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Oxygen vacancy defects (VO) in Ti-based oxides play important roles in catalytic processes despite
limited knowledge regarding their formation and characterization. Here, we demonstrate the use of
X-ray absorption spectroscopy (XAS) measurements to compare the relative proportion of VO defects
in as-grown alkali hexatitanate A2Ti6O13 (A = Li, Na, K). Both X-ray absorption near edge structure
(XANES) and extended X-ray absorption fine structure (EXAFS) regions were studied. The similarity
of measured XANES spectra of Ti K-edge in all samples indicates the presence of (Ti4+)O6 units in
good agreement with reported X-ray diffraction results. The small influence of cations A at the tunnel
was observed and can be well reproduced in the simulated spectra. In addition, we present a semi-quan-
titative approach to intuitively determine the content of VO defects in oxygen-deficient K2Ti6O13-x by in
situ time-resolved XAS measurements under reducing conditions (10%H2/Ar, 50-650 °C). The in situ
XANES measurements indicate that the oxidation state of bulk Ti remains the same as the as-grown
sample, i.e., 4+, at elevated temperatures. By in situ EXAFS measurements, the relative number of VO
defects is highest at a reduction temperature of ∼550 °C and slightly decreases after that. To confirm
the formation of VO defects, first-principles calculations were independently carried out using a
126-atom K2Ti6O13 supercell with VO at various positions. Based on calculated EXAFS, the removal of
the oxygen atom nearest to the tunnel, which is the lowest energy structure, provides a good match to
the experimental spectra. Published by AIP Publishing. https://doi.org/10.1063/1.5052032

I. INTRODUCTION

The utilization of Ti-based oxides in several applications
relies on the reactivity of negatively-charged oxygen atoms
in response to the interacting species.1–4 For example, the
exposure of TiO2 to NH3 induced the partial substitution of
N for O,5,6 extending its photocatalytic activity to the visible-
light region. In another scenario, the oxygen vacancy defects
VO could be generated via H2-treatment, acting as the catalyt-
ically active site in the ketonization of carboxylic acid.7 The
formation of VO defects can be indirectly detected by electron
paramagnetic resonance (EPR)8,9 or thermal-desorption spec-
troscopy (TDS) measurements.9,10 Meanwhile, the long-range

structure including the position and content of VO defects
can be determined from neutron diffraction.11 However,
because several types of crystallographically inequivalent
oxygen atoms might exist, it is not clear which atoms
possess the highest reactivity, leading to VO defects. The
understanding of the “structure” at different length scales
from local to long-range is therefore of paramount impor-
tance for materials engineering and properties design.

Among several types of technologically important
oxides, those based on the Andersson-Wadsley12–16 family
(A2O⋅nTiO2; A = alkali cation; 1≤ n≤ 6) have received
increasing attention. The n = 6 members, i.e., alkali hexatita-
nate A2Ti6O13, have been extensively studied for several
potential applications.17–27 The crystal structure of K2Ti6O13

(space group C2/m)28,29 is shown in Fig. 1. Three TiO6 octa-
hedra are edge-shared in a row forming a building block, and
the block connected with identical blocks at above as well as
below resulting in a ribbon. The ribbons are corner-shared,
resulting in a (Ti6O13)

2− framework with the tunnel extending
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along the b-direction. Based on symmetries, there are seven
types of the oxygen atoms in this structure with a coordina-
tion number ranging from 2 to 4. The larger K+ (and Na+)
cations coordinate to eight oxygen atoms in a distorted tetrag-
onal prism (K/Na)O8. On the contrary, the smaller Li+ cations
form a distorted LiO3 triangular geometry.21,22,24,29,30 While
the long-range structure of A2Ti6O13 (A = Li, Na, K) is ade-
quately understood, the influence of A on its local structure
has not been studied to the best of our knowledge.

The local structures of Ti in a variety of Ti-bearing crys-
talline oxides have been successfully investigated by X-ray
absorption spectroscopy (XAS) technique, including both
X-ray absorption near-edge structure (XANES) and extended
X-ray absorption fine structure (EXAFS).31 In this article, we
first study the local structures around Ti atoms in stoichio-
metric, as-grown A2Ti6O13 (A = Li, Na, and K) and compare
them to the reported crystal structures.21,22,24,29,30 Here, XAS
measurements have allowed us to compare the relative pro-
portion of VO defects in the as-grown samples. Next, we
report the in situ time-resolved Ti K-edge XANES and the
corresponding EXAFS spectra of the oxygen-deficient
K2Ti6O13-x under exposure to gaseous H2 at 50-650 °C.
When K2Ti6O13 is exposed to H2, the following reaction is

expected:

K2(Ti
4þ)6O13þ xH2 ! K2(Ti

4þ)6�2x(Ti
3þ)2xO13�x(VO)x

þ xH2O:

(1)

A combination of synchrotron XAS measurements and
first-principles calculations is a powerful means for the
structural identification of impurities in materials with a
high degree of confidence.4,32–37 So, we will also report the
optimized structure obtained via first-principles calcula-
tions, where the different reactivity of oxygen atoms at
multiple crystallographic positions are elucidated and com-
pared to previous reports.38–40 Our work provides an
improved understanding of the local structure around VO

defects under the conditions where they are generated,
complementing the information regarding the long-range
structure typically obtained via X-ray diffraction (XRD)
and other ex situ characterizations. In addition, we demon-
strate herein the application of in situ EXAFS measurements
as an intuitive way to estimate the relative proportion of
reduced Ti atoms at elevated temperatures.

FIG. 1. Illustrations of (top) K2Ti6O13 and (bottom) Li2Ti6O13 crystal structures. The dashed blue line represents the 42-atom unit cell. The purple,
green, red, and blue spheres represent K, Li, O, and Ti atoms, respectively. Note that the crystal structure of Na2Ti6O13 (not shown) is similar to that of
K2Ti6O13.
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II. EXPERIMENTAL AND CALCULATION METHODS

A. Solid state synthesis

K2Ti6O13 was made via a low-temperature solid state syn-
thesis method41 by calcining the stoichiometric mixture of
KNO3 and P25-TiO2 at 700 °C for 10 h. Na2Ti6O13 was
grown by calcining the stoichiometric mixture of Na2CO3 and
anatase TiO2 at 800 °C for 20 h.42 Li2Ti6O13 was prepared
from Na2Ti6O13 via the sodium/lithium ion exchange in
molten LiNO3 at 380 °C.24 All prepared samples are in the
form of white powder. To evaluate overall crystal structure
and quality, XRD measurements were performed using a
Rigaku DMAX 2200/Ultima+ diffractometer (Cu Kα, 40 kV,
30 mA). The XRD patterns and the corresponding unit cell
parameters of A2Ti6O13 synthesized are in good agreement
with the reported ones as shown in Table I.22,29 To analyze
specific local structures around Ti atoms, the XAS measure-
ments were performed as described below.

B. X-ray absorption spectroscopy measurement

The XAS technique was performed to investigate the local
structures of as made A2Ti6O13 (A = Li, Na, K) samples. In this
work, the Ti K-edge XANES and EXAFS measurements were
carried out in the transmission mode using ionization chambers
as the detectors at the X-ray absorption beamline (BL-5) of the
Siam photon source (electron energy of ∼1.2 GeV and beam
current of 120–80mA), Synchrotron Light Research Institute
(SLRI), Thailand. A double crystal monochromator with
Ge(220) was used to scan the photon energy with the energy
step of 0.20 eV in the energy range of 4900 to 5050 eV for
XANES region. The scanning was continued with the energy
step of 1 eV for the energy range of 5050 to 5600 eV to cover
the EXAFS region. After obtaining the raw data, the data pro-
cessing for XAS analysis, including pre-edge subtraction,
post-edge subtraction, background subtraction, and normali-
zation, were performed according to the standard analysis
technique described by Ravel and Newville.43 Regarding
EXAFS spectra in k-space χ(k), we choose to plot k2 χ(k) to

enhance the EXAFS signal in the high k-region. Fourier trans-
forms as implemented in ATHENA package43 were then
applied to obtain a real-space (R-space) representation of
EXAFS spectra ~χ(R) according to the following relation:

~χ(R) ¼ 1ffiffiffiffiffi
2π

p
ð1

0

k2χ(k)W(k)ei2kRdk, (2)

where W(k) is the Hanning window.
To gain a deeper understanding of the change in the

local structure and the possible formation of VO defects, in
situ time-resolved Ti K-edge XAS measurements were per-
formed at elevated temperatures under 10% H2/Ar flow, by
employing the energy dispersive monochromator and N-type
metal-oxide-semiconductor (NMOS) linear image sensor at
BL-2.2 of the Siam photon source, SLRI, Thailand. Before
collecting the XAS spectra, the sample (K2Ti6O13 mixed
with BN) was prepared as a pellet of 4 mm in diameter with
the thickness less than 1 mm and put in the center of the
heating cell. Initial spectra collected at several positions
around the center of the pellet did not differ significantly
from that at the center. These positions extended beyond the
typical beam size of ∼1.6 mm2 (1 mm horizontally and 2 mm
vertically).44 So, it was assumed that the effect of microstruc-
ture inhomogeneity (e.g., holes, cracks, or thickness gradient)
on the results should be minimal. The sample was heated up
to 500 °C in air with the heating rate of 10 °C/min and held
at 500 °C for 2 h to remove physically-sorbed water mole-
cules from the surfaces. After that, the sample was slowly
cooled down to 50 °C in air. The XAS spectrum, collected
on the sample at this stage, represents the local structure prior
to the reduction. Next, 10% H2/Ar was fed into the chamber
at 30 mL/min while the sample was simultaneously heated
from 50 °C to 650 °C. The spectra were collected at every 50
°C interval. For simplicity, we report here only the spectra
collected at 400, 500, 550, 600, and 650 °C which well repre-
sent the nature of the oxygen deficient K2Ti6O13-x. Note that,
the K2Ti6O13-x pellet at the end of the experiment turned into
blue not only at the external surfaces but also at the interior.
We did not observe cracks or holes visually either before or
after the measurements. The blue color persisted for several
months even in contact with atmospheric air.

To approximate the number of VO defects created in the
sample during in situ EXAFS measurements at various tem-
peratures, we calculated the radial distribution function
(RDF) as implemented in EDARDF codes45 to model the
first coordination shell of Ti in K2Ti6O13,

χ(k) ¼ S20

ðRmax

Rmin

G(R)
kR2

F(π, k, R) sin [2kRþ f(ρ, k, R)]dR, (3)

where S20 is the scaling factor taking account of amplitude
reduction factor, G(R) is the radial distribution function cor-
responding to the number of oxygen atoms located in the 1st

shell around the absorber Ti atom, F(π, k, R) is the backscat-
tering amplitude of photoelectron due to the neighboring
atom at the distance R, and f(π, k, R) is the phase shift
occurring from the absorber and the scattering atoms. The
Gaussian 10% window function was used to set the range of

TABLE I. Lattice parameters of A2Ti6O13 (A = Li, Na, K).

Materials

Lattice parameters

Calculation XRDa XRDb

Li2Ti6O13 a = 15.538 Å a = 15.32(7) Å a = 15.3065 Å
b = 3.778 Å b = 3.79(1) Å b = 3.74739 Å
c = 9.251 Å c = 9.10(3) Å c = 9.1404 Å
β = 99.636° β = 99.9(3)° β = 99.379°

Na2Ti6O13 a = 15.274 Å a = 15.084(8) Å a = 15.11 Å
b = 3.763 Å b = 3.744(1) Å b = 3.744 Å

c = 9.281 Å c = 9.166(5) Å c = 9.1693 Å
β = 98.949° β = 99.04(3)° β = 98.984°

K2Ti6O13 a = 15.829 Å a = 15.59(2) Å a = 15.582 Å
b = 3.818 Å b = 3.795(2) Å b = 3.82 Å
c = 9.246 Å c = 9.09(1) Å c = 9.112 Å
β = 100.265° β = 99.90(9)° β = 99.764°

aFrom this work; the standard deviation at the last digit in parentheses.
bFrom other works (Refs. 22 and 29).
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the first coordination shell with Rmin = 0.5 Å and Rmax = 2.1 Å.
In this work, the theoretical phase shifts and scattering ampli-
tudes for the first coordination shell were calculated using
FEFF8.2 codes.46,47 Here we used the radial distribution
function method instead of fitting the EXAFS spectrum with
conventional EXAFS equation (summation over many paths)
because the range of 1st shell Ti–O bonds in K2Ti6O13 is
quite large (varying from 1.7 to 2.2 Å as shown in Table II)
making modeling difficult. Thus, the coordination number N
located in the region between Rmin and Rmax is given by

N ¼
ðRmax

Rmin

G(R)dR: (4)

C. Calculation methods

We carried out first-principles calculations based on
density functional theory (DFT) within the generalized gradi-
ent approximations parameterized by Perdew-Burke-Ernzerhof
(GGA-PBE) for the exchange-correlation energy.48 The
electron-ion interactions were treated by the projector-
augmented wave (PAW) method49 as implemented in the
VASP codes.50,51 The cutoff energy for expanding the plane-
wave basis set was set at 500 eV. All atoms in the cell were
fully allowed to relax until the Hellmann-Feynman forces52

became less than 0.01 eV/Å. In this work, the monoclinic
Na2Ti6O13 and K2Ti6O13 42-atoms unit cells with a space
group of C2/m were used for bulk calculations. For Li2Ti6O13,
the crystal structure is slightly modified (with respect to those
of Na2Ti6O13 and K2Ti6O13) by shifting the Li atoms from
Na/K positions by (0.0 0.5 0.0) in the fractional coordinate
system.24 The crystal structures of K2Ti6O13 and Li2Ti6O13 are
depicted in Fig. 1. Note that the crystal structure of Na2Ti6O13

(not shown) is similar to that of K2Ti6O13. For bulk calcula-
tions, the Monkhorst-Pack scheme53 with a sampling mesh of
3 × 7 × 3 was used for k-space integrations. The calculated
lattice parameters of A2Ti6O13 (A = Li, Na, K) are summarized
in Table I, showing reasonable agreement with our own XRD
results and with experimental values in the literature.

To compare our calculated structures with the measured
Ti K-edge XANES spectra, the electronic transitions associ-
ated with the dipole selection rule were determined for each
structure.4,33,35 An X-ray absorbance μ(ω) is given by the
Fermi’s golden rule

μ/
X
f

���h f jDjii
���2δ(Ei � Ef þ ω), (5)

where jii, h f j, Ei, and Ef are the initial and final states and
their corresponding energies, respectively. ω and D are the
photon frequency and dipole operator, respectively. For Ti
K-edge, the initial state of the photoelectron is the core Ti 1s
state, i.e., jii ¼ j1si, so the dipole-allowed final states have
the symmetry of atomic p states (l = 1). Because the initial
state is localized at the absorbing Ti atom, only the final state
wave function in the vicinity of the Ti is relevant. As
described in Ref. 37, here we use just the calculated angular-
momentum and site projected partial density of the final
states with some broadening.

For XAS simulations, we employed FEFF8.2 codes46,47

to generate the XANES and EXAFS spectrum associated
with each crystal structure obtained from the first-principles
(VASP codes) calculations. The FEFF8.2 codes are based on
the multiple-scattering expansion with the muffin-tin poten-
tials. The Hedin-Lundqvist approach54 was used for the
exchange-correlation function with an imaginary part of
0.5 eV to simulate the experimental broadening. The self-
consistent calculations were performed in the sphere with
radius of 7.0 Å around the absorber Ti atom.

III. RESULTS AND DISCUSSION

A. As-grown A2Ti6O13 samples

All A2Ti6O13 (A = Li, Na, K) samples have the mono-
clinic unit cell with a space group of C2/m. The calculated
lattice parameters are in good agreement with XRD
results22,29 as shown in Table I and in Fig S1 (see supple-
mentary material). Note, however, that our samples were
polycrystalline with relatively high surface area and small

TABLE II. The Ti–O bond lengths in TiO6 octahedra of A2Ti6O13 (A = Li, Na, K).a

Li2Ti6O13 Na2Ti6O13 K2Ti6O13

Ti1–O Ti2–O Ti3–O Ti1–O Ti2–O Ti3–O Ti1–O Ti2–O Ti3–O

1.787
(1.764)

1.821
(1.798)

1.855
(1.834)

1.772
(1.717)

1.820
(1.803)

1.837
(1.799)

1.775
(1.762)

1.819
(1.818)

1.874
(1.851)

1.954
(1.943)

1.832
(1.801)

1.953
(1.929)

1.937
(1.870)

1.851
(1.839)

1.938
(1.924)

1.947
(1.941)

1.832
(1.826)

1.959
(1.947)

1.961
(1.943)

1.980
(1.958)

1.953
(1.929)

1.956
(1.954)

1.965
(1.937)

1.938
(1.924)

1.975
(1.977)

1.982
(1.981)

1.959
(1.954)

1.961
(1.955)

1.980
(1.958)

1.980
(1.964)

1.956
(1.954)

1.965
(1.937)

1.948
(1.971)

1.975
(1.977)

1.982
(1.981)

1.972
(1.954)

2.042
(2.019)

2.170
(2.159)

1.998
(1.984)

2.074
(2.089)

2.195
(2.193)

2.041
(2.018)

2.080
(2.070)

2.138
(2.111)

1.988
(1.970)

2.254
(2.211)

2.256
(2.209)

2.173
(2.124)

2.289
(2.290)

2.241
(2.235)

2.196
(2.119)

2.302
(2.254)

2.283
(2.247)

2.180
(2.108)

aObtained by DFT calculations and the corresponding experimental values (Refs. 24, 26, and 29) (shown in parentheses). All values shown are in angstrom.
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crystallite sizes, while the literature values were typically
from the single crystals. Since this difference precluded us
from extracting the experimental bond lengths/bond angles,
the calculated values were compared to the reported22,29

(experimental) diffraction results instead. The crystal struc-
tures of K2Ti6O13 and Li2Ti6O13 are illustrated in Fig. 1, in
which all Ti atoms are surrounded by six oxygen atoms
forming distorted TiO6 octahedra. While K2Ti6O13 and
Na2Ti6O13 have the same crystal structures, Li atoms in
Li2Ti6O13 are shifted from the positions of Na/K as explained
in Sec II C. The calculated Ti–O bond lengths in A2Ti6O13

are in the ranges of 1.7–2.3 Å, in agreement with the experi-
mental results as shown in Table II. Because the XRD tech-
nique requires long-range orderings to get the diffraction
patterns, the formations of a small cluster of undesired
phases as well as VO defects are generally overshadowed by
the main signals from the crystalline part. In order to gain
more information, we employed synchrotron XAS techniques
covering both XANES and EXAFS regions, to investigate
the oxidation state and the local environments of the selected
absorber atom. Here, Ti K-edge XANES and EXAFS spectra
were collected because Ti is a common element in all
samples. Note that, there are three inequivalent Ti atoms
in alkali hexatitanate structure with slight differences in the
Ti–O bond lengths (see Table II). However, it is well
known22,29 that all three types of Ti atoms are surrounded by
six oxygen atoms. The measured XAS spectra reflect the
average environment of all Ti atoms in the samples as well
as Ti on the surfaces.

We measured Ti K-edge XANES spectra of Ti foil, TiO,
Ti2O3, and anatase-TiO2 to use their absorption edges as ref-
erences for Ti0, Ti2+, Ti3+, and Ti4+, respectively. The mea-
sured XANES spectra of as-grown samples are shown in
comparison with those from standards in Fig. 2. It is clear
that the absorption edges of all as-grown A2Ti6O13 samples
are close to that of anatase-TiO2 (we added a vertical dashed
line as a guide to the eye in Fig. 2). This confirms that the

majority of Ti in all as-grown samples is Ti4+. This further
implies that Ti atoms in all samples should be six-fold coor-
dinated with O atoms. In addition, the main features in the
XANES spectra of all samples are quite similar. This indi-
cates that the local structures of Ti atoms in all as-grown
samples should be similar, in good agreement with reported
X-ray diffraction results.21,22,24,29,30 In finer detail, the differ-
ence among the measured XANES spectra is the intensities
of the first two peaks (indicated by two arrows in the inset of
Fig. 2). This slight variation can be attributed to the different
cation species A as will be explained later.

Figure 3 shows the measured Ti K-edge EXAFS spectra
in both k-space and R-space of as-grown A2Ti6O13 samples.
The EXAFS spectra were multiplied by k2 to enhance the
signal in the high k region. Fourier transformations (FT) as
implemented in DEMETER package43 were applied with the
Hanning window between 2.5 < k < 6.0 Å−1 to obtain the
R-space representation of the EXAFS spectra. The similarity
of EXAFS spectra in both k-space and R-space of the
as-grown A2Ti6O13 (A = Na, K) implies that the local struc-
tures of Ti atoms in all as-grown samples are similar. Slight
differences, however, were observed in the R-space EXAFS
spectrum of Li2Ti6O13 with a reduction in the intensity of the
first peak compared to others.

The intensities of EXAFS spectra in R-space are related
to the type and number of scattering atoms for each scattering
shell. Because the first-shell of Ti atoms is only composed of
O atoms, this finding provides the direct evidence that there
are lower numbers of first-shell scattering O atoms in the
bulk. These missing O atoms (i.e., VO defects) were not
detected in neutron diffraction studies22,24 of Li2Ti6O13 simi-
larly prepared, likely due to the limited concentration. We
propose that the preparation in LiNO3 flux might generate a
rather reducing environment, such that a small portion of O
atoms is unintentionally removed from the lattice sites of
Li2Ti6O13. The formation of VO defects due to heat-treatment
under the reducing (alkali-vapor) atmosphere has also been

FIG. 2. The measured Ti K-edge XANES spectra of as-grown K2Ti6O13

(blue), Na2Ti6O13 (red), Li2Ti6O13 (green) samples and standards, including
anatase-TiO2, Ti2O3, TiO, and Ti foil. The vertical dashed line indicates the
absorption edge of as-grown A2Ti6O13 (A = Li, Na, K) samples. The inset
shows the zoom-in of the peaks near the absorption edge.

FIG. 3. The measured Ti K-edge EXAFS spectra in k-space (top) and
R-space (bottom) of as-grown K2Ti6O13 (blue), Na2Ti6O13 (red), and
Li2Ti6O13 (green) samples. The Hanning window in the range of 2.5 to
6.0 Å−1 was used for Fourier transform.
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suggested55 in K0.8M0.4Ti1.6O4 (M = Ni, Cu, and Zn) with
the related lepidocrocite structure. By the same analogy, one
can deduce that as-grown Li2Ti6O13 is comparatively richer
in VO defects than Na2Ti6O13 and K2Ti6O13.

To relate the measured XANES spectra to the electronic
structures of A2Ti6O13, we calculated the angular momentum
projected density of states (PDOS) to simulate the XANES
spectrum, as described in Sec. II, associated with each crystal
structure. Figure 4(a) shows the calculated spectra of A2Ti6O13.
The calculated XANES spectra of Na2Ti6O13 and K2Ti6O13

that have almost the same crystal structures show only a slight
difference in the near-edge regions, the regions labeled P1 and
P2. On the other hand, the spectrum in that region of
Li2Ti6O13 (whose Li+ ions positions are significantly different
from those of Na+/K+ ions) is remarkably different from those
of Na2Ti6O13 and K2Ti6O13. Because the local environments
of Ti atoms in A2Ti6O13 are similar (see Table II), the differ-
ences in the near-edge regions of XANES spectra must be
mainly a result of the type of cation species in the tunnel. We
can see that the calculated XANES spectra nicely reproduced
the main features of the measured XANES spectra.

In Fig. 4(b), the charge densities associated with the two
energy regions [P1 and P2 in Fig. 4(a)] are shown. The
charge densities of K2Ti6O13 and Na2Ti6O13 corresponding
to P1 and P2 energy regions are quite similar, except those

localized around the Na+/K+ ions. (Note, however, that only
the charge localized on the absorber atom, i.e., Ti, contrib-
utes to the XANES spectrum.) In contrast, the charge density
of the hexatitanate framework in Li2Ti6O13 corresponding to
P1 and P2 regions is quite different from the other two com-
pounds. These charge density plots illustrate that the different
cations, i.e., K+/Na+ vs Li+ significantly affect the electron
distribution in the crystal, which results in the different fea-
tures of XANES spectra in P1 and P2 regions. Such differ-
ence could be the electronic origin responsible for the
A-dependent performance in some applications of A2Ti6O13

such as the lithium-ion battery.22,56

B. Reduced K2Ti6O13-x samples under exposure to H2

gas

Since the catalytic ketonization of acetic acid over
K2Ti6O13 (and other reducible oxides)57 is dependent on the
formation and amount of VO defects at elevated temperatures
(to be published), we exemplify here the intuitive use of
XAS to study the formation and quantification of VO defects
in K2Ti6O13-x. In this work, we performed in situ time-
resolved Ti K-edge XAS measurements to investigate the
oxidation states and local structures of K2Ti6O13-x samples
reduced at several temperatures, i.e., 50, 400, 500, 550, 600,

FIG. 4. (a) The calculated angular momentum p pro-
jected PDOS of Ti atoms in K2Ti6O13, Na2Ti6O13, and
Li2Ti6O13. (b) The electron densities associated with
two energy regions indicated by P1 and P2 for
K2Ti6O13, Na2Ti6O13, and Li2Ti6O13 are presented in
the left and right columns, respectively.
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and 650 °C, under 10%H2/Ar. Figure 5(a) shows the mea-
sured in situ time-resolved Ti K-edge XANES spectra. The
absorption edges of XANES spectra of all samples take place
almost at the same position, indicating that the majority of Ti
atoms in all K2Ti6O13-x samples remains Ti4+. The slight
shift of the edge to lower energy at different temperatures
[see Fig. 5(c)] corresponds to the existence of a small fraction
of Ti3+. Our result is consistent with the widely accepted
model5,6,8–10 that only the minority of Ti atoms on the
surface gets reduced to Ti3+, leaving the majority of Ti atoms
to remain unchanged in Ti4+ state. A detailed comparison of
the spectra among different samples shows that the intensities
of the first two peaks are decreased and the absorption edges
shift to lower energy as the reduction temperature increases
from 50 to 550 °C [inset of Fig. 5(a)] prior to the slight
increase at higher temperatures. This indicates that the
maximum amount of Ti3+ is observed at a reduction tempera-
ture of 550 °C. Note that, the XANES spectrum at 650 °C
(not shown) is similar to that at 600 °C. The first two peaks
represent the signature of the Ti atoms in the ideal configura-
tion of K2Ti6O13. Therefore, the Ti atoms neighboring to VO
defects would have distinct XANES features and result in the
reduction of these two peaks.

Furthermore, principal component analysis (PCA) as
implemented in ATHENA package43 was used to analyze the
distinct phase during the reduction at high temperatures. The
six eigenvectors sorted in the descending order of their
respective eigenvalues from PCA calculation are illustrated in

Fig. 5(b). It can be seen that the first component clearly dom-
inates the spectra with a small contribution from the second
component as depicted in Fig. 5(d). This is in good agree-
ment with the observed small shift of the absorption edge to
lower energy. Therefore, a small amount of Ti3+ presented in
the sample could be expected. In addition, the calculated Ti
K-edge XANES spectra of K2Ti6O13 with and without the
VO defect are shown in Fig. 6. Note that the VO defect was
created in a 42-atom K2Ti6O13 unit cell, which was used to
simulate the XANES spectra by using FEFF8.2 codes. It can
be seen that both spectra are analogous; however, a small dif-
ference in the low energy regions is observed reflecting that
the present of VO in K2Ti6O13 does not significantly affect
the shape of XANES spectra in agreement with the observed
spectra. Next, we used the in situ time-resolved Ti K-edge

FIG. 5. (a) The measured in situ Ti K-edge XANES
spectra of K2Ti6O13 sample reduced under the flowing
of 10% H2/Ar at different reduction temperatures. The
inset shows the zoom-in of the peaks near the absorption
edge. (b) The first six components from PCA calculation
weighted by their eigenvalues. (c) The associated 1st

derivative of in situ Ti K-edge XANES spectra at differ-
ent reduction temperatures. (d) A representative spectrum
(dotted line) superimposed with the linear combination
of first two components (filled blue line) where the
residual are shown in the dashed-dotted red line.

FIG. 6. The calculated Ti K-edge XANES spectra of K2Ti6O13 with and
without the VO defect.
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EXAFS spectra to approximate the number of VO defects
introduced during reduction at high temperatures.

Figure 7 illustrates the in situ time-resolved Ti K-edge
EXAFS spectra in k-space (top) and R-space (bottom) of
K2Ti6O13-x. For the EXAFS spectra in the R-space, the inten-
sities of the first two peaks are decreased as the reduction tem-
peratures increase from 50 °C to 550 °C. This is similar to
what we have observed in the in situ XANES spectra. As
mentioned earlier, the intensities of EXAFS spectra in the
R-space are directly related to the type and number of scatter-
ing atoms in each scattering path. By considering the local
geometry around Ti atoms in K2Ti6O13-x, we can assign the
first peak at ∼1.4 Å to the single scattering path involving the
first-neighboring six O atoms (Ti–O–Ti). Next, the second
peak at ∼2.7 Å is assigned to the single scattering from
absorber Ti atom to another Ti atom (Ti–Ti0–Ti). Note that
the peak positions in R-space are not really the bond distances
between the scattering atoms, because the scattering process
does not take place at the center of each atom. Since O atoms
will be removed at elevated reduction temperatures, weaker
intensities of the first peak of EXAFS spectra in R-space are
expected as depicted in Fig. 7. Therefore, our XAS results
provide an evidence for the formation of VO defects in
K2Ti6O13-x upon the reduction by H2 at elevated temperatures.

The in situ time-resolved XAS spectra has allowed us to
semi-quantitatively determine the number of VO defects at
the temperature where they are generated, otherwise difficult
to obtain by other methods. As displayed in Eq. (3), the RDF
function of the first coordination shell of Ti in K2Ti6O13 can
be extracted by (1) using Fourier and back-Fourier transform
to extract the 1st shell EXAFS spectra from the measured
EXAFS spectra at different temperatures and (2) fitting the
1st shell EXAFS spectra with Eq. (3) by the least-squares
method as implemented in EDARDF codes.45 In the fitting,
we used the crystal structure obtained from VASP codes to
generate the FEFF input, which is further used to calculate
the phase shifts and scattering amplitudes for the first

scattering shell (Ti–O). Figure 8 illustrates all processes men-
tioned above for the measured EXAFS spectrum at 50 °C as
an example. The RDF of 1st shell EXAFS spectra reduced at
different temperatures obtained from the fitting with Eq. (3)
is depicted in Fig. 9. As shown in Eq. (4), the coordination
number of the 1st shell is related to the area under the graph.
In this case, we would like to determine the number of VO
defects created in the sample at different reduction tempera-
tures with respect to the sample before reduction (i.e., 50 °C).
We then calculated the area under the graph at different tem-
peratures with respect to that at 50 °C. The calculated relative
areas are 0.791, 0.775, 0.766, and 0.805 for 400 °C:50 °C,
500 °C:50 °C, 550 °C:50 °C, and 600 °C:50 °C, respectively.
It is clearly seen that the coordination number reaches the
lowest value at the reduction temperature of ∼550 °C. This is
consistent with the highest shift of the absorption edge to the
lower energy as mention previously, which indicates the
highest amount of Ti3+ presented in the sample.

FIG. 7. The measured in situ Ti K-edge EXAFS spectra in k-space (top) and
R-space (bottom) of K2Ti6O13-x sample under exposure to 10% H2/Ar at dif-
ferent temperatures. The inset shows the amplification of the first peak. The
Hanning window in the range of 2.5 to 6.0 Å−1 was used for Fourier
transform.

FIG. 8. The measured Ti K-edge EXAFS spectrum at 50 °C in k space (top)
and R space (middle). The Gaussian 10% window function in the range of
0.5 to 2.1 Å−1 is used for back-Fourier transform to set the range of first
coordination shell. The bottom panel represents the 1st shell EXAFS spec-
trum obtained from back-Fourier transform (black filled line) accompanying
with the fitting from Eq. (3) (red dotted line).

FIG. 9. The radial distribution function (RDF) of the samples reduced at dif-
ferent temperatures obtained from the fitting with Eq. (3).
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Based on K2Ti6O13 crystal structure, there are seven
local geometry types of O atoms with the Ti nearest neighbor
ranging from 2 to 4 atoms as seen in Fig. 10. Basically, we
can estimate the number of missing O atoms, i.e., VO defects,
based on the area under the graph in Fig. 9. To estimate the
number of VO defects created in the samples at elevated tem-
peratures with respect to that at 50 °C, the relative area must
be subtracted from 1 and divided by ∼2.714 (19 Ti–O bonds
per seven types of O), which represents the number of
decreasing Ti–O bonds after the removal of one oxygen
atom. We found that 8.51, 9.05, 9.26, and 7.68 at. % of O
atoms are removed from the samples treated by H2 at 400 °C,
500 °C, 550 °C, and 600 °C, respectively. If we assume that
all of VO defects are active and each VO reduces two Ti
atoms, this set the upper limit of reduced Ti (i.e., Ti3+) to
23.1, 24.6, 25.1, and 20.8 at. % for 400 °C, 500 °C, 550 °C,
and 600 °C-treated samples, respectively. We have to note
that these calculated values might be too high because we
assume that the amplitude reduction factors are constant for
all temperatures. Due to limitation of beam time, we propose
that this could be corrected by measuring the EXAFS spectra
with and without flowing of H2 gas to determine the ampli-
tude reduction factors of EXAFS spectra at different tempera-
tures. Nevertheless, the analysis of VO by XAS is somewhat
more straightforward compared to other commonly employed
techniques such as temperature-programmed desorption
(TPD) (detecting the O2 gas evolved) or EPR (detecting e.g.,
O2
− radicals from sorbed gas). The information obtained is

from the bulk, in contrast to XPS (i.e., via Ti3+ signal) ana-
lyzing surfaces. Additionally, XAS is capable of providing a

detailed atomic structure including Ti–O bond lengths in
amorphous materials with limited long-range ordering, in
contrast to, e.g., typical neutron diffraction experiments. In
principle, our analysis with XAS could be applicable to other
materials (including TiO2) as well.

It is important to emphasize that our approach is semi-
quantitative, since the amount of VO defects at elevated tem-
peratures is relative to the one at 50 °C. Upon increasing the
reduction temperatures from 50 °C to 550 °C, the amount of
VO defects increases, but followed by a decrease at the reduc-
tion temperatures above 550 °C. This indicates that the
maximum amount of Ti3+ is at 550 °C which agrees well
with the shift of the absorption edge of in situ XANES
spectra. The reduction of VO defects at temperatures above
550 °C could be attributed to the diffusion of oxygen
released from the surface of the heating cell into the sample.
Furthermore, our result suggests that heating the sample
under H2 at 550 °C gives the highest catalytic activity, which
can help us to optimize the reduction temperature. Even with
this upper bound calculation, the majority oxidation state of
Ti in all samples is clearly still 4+. However, the blue color
of the reduced sample at the end of the experiment is a
strong and widely accepted indication that Ti3+ is present in
materials.58,59

To gain a deeper understanding of the formation of VO
defect in K2Ti6O13, first-principles DFT calculations were
conducted. A supercell approach with the supercell size of
126 atoms was used to reduce the defect-defect interactions
arising from the neighboring cell. We found that VO defect is
a double shallow donor, meaning that it can donate two

FIG. 10. (Top) Illustration of the crystallographically
inequivalent O site associated with the energy used to
create VO defects. The labels O1 to O7 are in the order
of the lowest energy to the highest energy. The values
shown are the relative energies used to create VO defect
at different sites with respect to the lowest energy site,
i.e., O1. (Bottom) The local structures of seven inequi-
valent O sites. The bond length between O and its first-
neighboring Ti atoms are shown in angstrom.
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electrons to the conduction band. Hereafter, the calculations
involving VO defect were carried out in 2+ charge state. Due
to a low symmetry of K2Ti6O13, there are seven inequivalent
O sites labeled as O1–O7 in Fig. 10. The labels are ordered
according to the energy used to remove each O atom from its
lattice site, i.e., the lowest energy for O1 and the highest
energy for O7 (see supplementary material). The relative
energies used to create the VO defect at different sites with
respect to the lowest one are shown in Fig. 10. The oxygen
atoms near the tunnel, especially O1–O3, can be easily
removed compared to other oxygen atoms. This is because
O1–O3 bond with only two Ti atoms. On the other hand, O6
and O7 each bond with four Ti atoms, making them more
stable and requiring high energy to be removed. Our finding
in K2Ti6O13, where the most active O atom locates nearest to
the tunnel and possessing the smallest coordination number,
is similar to that reported previously for Na2Ti3O7 with
related structure.40,60 Interestingly, O5, which is two-fold
coordinated, is more stable than O4, which is three-fold coor-
dinated. On a closer look we can see that, unlike O1–O3, O5
is linearly bound with two Ti atoms similar to the case of a
CO2 molecule. To remove O5, it requires somewhat higher
energy to break the symmetry between Ti and O.

In order to compare our calculations with the experimental
EXAFS spectra, we removed one oxygen atom at the O1 site
(the lowest energy configuration) to create VO defect in
42-atom K2Ti6O13 unit cell and allowed the structure to relax.
Note that we used the 42-atom unit cell instead of the
126-atom supercell because the number of VO defects created
in the 42-atom unit cell is ∼2.38 at. %, which is close to what
we have observed in the experiment. Then, the optimized struc-
tures with/without the VO defect were used as the input coordi-
nates for FEFF codes to simulate the EXAFS spectra.
Figure 11 illustrates the simulated Ti K-edge EXAFS spectra of
K2Ti6O13 (without defect) and K2Ti6O13 with VO defect in
k-space and R-space. We can see that the removal of an oxygen
atom from its lattice site, i.e., the generation of VO defect,
affects the intensities of the first two peaks of EXAFS spectra

in R-space as expected. In addition, we performed the Bader
charge analysis calculations61–63 to investigate the charge on Ti
atoms in the supercell before and after creating VO defect. We
found that the averaged charge on Ti atoms in the supercell
containing VO defect is quite similar to that in supercell without
defect (not shown), serving as another evidence that the oxida-
tion state of Ti atoms in the supercell with and without VO
defect remains unchanged, i.e., Ti4+. This agrees well with the
observed in situ XANES spectra as described above.

IV. CONCLUSION

Local structures of Ti atoms in alkali hexatitanate before
and after exposure to H2 gas were investigated by using XAS
measurements (including both XANES and EXAFS regions)
in conjunction with first principles density functional calcula-
tions. For as-grown A2Ti6O13 (A = Li, Na, K), we found that
all samples give similar features of XANES spectra indicating
that the local structures of Ti are analogous. By comparing
the absorption edge with the standards, we found that the
majority of Ti in all as-grown samples is Ti4+. The slight dif-
ferences in measured XANES spectra are assigned to the dif-
ferent cation species, i.e., Li+ vs Na+/K+. We demonstrated
the use of XAS measurements to compare the relative propor-
tion of VO defects already existing in the as-grown samples.
The reduction and the formation of VO defects in K2Ti6O13-x

were studied in more details by in situ time-resolved XAS
measurements where the samples were exposed to H2 at
50-650 °C. Based on in situ XANES measurements, the
majority of Ti atoms in the sample after exposure to H2 gas
remain as Ti4+. In addition, we presented direct evidence
regarding the formation of VO defects in K2Ti6O13-x by means
of in situ EXAFS measurements. The semi-quantitative deter-
mination of the number of VO defects shows that the highest
value is reached at the reduction temperature of ∼550 °C pre-
sumably associated with the highest reactivity of the sample.
Based on DFT calculations, the removal of the oxygen atom
near the tunnel is energetically most favorable. The EXAFS
spectrum simulated from the structure with the VO defect is in
agreement with the experimental results. The application of in
situ EXAFS measurements reported here is an intuitive way
to estimate the proportion of reduced Ti atoms at elevated
temperatures, otherwise difficult to obtain (or obtainable indi-
rectly at most). Our results enable a comparison with other ex
situ characterizations typically conducted in a laboratory
including temperature-programmed reduction by H2 (H2

TPR), optical measurements by diffused reflectance UV
(DRUV), and allow the better understanding of a structure-
property relationship (e.g., ketonization of acetic acid).
Results will be reported elsewhere.

SUPPLEMENTARY MATERIAL

See supplementary material for Fig. S1 and Table S1.
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