s was taken as reference because it can be
compared to both the Mg 2s pattern recorded on the same doped crystal and to the Ti 2p pattern
from the Mg-free crystal.)

We start the analysis by comparing the Ti 2p PED pattern measured on the Mg-free TiO,(011)
crystal (Figure [3(a)) with the PED patterns measured on the Mg-doped sample at the Ti 3s (see

Figure [3(b)) and Mg 2s (Figure [3(c)) levels. A simple visual inspection reveals that the three ex-



perimental patterns share many features. We highlighted the main features of the Ti 3s pattern
on the Mg-doped crystal by drawing a set of circles and triangles (Figure [3(b)). The same set of
markers is rigidly superimposed to the Ti 2p and Mg 2s PED patterns of the undoped and Mg-
doped crystals, respectively. From the strong similarity of the main diffraction features (in terms
of intensity and angular position), one can infer (i) that the lattice structure of Ti in the topmost
layers is practically unaffected by the Mg atoms and (ii) that Mg atoms are mostly present in the
TiO, topmost layers as substitutional ions. In particular, the characteristic reconstruction of the
Mg-free TiO,(011) surface®?, which gives rise to the three spots at the vertex of the triangles, is
preserved in the Mg-doped crystal. Therefore, we may assume the reconstruction of the Mg-free
TiO»(011) surface®? as a reference starting model for further refinement of the Mg-doped surface.
Additionally, the anisotropy scales (Figures[3[(b) and (c)) indicate that the amplitude of the anisotropy
x of Mg 2s is about half that of Ti 3s. The observation suggests that Mg atoms may sit in a less
ordered local environment than the Ti atoms or in a part of the material where the diffraction con-
tribution originated by forward scattering is weaker, which points to the very topmost layers. We
may thus assume that Mg atoms are distributed over a few cationic layers only, allegedly a maxi-
mum of three.

In order to estimate the amount of Mg atoms distributed in the upper layers, we first considered a
quantitative study of the photoemission spectra at 140 and 462.5 eV. A simple analysis of the ratio
Mg 2s/Ti 3s from the intensities of the components determined by photoemission does not allow
the determination of the exact number of Mg atoms substituting Ti. Indeed, an atom in the topmost
layer yields a larger photoemission contribution than an atom of deeper layers. In other words, a
single experimental ratio Mg 2s/Ti 3s can be modeled in multiple different ways. If we assume
that Mg atoms are mostly distributed in the three topmost cationic layers, as suggested by the am-
plitude of the PED anisotropy, several distributions (Table [I)) might be derived from the measured
experimental ratios on the basis of the tabulated photoionization sections and of the inelastic mean
free paths (IMFP) of the electrons — taken identical for Mg 2s and Ti 3s insofar as their kinetic

energy differs by only a few percent. This approach allows us to determine that between eight
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and twelve magnesium atoms are spread over the two or three first layers. To confirm this result,
similar simulations have been done for the Mg 2p/Ti 3p ratio measured for a much lower exciting
photon energy (140 eV), thus yielding an analysis much more sensitive to the surface. Here again,
distributions with a rate of Mg between eight and twelve atoms are obtained (Table [1)).

Table 1: Mg/Ti ratios calculated as a function of the number of Mg atoms spread over the two or
three first layers. Mg 2p and Ti 3p are analyzed with a 140 eV photon source and Mg 2s and Ti 3s
with photon energy of 462.5 eV. Possible configurations - those with a deviation below 25% - are
highlighted.

Mg/Ti ratio
Mg 2p/Ti 3p=3.11 Mg 2s/Ti 3s = 0.66
number of

Mg spread || ... 3 planes | ... 2 planes | ... 3 planes | ... 2 planes
on... [22 Ti sites] | [14 Ti sites] || [22 Ti sites] | [14 Ti sites]

1 0.16 0.21 0.04 0.05

2 0.34 0.44 0.09 0.11

3 0.54 0.71 0.14 0.17

4 0.76 1.01 0.19 0.23

5 1.00 1.35 0.25 0.30

6 1.26 1.74 0.31 0.37

7 1.55 2.19 0.37 0.45

8 1.89 2.73 0.44 0.54

9 2.26 3.38 0.51 0.63

10 2.69 4.16 0.59 0.73

11 3.20 5.15 0.68 0.85

12 3.76 6.40 0.77 0.97

13 4.43 7.38 0.87 1.07

Following results of Table [, we have performed different USPEX calculations for the five
concentrations of Mg, spread over the three upper layers. The most stable structure presents a
surface energy of 76 meV/A? with a Mg concentration of nine atoms spread over the two topmost
layers of the simulation cell. Considering that the thermal energy is approximatively 20 meV at
room temperature, our operating condition, all structures presenting a surface energy lower than
100 meV/A? are considered as realistic. This criterium discards all structures with ten or more
magnesium atoms. Thus there remain only fifteen structures presenting a surface energy below
100 meV/A? with either eight or nine Mg atoms.

For this final set of energy favored configurations, we calculated the PED patterns and we evaluated
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the corresponding structural reliability factor (Ry). We first considered the Ti 3s PED diagram
to discriminate among the possible configurations. The final R is optimized by considering all
possible combinations of the fifteen structures. With this last refinement, only the four structures
reported in Figure {] are retained to appear in the final description. Hence a single model cannot
be drawn for Mg-doped TiO,(001), but rather a family of four configurations, each one with eight
Mg atoms spread over the two first layers, whereas all structures with nine Mg atoms have been
discarded because they do not yield any optimization of the overall R ¢(Ti 3s). This combination
of structures, weighted as reported in Table @, leads to R¢(Ti 3s) = 0.69 and Ry(Mg 2s) = 0.61.
According to the DFT models, these structural configurations involve six Ti atoms and eight Mg
atoms in substitutional positions over the first two layers. With respect to the defect-free rutile
structure, it corresponds to twenty O atoms or, in other word, to eight O,,. corresponding to a

percentage of 29%.

Table 2: Surface energy (in meV/A2), R for Ti 3s, Ry for Mg 2s and contribution (in %, with an
uncertainty of +1%) in the final structure of the four retained configurations. Averaged values are
given for the final configuration.

| E(meV/A?) | R¢(Ti 3s) | Rp(Mg 2s) | Contribution (%)

Structure (a) 89 0.71 0.66 50
Structure (b) 95 0.77 0.81 20
Structure (c) 97 0.74 0.56 15
Structure (d) 98 0.74 0.78 15
Combination || 93 | 069 | 061 |

The simulated PED patterns of the Ti 3s and Mg 2s levels obtained with the optimal combina-
tion defined in Table [2] are reported in Figure [5] together with the experimental patterns, as taken
from Figure [3] Sets of circles, ovals and triangles are used to highlight the main features of the
experimental patterns. For both atomic species, the position of spots on the simulated patterns al-
most perfectly reproduce the experimental features. The disagreements mostly come from missing
spots, like that marked with a blue cross in the case of Mg 2s. This means that the selected struc-
tures (Figure {4)) fairly represent the actual positions of Ti and Mg atoms and only few Mg atoms

escape our structural analysis.
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Figure 4: Sideviews of the top layers of the four different structures contributing to the experimen-
tal Mg-doped TiO,(011). Ti atoms are reported in blue, Mg atoms in yellow and O atoms in red.
Dashed blue lines stand for the limit of the periodic simulation cell.

Involved processes

The surface structure and composition of a Mg-doped rutile TiO,(011) crystal are unambiguously
determined. We observe the same surface reconstruction as on the pristine crystal. Besides the ini-
tial rutile lattice, the surface termination only involves doping Mg atoms in substitutional positions
and oxygen vacancies for charge compensation. The presence of excess electrons and interstitial
atoms (Mg or Ti) is discarded in the limit of accuracy of our experimental data and confirmed by
the calculated structures.

At the surface of the reduced Mg-doped TiO,(011), Mg segregation brings into play quantities of
Mg that go well beyond the defect concentration of less than ten percentIE since the estimated
population of oxygen vacancies created by the Mg segregation amounts to 29% of the oxygen
atoms involved in the lattice of the pristine oxide. Formally, this suggests two mechanisms which
both lead to the segregation of magnesium and the formation of oxygen vacancies, such that one

of these mechanisms totally heals the excess electrons that are present at the reduced oxide surface
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Figure 5: Comparison of the experimental patterns of the (a) Ti 3s (kinetic energy of 455 eV) and
(b) Mg 2s (kinetic energy of 428 eV) levels of the Mg-doped TiO,(011) structure to the simulated
patterns obtained by combination of the four configurations reported on Figure il In both cases,
the main spots of the experimental patterns have been highlighted by circles, ovals and triangles
whose sets have been rigidly superimposed to the simulated patterns.
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(Figure [2)) while the other simply gives rise to oxygen vacancies. That chemistry can be expressed
by applying the Krdger and Vink notation”# to denote charges and lattice sites as well as intrin-
sic defect formation reactions, involving atoms in lattice sites (Op and T'ir;), non-ionized oxygen
vacancies (V,5°), titanium ions in interstitial sites (77;°*®) and Mg atoms substituted to Ti in lat-
tice site (M g/}i). From a simple point of view, the doping reaction by solid MgO (MgOy)) of the

stoichiometric TiO; can be written, in any part of the material, as:

MgO ) — Mgz + 00+ V5" (i)

This underlines that doping with a metal oxide (i.e. ionic doping) does not generate electron
excess while defect charges - substitutional Mg and O vacancies - are balanced. This corresponds
to the second of the above-described mechanism. Mg segregation can also be seen to fully scavenge
the excess electrons that result from the preparation of the reduced surface by ion bombardment.
Indeed, such a treatment gives rise to oxygen vacancies resulting from their preferential sputtering

according to:

1 /
Oop — Eoz(g) —l—VO" +2e (ii)

leading to excess electrons in superficial layers. During subsequent annealing, a part of the
oxygen vacancies may be transformed in interstitial titanium ions with respect to the disappearance

of structural units of the crystal according to:

2V + Tiri — Tis**® (iii)

In non-doped titanium oxide, the reoxidation of surface occurs during annealing through dif-
fusion mechanisms which can involve oxygen ions, oxygen vacancies and/or interstitial titanium
ions according to reaction (iv) and/or (v) describing diffusion processes and where superscripts

indicate whether the species are in surface or bulk areas:
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Otk 1y 1o pelsurd) sy (P19°2 42Ul 4 oW/ (i)

Ti(surf)nu —|—4e(mrf)/ N Tl.(bulk)uu —|—4e(bulk)l(v)

i i

According to ref>% about oxygen-induced restructuring of TiO,(110) surface, subsurface inter-
stitial titanium ions could be the most labile species making the latter process the most likely one.
However, MgO doping makes possible a third mechanism. According to reaction (i), such a doping
requires to consider oxygen vacancies in addition to Mg atoms substituted to Ti in lattice site. So,
to maintain the electroneutrality of the material, in case of Mg ion diffusion, the motion of Mg ions
must be accompanied by those of oxygen vacancies. Interdiffusion of magnesium/titanium form

bulk/surface to surface/bulk should then be schematized by:

(bulk)"
Ti

bulk)e (bulk) | ~(bulk)

Mgl yy (ke | qilsurd) | glaurf) _y qilbulk) o obulk) | ppglourf)” ysurf)es

Besides, Mg diffusion can be concomitant to process (iv), leading to the global reaction (vii):

0(Olmlk) n Vo(bulk)on +Mgg{7iulk)// n Tigfiurf) . O(OSWf) n Vo(surf)oo n Ze(surf)/ _

Ogmlk) +Vébulk)u _|_Tl.¥;iulk) ) e(bulk)’ + Mg(Tsiurf)" 4 O(Osurf) +V0(surf)oo (viii)

which can be summed up as a simple interdiffusion of substitutional Mg and Ti according to

process (iX):

Mgg?iulk)” + Tlgflurf) + ze(surf)' N ze(bulk)’ + Tlgf:ulk) _|_Mgg§lurf)”(lx)

where motions of neither oxygen ions nor oxygen vacancies are necessary to generate it. Such
an interdiffusion phenomenon needs a sufficient magnesium mobility, revealed experimentally

without ambiguity by the process of segregation itself, as well as the capacity of titanium ions
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to jump from regular sites to interstitial ones (as revealed by ref>%) in order to allow the magne-
sium motion. This process shows that during annealing the excess electrons are simply replaced in
surface by substitutional magnesium ions without global moving of oxygen ions and/or vacancies.
This leaves to a large amount of oxygen vacancies in surface while the excess electrons have fully
diffused in the bulk. Considering the amount of Mg detected in surface, reaction (vi) appears to
be the dominant mechanism. Writing those reactions according to the Kroger and Vink formalism
allows to underline that in absence of a large amount of interstitial titanium ions (revealed by PED
patterns), the presence of Mg atoms in the TiO, topmost layers as substitutional ions entails the
global formation of oxygen vacancies in the surface layers without formation of excess electrons,
as experimentally demonstrated by the absence of 3d state in band gap (Figure [2(d)) with the sup-
port of DFT calculations.

The DFT approach also demonstrates the stability of the structure and composition of the segre-
gated surface layer. Combined with photodiffraction experiments supported by multiple scatter-
ing simulations and measured surface concentrations, DFT determines thermodynamically stable
structures of given composition (Mg4Ti3019, corresponding to 29% of oxygen vacancies) whose
combination corresponds to the surface terminations that are observed. The result is in line with

the suggestion by Manzanares et al.13

of the formation of a surface compound MgTiO3 (25% of
oxygen vacancies, a composition close to that found herein) on a Mg-doped TiO; photocatalyst

active in the reduction of CO,.

Conclusions

A magnesium segregation has been evidenced by annealing the surface of the reduced Mg-doped
rutile TiO,(011) crystal. Combining photoemission to evaluate the composition of the surface
region and resonant photoelectron diffraction to feature the sites occupied by Mg doping elements
with DFT simulations to determine the structure of the termination, we arrive at an unambiguous

description of the structure and composition of the segregated Mg-rich surface layer, with the
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following characteristics:

segregated Mg ions are substituted to Ti ions in lattice sites; in parallel, oxygen vacancies are
associated to segregated Mg for charge compensation while the excess electrons accompany

the inward diffusion of Ti ions;

* this reoxidation process allows to completely heal the excess electrons from the surface
region after annealing at 870 K as opposed to an undoped surface where such an annealing

leaves defect states in the band gap;
* the previously studied surface reconstruction of the pristine TiO2(011) surface is maintained;

* as determined by DFT, a set of thermodynamically stable structures of given composition
represent the Mg-rich surface termination; as a whole, in the surface region, segregated Mg
ions appear to have a higher stability than the polaronic distortions that accompany excess

electrons.

The segregation mechanism only involves elementary components, titanium, magnesium and
oxygen ions, vacancies and excess electrons. It does not require any specific ingredient from the
rutile surface that is examined herein, which suggest that similar processes are likely at work for

other aliovalent doping elements (with valence < 4) and surfaces of other titania polymorphs.
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