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ABSTRACT: lonic co-doping offers a powerful approach for modifying material properties by extending the choice of potential
dopant ions. However, it has been a major challenge to introduce certain ions that have hitherto proved difficult to use as dopants
(called “difficult-dopants™) into crystal structures at high concentrations, especially through wet chemical synthesis. Furthermore, the
lack of a fundamental understanding of how co-dopants are incorporated into host materials; which types of defect structures they
form in the equilibrium state; and what roles they play in material performance, has seriously hindered the rational design and devel-
opment of promising co-doped materials. Here, we take In® (difficult-dopants) and Nb®* (easy-dopants) co-doped anatase TiO, nano-
crystals as an example and investigate the doping mechanism of these two different types of metal ions, the defect formation, and
their associated impacts on high-pressure induced structural transition behaviours. It is experimentally demonstrated that the dual
mechanisms of nucleation and diffusion doping are responsible for the synergic incorporation of these two dopants, and theoretically
evidenced that the defect structures created by the introduced In®*, Nb% co-dopants, their resultant Ti** and oxygen vacancies are
locally composed of both defect clusters and equivalent defect pairs. These formed local defect structures then act as nucleation
centres of baddeleyite- and a-PbO,-like metastable polymorphic phases and induce the abnormal trans-regime structural transition of
co-doped anatase TiO, nanocrystals under high pressure. This work thus suggests an effective strategy to design and synthesize co-
doped nanocrystals with highly concentrated difficult-dopants. It also unveils the significance of local defect structures on material

properties.
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lonic co-doping is a general and effective strategy to signifi-
cantly improve the macroscopic performances of host materials
by tuning their local and average structures. By simultaneously
incorporating two or more types of extrinsic ions into the sub-
stitutional or interstitial sites of crystal structures, the physico-
chemical properties of the host materials, such as their dielectric
response, optical absorption or magnetic spin, can be modified
significantly. Typical cases can be found in titanium dioxide
(TiOy) due to its multifunctional nature and diverse applica-
tions. For instance, our previous work! suggested that co-dop-
ing In®* and Nb%* ions into rutile TiO, ceramics enabled the
achievement of both colossal permittivity (over 10°) and low
dielectric loss (less than 5%) as a consequence of the formation
of electron pinned defect dipoles. Likewise, the simultaneous
incorporation of both B% and N* ions into anatase TiO, micro-
spheres narrowed the host bandgap and thereby enhanced the
visible light photocatalytic activity.? Theoretically, Cr and Mn

ion co-doping was predicted to greatly increase magnetic mo-
ments and thus induced abnormal ferromagnetism in paramag-
netic TiO..% In other material systems including graphene, car-
bon nanotubes, tetrahedrites and zinc sulfide, the ionic co-dop-
ing strategy has also been broadly utilized to improve their elec-
tro-catalytic, thermoelectric or fluorescent properties.*”

The ionic co-doping strategy also presents many advantages on
the resultant chemical compositions of co-doped materials.
lons, which on their own might be difficult to introduce into
host materials, can be co-doped at significantly higher concen-
trations due to the generation of synergistic effects with another
dopant ion. For instance, less than 1 at.% In® ions can be dis-
solved into TiO, without phase segregation,® whereas the disso-
lution limit can approach ~5 at.% if co-doped with Nb%* ions.?
Under some scenarios, unwanted species such as oxygen vacan-
cies in the case of N* single-doped TiO,® or Ti** ions in the case
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of Nb% mono-doped TiO,,'° which lead to a deterioration of
photocatalytic properties by forming “trapping or recombina-
tion centers” of photo-generated electron-hole pairs, can also be
efficiently avoided if another appropriate ion is introduced to
couple with each other as well as to balance the overall charge
of the whole co-doped system (e.g. Nb%*-N* co-doping).!

From a structural perspective, ionic co-doping also changes the
local structures of the host materials. The selected co-doped
ions can exist as isolated point defects, bind together to form
defect pairs or form larger local defect clusters>!>14 depending
upon the chemical compositions or synthesis route. We previ-
ously pointed out that co-doping “too big” trivalent In® ions
with Nb®* ions was favorable to generate triangular- and dia-
mond-shaped defect clusters in rutile TiO,! while co-doping
smaller AP* ions with Nb* ions locally produced an inter-
grown, intermediate and metal ion rich structure.® In (B, N) co-
doped carbon nanotubes,® the B®* and N* ions could either exist
as isolated point defects or chemically bind together depending
on their synthesis conditions. The resultant electrocatalytic
properties of prepared (B, N) co-doped carbon nanotubes, how-
ever, could only be enhanced by the former.

Though ionic co-doping has been successfully used to tune the
physicochemical properties of a wide range of host materials by
slightly modifying the chemical composition or locally creating
different defect states, their reliable wet chemical synthesis re-
mains complicated and rather difficult to control. This is espe-
cially the case when the ions that are difficult to dope with
(called “difficult-dopants™) are involved since (1) the solubility
of the initial reactants should be considered to guarantee enough
ions to homogeneously distribute in the reaction solvent; (2) the
precipitation of co-dopant ions should be coordinated to inhibit
the generation of possible impurities during the reaction pro-
cess; and (3) the ligands of the metal ions should be modified
to achieve the expected doping concentrations in the resultant
products. Furthermore, fundamental concerns regarding the
synthesis and the resultant co-doped materials themselves still
remain unclear, e.g. how are co-dopants introduced into the
crystal structures of host materials during the chemical reaction
process (i.e. doping mechanism); whether the same types of co-
dopants create the same defect states in different polymorph of
the same material (i.e. defect formation); and what roles these
introduced local defect structures play on the macroscopic prop-
erties of the co-doped host materials. Studies on the doping
mechanism, the defect formation and their associated impacts
are rather important to both design and synthesize novel types
of co-doped materials as well as further understand the intrinsic
structure-performance relationship.

We herein combine the easy- and difficult-dopant ions together
in an attempt to effectively increase the doping levels of the lat-
ter. In® and Nb%* co-doped anatase nanocrystals are then syn-
thesized to further demonstrate the effectivess of the designed
co-doping stategies. The potential doping mechanisms of the
two different types of metal ions (the In®* difficult-dopant ions
and the Nb%* easy-dopant ions) are investigated under sol-
vothermal reaction conditions. Through density functional the-
ory (DFT) calculations, we present the local defect structures
generated by the In®*, Nb® co-dopants, the resultant Ti** ions
and oxygen vacancies. Furthermore, the influence of these in-
tentionally introducted local defect structures on high pressure
reaction behaviours of synthesized co-doped nanocrystals are
analyzed.

In®* and Nb® co-doped anatase nanocrystals with a chemical
formula of (Tif%,, Tiy IN3*Nb;")(0F xsy.220ys2) are synthe-
sized by a solvothermal method (I here represents oxygen va-
cancies and also labelled as V). The x, y and z values in the
above chemical formula are experimentally determined to range
from O up to 0.046 and are controlled by adjusting the concen-
trations of niobium pentachloride and indium acetate in ethanol
solvent while fixing the added volume of titanium chloride. De-
tailed descriptions about the synthesis and characterization of
these nanocrystals are given in the supporting information (SI-
1 and SI-2). In® and Nb®* ions are chosen as appropriate co-
dopant ions since they enable charge compensating as well as
produce a significant local structural change due to the bigger
ionic radii of both co-dopants (94 pm for In®* and 78 pm for
Nb%*) as compared to that of Ti** (74.5 pm). Such local struc-
tural variation induced the formation of defect clusters in the
case of the analogous (In®*+Nb°®*) co-doped rutile TiO, ceram-
ics! to “pin” electrons and thus resulted in an excellent dielectric
performance.

In the current anatase case, the ionic radii of the In3* ions are
again significantly too large. The calculated apparent valence
(AV) or bond valence sum (BVS), of an In® ion in anatase TiO;
is 5.33 valence units (v.u.) instead of the ideal 3.00 v.u. esti-
mated using the softBV program (SI-3, supporting infor-
mation),*618 j.e. about 78% over-bonded! Without the removal
of at least one of the surrounding oxygen ions and the addition
of a further neighboring In®* ion for charge balance, it is rather
difficult to introduce In®* ions into TiO, to achieve high doping
levels by normal wet chemical reaction routes such as sol-gel or
co-precipitation. A solvothermal method is thus attempted to
combine the higher spontaneous pressure of ethanol with the
comparatively higher heating temperature of sealed autoclaves.
In contrast to the difficulty in In® doping, the ionic radii of Nb*
ions are almost similar to that of Ti** with an AV of 5.37 v.u.,
only slightly over-bonded by ~7.4% (SI-3, supporting infor-
mation). The chemical doping of Nb%* ions into anatase TiO is
thus relatively easy and can reach up to a concentration of about
14 at.%?° or more (called “easy-dopants”). Note, however, that
charge balance associated with single doping of Nb%* ions can
only be achieved through generating an equal concentration of
reduced Ti%* ions.

Experimentally, we find that nearly all of the Nb®* ions in the
initial reaction solution can be doped into anatase TiO, nano-
crystals (Figure 1a). Their doping concentrations are thus eas-
ily controlled through just tuning the added weight of starting
materials like niobium pentachloride. By contrast, only a small
proportion of In®* ions in the reaction solution can be finally
incorporated into TiO; to achieve a closely equivalent doping
level as that of the Nb%* ions (Figure 1b). For example, if ~5.0
at.% In®* ions (compared to total titanium ions, i.e. y=0.046 in
the above chemical formula) are designed in co-doped TiO;
nanocrystals, their actual concentration in the initial reaction so-
lution should be up to ~90 at.%. Most of the In® ions are left in
the reaction solution and should be further separated from the
synthesized nanoparticles through post-treatment process for
reuse.

In addition, we further found that the doping level of Nb%* ions
in the co-doped TiO, nanocrystals remained virtually un-
changed for reaction times between 4 h and 14 h while that of
the In® ions increases almost linearly over the same reaction
period (Figure 1c). For reaction times shorter than 4 h, it is dif-



ficult to collect any nanoparticles from the viscous and trans-
parent reaction solution. In such short reaction times, nanopar-
ticles perhaps are not formed or their particle size is too small
to be separated for collection. After 14 h, the ratio of In/Ti and
Nb/Ti in the nanocrystals does not obviously change. Clearly,
the incorporation of Nb®* ions is related to a typical nucleation
doping. Though the major proportion of the doped In®* ions
(~4.1 at.%, compared to total titanium ions) is also introduced
together with Nb%* ions through nucleation doping, the remain-
ing proportion of them (~0.9 at.%) is actually incorporated into
TiO, through diffusion doping with a diffusion rate of
~9.52x10** molar per hour. Dual mechanisms (nucleation and
diffusion doping) are thus proposed for the introduction of the
In**ions and nucleation-only doping is suggested for that of the
Nb%* ions. This understanding of doping mechanisms is critical
for the controllable synthesis of other metal ion co-doped nano-
materials and the desirable design of material properties.?>-??

A schematic, which visually illustrates the two mechanisms of
introducing In®*" and Nb®* ions into TiO, nanocrystals, is shown
in Figure 1d. Three critical steps are involved during synthesis,
i.e. (1) homogeneous distribution of all cations (Ti**, Nb%* and
In®*) in the ethanol solvent to form one transparent solution; (2)
the non-equivalent nucleation co-doping of almost all of the
Nb%* ions but only a proportion of the In®* ions, which results in
the lower doping concentrations of the In®* ions relative to that
of the Nb%* ions; and (3) the diffusion doping of an additional
proportion of In® ions to achieve equivalent doping levels of
the In® and Nb®* ions. It seems that the easy Nb®" dopant ions
create a synergistic environment for accommodating the more
difficult In®** dopant ions. The coupling of these two different
types of doped ions is thus demonstrated to be an efficient
method to significantly increase the doping concentration of
difficult-dopants.

The synthesized (In®*+Nb%*) co-doped TiO, nanocrystals were
then investigated by X-ray powder diffraction (XRD). All dif-
fraction peaks could be assigned to an average tetragonal ana-
tase-type phase with space group symmetry I14,/amd (SI-4, sup-
porting information). This phase analysis was carefully done to
be sure that all other analyses were conducted on the single
phase sample. The chemical compositions of the optimized, co-
doped anatase nanocrystals were then carefully analyzed via en-
ergy dispersive X-ray spectroscopy (EDS) in a scanning elec-
tron microscope (SEM) and an inductively coupled plasma op-
tical emission spectrometer (ICP-OES). The atomic ratio of in-
dium to niobium is found to be about 1:1 and their respective
doping concentrations nearly approach 0, 1.0, 3.0 and 4.6 at.%,
i.e. y=z=0, 0.010, 0.030 and 0.046 (SI-5, supporting infor-
mation). With the gradual increase in the y and z values, there
is a gradual shift of the (101) XRD peak, a linear expansion of
the lattice parameters (a, b and c) and of the unit cell volume
(V, Sl-4, supporting information) due to the partial substitution
of the smaller Ti** ions with the bigger In®** and Nb®* ions. These
XRD results and the various microscopic characterization (to be
discussed below) suggest the effective co-doping of In® and
Nb%* ions into anatase TiO, nanoparticles. This is also con-
firmed by Raman spectra which exhibit similar Raman peaks to
the un-doped anatase TiO, nanoparticles (SI-6, supporting in-
formation).? Furthermore, we do not detect any other Raman
signals or additional XRD peaks even in the samples with
y=~z~0.046 (i.e. a total doping concentration of ~9.2 at.%) and
thus believe that these (In**+Nb®*) co-doped TiO, nanocrystals
represent a single phase solid solution.

The chemical valence states of the cations in the co-doped nano-
crystals with y=z~0.046 were subsequently analyzed by X-ray
photoelectron spectroscopy (XPS, Figure 2a, 2b and 2c). As
seen, the indium and niobium ions have the chemical valence
of +3 and +5, respectively, i.e. their chemical valences are the
same as those of their starting materials. For the titanium ions,
the XPS data show two separate peaks with individual binding
energies of ~459.3 and 457.6 eV. These two XPS peaks corre-
spond to Ti** and Ti%*, respectively. The generation of Ti** ions
can be ascribed to the reduction of a proportion of the Ti*" ions
induced by the Nb®* ions. Their concentration is calculated to
be ~3.5 at.% by fitting to the XPS data (Figure 2c). The slight
difference between the doping level of Ti%* (3.5 at.%) and that
of the Nb* ions (4.6 at.%) is attributed to the oxidization of
partial surficial Ti®* ions due to the high surface energy and high
reaction activity of the nanoparticles. The presence of Ti** ions
is also confirmed by the electron paramagnetic resonance (EPR)
spectrum (Figure 2d). Two EPR signals at 9;=1.97 and g,=1.94
should come from the paramagnetic resonances of Ti* with 3d!
electrons trapped on the lattices.?* There is no Nb** observed in
both XPS and EPR characterization. The prepared (In®*+Nb°%*)
co-doped TiO, nanocrystals thus not only contain In®* and Nb%*
co-dopants but also include induced Ti** ions and oxygen va-
cancies (to balance the charge of the overall co-doped TiO, ma-
terial). The In®*", Nb%, Ti** and oxygen vacancies are labelled
Ing;, Nby;, Tiy; and V& using Kroger-Vink notation, respec-
tively.

To further investigate In®* and Nb*>" co-doped TiO, nanocrys-
tals, aberration-corrected HAADF-STEM (high-angle annular
dark-field scanning transmission electron microscopy) images
of the synthesized (Tig'se; Ti5.0a6!N3 046NDG 046) (0% 977 0.023)
nanocrystals (i.e. xxy~z~0.046) were taken (Figure 3). It is ob-
served that most of the nanocrystals have quasi-spherical shapes
(in projection) with small average particle diameters of less than
10 nm. In atomic resolution HAADF-STEM mode, an atomic
column containing any indium (atomic number, Z=49) and/or
niobium atoms (Z=41) substituting for the lighter Ti atoms
(Z=22) should lead to a noticeable local increase in the corre-
sponding image intensity relative to a pure, unsubstituted Ti
column (of the same thickness). The inset in Figure 3 shows a
HAADF-STEM image of a nanoparticle exhibiting (011) lattice
fringes (running vertically). The alternating bright and dark
stripes correspond to double rows of metal ions (separated in
the horizontal direction by 0.88 A, and clearly unresolved) and
the complete absence of metal ions, respectively. Note that the
arrowed bright dots in the inset always fall within the bright
metal ion striped regions, suggesting that they represent local
atomic columns with an increased density of substituted In and
Nb atoms. Indeed, they may well represent individual In or Nb
atoms. This directly demonstrates that In®* and Nb®* ions are in-
deed co-doped into the crystal structures of anatase nanocrys-
tals. In addition, the results of element mapping also indicate
that In® and Nb® ions are really co-doped into anatase TiO,
nanocrystals and homgenrously distributed (SI-7, supporting
information).

It also appears that most of the quasi-spherical nanocrystals
achieved at the higher doping levels gradually evolve to
nanocubes or nanocuboids with a decrease in the co-dopant con-
centration (SI-7, supporting information), consistent with re-
sults reported for Nb mono-doped TiO,*® and Mg mono-doped
ZnO% nanoparticles and can be attributed to their changed local
crystal structure after co-doping (SI-4, supporting information).



Additionally, the change of co-doping concentration slightly
modified the average particle size and higher doping levels lead
to smaller particle diameters, but they all remain less than 10
nm both in terms of the size calculated by the Scherrer equa-
tion?®27 and that estimated via low magnification TEM lattice
imaging (SI-8, supporting information). These small nanoparti-
cles potentially provide many practical applications, e.g. to pre-
pare thin films by directly depositing them onto substrates, use
as building blocks in constructing functional nanodevices or to
lower the sintering temperatures of related ceramics as raw ma-
terials/additives.

In order to gain further insight into possible local defect clusters
created by the co-doping of In**and Nb®" ions, DFT calculations
were carried out on our synthesized anatase compounds with
the chemical formula of
(Tig'562 Ti5.046 13 046ND5 046)(OF 077 00.023).  The  calculations
were performed using the VASP code?®*! and a 3x3x1 super-
cell of the anatase TiO, structure. Four Ti*" ions were substi-
tuted by two In® and two Nb®* ions in various configurations.
This yielded a respective doping level of 5.56 at.%, which is
very close to the experimental value (4.6 at.% In®+4.6 at.%
Nb%*) of this work. More details about the calculation setup are
given in SI-9 (supporting information).

The total energy of the co-doped compounds is found to depend
strongly on the configuration of the substituted ions. The lowest
energy defect structure is provided by the configuration shown
in Figure 4. The 2In;+V3+Tiy; “triangle” motif, which was
previously identified in the (In®+Nb®") co-doped rutile TiO,,*
was also observed here. This configuration was characterized
by In®* ions located in adjacent octahedra, with one of the
shared oxygen ions removed for local charge balance consider-
ations. A Nb®* ion would be in a nearby octahedron such that a
Ti ion across the oxygen vacancy from the indium ions was re-
duced to Ti®*. In the low energy configurations, one Nb%* ion is
connected to the triangular-shaped defect cluster to form a more
complicated 2Iny+V 3 +Tir;+Nb7; defect complex. The other
Nb®* ion links with the second Ti3* ion to form a Tiy;+Nb7; de-
fect pair. This defect pair would be located nearby within the
supercell, with the lowest energies found when it was adjacent
to the 2In3;+V 5 +Tig;+Nby; defect clusters. Although these de-
fect models also contain triangle-shaped defect complexes and
are thus similar to that of (In®+Nb%") co-doped rutile TiO,,*
they also exhibit their own special features with (1) the newly
introduced Tiy;+Nb7; defect pairs which may be nearby but not
adjacent to the triangular In-containing defect clusters; and (2)
the triangle-shaped defect complexes is modified by one Nb%*
ion to form a more complicated 2Iny;+V§+Tir+Nby; defect
cluster. Two polymorphs of a single material can thus locally
produce different defect models though the selected co-dopants
are the same.

Figure 5 presents the high-pressure reaction behaviour of these
defect-cluster and defect-pair modified nanocrystals with
x~y~z~0.010. In situ Raman signals were collected under com-
pression and decompression conditions. Detailed experimental
processes are described in SI-10 (supporting information). A
gradual phase transition from anatase to a baddeleyite-like
structure can be observed under compression (Figure 5a). Sub-
sequently, the newly formed baddeleyite-like structure trans-
forms to an a-PbO,-like phase under decompression (Figure
5b). During the entire compression and decompression cycle,

the co-doped anatase nanocrystals undergo an anatase — bad-
deleyite-like phase (~20.2 GPa, compression) — o-PbO,-like
structure (~33.0 GPa, decompression) phase transition se-
guence. This structural transition sequence is inconsistent with
the pressure-induced amorphisation of un-doped anatase TiO;
nanocrystals having a similar crystal size,*>* but is closely
analogous to the phase transition behavior of those pure TiO;
nanocrystals with a larger particle size of 11 to 40 nm.353 The
anatase  (Tigy, Tiy IN3*'ND3")(O% csy-y20y2)  n@nocrystals
thus possess an abnormal trans-regime structural transition be-
haviour under high pressure. This abnormal phase evolution
should be related to the intentionally introduced
2In5+V S +Tir+Nby; defect clusters and/or Ti;+Nby; defect
pairs since they can act as nucleation centers of baddeleyite- or
a-PbO,-like metastable polymorphic phases and thus induce the
crystallization of new crystal structures.

In conclusion, highly concentrated In®* difficult-dopants are
successfully introduced into TiO; crystal structures through the
synergistic effects of the Nb®* easy-dopants. It is found that the
dual mechanisms of nucleation and diffusion doping are respon-
sible for the incorporation of the difficult-dopant In®* ions while
nucleation-only doping is observed for that of the easy-dopant
Nb%* ions. The local defect structures generated by co-doped
In®*, Nb%* ions, their resultant Ti** and oxygen vacancies are
composed of both 2Iny;+VS+Tir;+Nby; defect clusters and
equivalent Tir;+Nb3; defect pairs. These intentionally intro-
duced defects would act as nucleation centers of baddeleyite-
and a-PbO,-like metastable polymorphic phases and thereby in-
duce an abnormal trans-regime structural transition of co-doped
anatase TiO, nanocrystals under high pressure. We believe that
this work provides new insight into the design and synthesis of
other novel co-doped materials with high concentrations of dif-
ficult-dopant ions, opens a new avenue to develop new co-dop-
ing systems for developing new functional materials, and sig-
nificantly advances local defect structures in solids.
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Figure 1. The ratio of Nb/Ti (a) and In/Ti (b) in the initial reaction solution (x axis) and in the resultant co-doped anatase TiO, nanocrystals
(y axis). These data points were collected at the reaction time of 14 h. It is found that almost all of the Nb ions but only a small proportion
of the In ions in the reaction solution can be finally co-doped into TiO,. (c) is the ratio of Nb/Ti and In/Ti at different reaction times,
suggesting that dual mechanisms of nucleation and diffusion doping are responsible for the incorporation of the In®*ions while nuclea-
tion-only doping is observed for that of the Nb%* ions. (d) is a schematic illustrating the different doping mechanisms for the In®* and
Nb%* co-dopants. Three critical steps should be involved during the synthesis: (1) cationic homogeneous distribution in the solution; (2)
non-equivalent nucleation co-doping of Nb>* and In®* ions; and (3) the further diffusion doping of the In®* ions to achieve the equal
doping concentrations as that of the Nb%* ions.
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Figure 2. The XPS (a-c) and room temperature EPR (d) spectra of the synthesized (Tit e TishasINe hasNDE 546) (02977 00.023) anatase
nanocrystals with x=y=z=0.046, determining the chemical valence states of indium (+3) and niobium (+5) co-dopants as well as the
titanium (+4 and +3).
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Figure 3. A typical aberration-corrected HAADF-STEM image of the synthesized anatase (Tiggs2 Ti pas!Ns 04 NDg b46) (05 97700 023) NANO-
crystals with x=y=z=0.046. The arrowed brighter dots in the inset show the presence of atomic columns with a greater density of heavier
atoms (indium and/or niobium), indicating that the In®* and Nb%* ions are indeed co-doped into TiO, host materials.

Figure 4. The motif of the lowest energy defect structures. Balls representing ions are colored according to In*: purple; Nb%*: pink; Ti®*:
blue; Ti**: green; O%: red. Dashed lines indicate the 2Iny;+VJ +Tir+NbT; defect clusters and adjacent Tip;+Nb7; defect pairs.
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Figure 5. In situ Raman spectra of anatase (Tig 70 Tia 010N 010NDg 610)(0% 995 To.005) NAnocrystals (x=y=z=0.010) collected under com-
pression (a) and decompression (b) conditions. Their crystallographic evolution follows the sequence of anatase — baddeleyite-like
phase (compression) — a-PbO,-like structure (decompression).



