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Abstract. Defect chemistry is widely used to modify materials for achieving high
photocatalytic efficiency over a broad, in particular visible, light absorption range. Although
various doping elements and associated effects have been extensively investigated, the lack of
a fundamental understanding of the role of doping ions and a well-controlled synthetic strategy
has hindered rational defect design in promising material systems, significantly impairing the
development of highly efficient visible light catalysts (VLCs). In this work, we propose that

fine-tuning the chemical scheme consisting of charge-compensated defect-pairs in balanced
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concentrations is a key missing step. An experimental synthesis method was developed to form
these defect-pairs in anatase TiO2 nanocrystals, resulting in a material with unprecedented VLC
performance. Experimental and theoretical investigations indicate that the relatively highly
concentrated N*-Nb°* defect-pairs enhance visible light absorption, prevent photo-generated
charge carrier recombination, and significantly improve photocatalytic efficiency. We believe
that this work not only unveils highly efficient TiO>-based VLCs for various photocatalytic
applications but also provides general insight into the key importance of fine-tuning defect

chemistry for functionalizing materials.

The gradual exhaustion of non-renewable resources has motivated researchers to investigate a
wide range of materials for the highly efficient utilization of clean and renewable solar energy.
Among these materials, visible light catalysts (VLCs) are vital and ideal for photo-degradation,
dye-sensitized solar cells, hydrogen generation from water as well as organic synthesis with the
potential to convert more than ~45% of sunlight to chemical or electrical energy. Most of the
current VLCs like AgsPO4,M BiVO4®? or N doped TiO2! are only active in a certain solar
spectral region and display limited photocatalytic performance. Other VLCs such as noble
metal ions doped SrTiOs!! or decorated TiO2*%! can extend the absorption edge to the whole
visible light regime but they suffer from rapid photo-generated charge carrier recombination
due to the presence of trapping centers (e.g. 0xygen vacancies) or impurity energy levels. The
recombination of electron-hole pairs not only suppresses the solar energy conversion efficiency
but also deteriorates the photocatalytic activity of VLCs. Therefore, high performance
photocatalysts should have broad light absorption while maintaining effective separation of
electron-hole pairs in order to ensure the efficient utilization of solar energy for photocatalytic

applications.

Technologically, several approaches have been proposed to date to enhance the photocatalytic

performance of wide-band-gap semiconductors under visible light irradiation. For instance, the
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lattice-disorder engineering of nanocrystalline TiO2 (via hydrogenation) enables an effective
combination of visible and infrared absorption with the additional benefit of carrier trapping on
surfaces.l’l The design of a bandgap gradient distribution enables the solubility limits of
undissolved ions to be increased and significantly inhibits the formation of recombination
centers.l®l Three-dimensionally-ordered construction of macroporous skeletons of N-doped
TiO, also greatly enhances visible-light driven photocatalytic properties by physically
increasing surface area.l®® These different approaches represent substantial progress in the

research and development of novel VLCs.

lonic co-doping, especially cation and anion co-doping, is another facile route. Co-doping has
recently drawn considerable attention™%2° as this method can potentially tailor the energy band
structure, enhance optical absorption, reduce the number of recombination centers by balancing
charges and thus provide a cost-effective way to promote photocatalytic activity. The reported
results, on the other hand, have been very diverse. There is no consensus concerning which type
and what form of co-dopants should be introduced into host materials for achieving peak
performance. Taking (N*, M®") co-doped TiO. as an example, where M®" represents a
pentavalent cation and N* is a nitrogen anion, it has been technologically difficult to introduce
equivalent concentrations of M®" and N* ions into a host material. High temperature
ammonolysis'®*! was attempted to incorporate nitrogen ions into pre-prepared M>* mono-
doped TiO2 but the achieved N* doping level was less than 2 at.%.122! In addition, the
distribution of N3 ions is often inhomogeneous with its concentration gradually lowering from
the surface to the interior of co-doped TiO,.[® Wet chemical methods like sol-gel synthesis have
also been tried to directly add nitrogen sources to the reaction solution.l*”-2°l However, the post-
calcination treatment for crystallinity at temperatures over 400 °C inevitably leads to the loss
of N¥ ions.1?2 Therefore, a well-balanced stoichiometric ratio of M°* to N* has never been

realized, although photocatalytic properties have been moderately improved.
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From a theoretical perspective, there is also ambiguity concerning the electronic and chemical
configurations of specific co-dopants in host materials and the related consequences for
photocatalytic properties. The formation of impurity energy levels in the bandgap,!®! the
creation of mid-gap energy levels,[*%171 the appearance of Ti®* states and F* centers,017:24]
interstitial nitrogen states!®! as well as the red shift of the absorption edge°?®! have all been
suggested as mechanisms for the observed enhancement of photocatalytic activity. Some
investigators believe that cation-anion co-dopants can bind together to form defect-pairs!?”-28l
while other work emphasizes the role of decoupled point defects formed under typical chemical
conditions.**®1 Our recent work on the development of co-doped TiOz-based colossal
permittivity materials?®%% demonstrated the complexity of ionic co-doping in structurally
strongly correlated oxides. Once co-doped ions are introduced into host materials, they may
stay as isolated point defects by either replacing ions in regular lattice sites or occupying
interstitial positions. They may also form defect-pairs or clusters coupled with the host ions and
local crystal structure. The former presents an additive effect of point defects and the latter
results in a significant emergent behavior due to the combination of co-doped ions into a unique
defect-pair or cluster form. The formation of defect states strongly depends on the preparation

conditions and methods of material synthesis.

With this in mind, we have strategically designed a new approach for the development of (N,
M®°*) co-doped TiO2 with higher N* concentrations for a real synergistic and cooperative
interaction between co-dopants. That is, another ion should be introduced to improve the local
crystal chemical environment for accommodating more nitrogen ions. In this scenario, the two
co-dopants must interact closely with each other within a small vicinity to form defect-pairs or
clusters. The impact of newly formed defect-pairs or clusters would be expected to behave as a
new type of defect which not only has the special features of individual dopant but also

effectively avoids the drawbacks of single doping. In the case of (N*, Nb°>*) co-doped anatase
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Ti02 nanocrystals, the following factors were further considered: (1) the well-balanced charges

of N* and Nb°* ions to the maximum extent avoiding the generation of additional defects such
as Ti** ions or oxygen vacancies (VS*); (2) the more difficult reduction of Nb>* ions than Ti**

ions to keep the chemical valence of niobium dopants experimentally controllable; and (3) the
formation of strong correlation (defect-pairs) between N and Nb®* ions to activate significant
emergent behaviors for the physicochemical properties. The resultant materials were
subsequently characterized as VLCs for water purification using Rhodamine B as a model
pollutant. Density functional theory (DFT) calculations were performed to gain insight into the
observed photocatalytic effects and the related mechanisms arising from the formation of highly
concentrated N*-Nb>* defect-pairs. This study demonstrates how to design and develop novel

photocatalytic materials for highly efficient conversion of solar energy.

In order to efficiently introduce nitrogen ions into host materials and simultaneously avoid
nitrogen evaporation during subsequent high temperature processing, a solvothermal reaction
route was used in this work for material synthesis. This enables the chemical reaction to occur
homogenously at the molecular level under pressure and at a lower temperature. This method
also prevents the loss of nitrogen ions during reaction due to the closed environment. For
instance, to successfully synthesize (N, Nb) co-doped TiO2, NbCls and TiCls are dissolved in
ethanol and chemically reacted with nitric acid at 200 °C for 12 hours.®Y Repeating this reaction
procedure, we synthesized a series of (N, Nb) co-doped TiO2 samples, where the nominal
concentration of Nb°* ions was fixed during the whole experimental process while the nominal
N3 doping level was varied by adjusting the concentration of nitric acid in the reaction solution
(Supporting Information, SI-1). After optimization, the structure and chemical compositions of
the resultant solvothermal products were determined by X-ray powder diffraction (XRPD),
high-resolution transmission electron microscopy (HRTEM), field-emission scanning electron
microscope (FESEM) and X-ray photoelectron spectroscopy (XPS). Additionally, a
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Nitrogen/Oxygen determinator, thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) were also used to further estimate the resultant nitrogen concentrations (SI-
6), which were found to be reasonably consistent with the results determined by XPS. The

experimental details are presented in SI-2.

The typically synthesized samples were experimentally analyzed to have Nb®* ionic
concentrations of about 5.4, 5.3 and 5.6 at.% per (Ti1 ., Tiy Nby")(0%.,.,00,N3) formula unit
and N* ionic concentrations of about 3.7, 5.6 and 7.5 at.% (labelled as N-poor, N-equal and N-
rich), respectively (SI-5 and 6). XRPD analysis (Figure 1a) suggests that all prepared (N, Nb)
co-doped TiO; particles belong to the anatase phase with space group symmetry 14:/amd. The
diffraction peaks are very broad, indicating that the materials have a small particle size, further
calculated via the Scherrer equation (Equation S1) to show their average diameters are less than
10 nm (SI-8). This is also confirmed by a FESEM image (SI-7a), but more accurately estimated
by HRTEM lattice images (Figure 1c, SI-7 and 8). From <100> oriented HRTEM lattice images
(Figure 1c and the inserted images of SI-7c and d), it is found that the dominant exposed crystal
faces of these three different (N, Nb) co-doped TiO2 nanoparticles are {011} facets combined,
to a lesser extent, with (002) facets. Furthermore, the three types of samples have almost
equivalent specific surface area (~170 m?/g, SI-9). In addition, we observed that the color of
the synthesized nanoparticles varied from light brown to dark brown with increasing N*
concentrations (Figure 1b). This color variation clearly indicates a change in their visible light
absorption, as will be further demonstrated below. From XPS analysis (Figure 1d-f and SI-5),
it is found that some Ti* ions of the N-poor TiO, samples are reduced to Ti** ions to
compensate for the additional positive charges associated with the excessive Nb°* ions. As a

result of charge compensation, the total doping concentrations of Ti** (1.7 at.%) and N* (3.7

at.%) are equal to that of Nb>* (5.4 at.%). Similarly, oxygen vacancies (V" , labelled as [J; in

the formula unit above) are generated in the N-rich co-doped TiO- to balance the extra negative
6
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charges arising from the excess N* ions. If Nb®>" and N* ions are doped at equal concentrations
i.e. if y = y’, neither Ti** ions nor V3* defects would be generated. In fact, no such defects are

observed even in our N-equal co-doped samples where the concentrations of Nb®" and N* are
not exactly identical but very close (5.3 at.%Nb>*+5.6 at.%N?>). It is evident that the N doping
level per formula unit can reach up to 7.5 at.% with Nb>* co-doping using this solvothermal
reaction route. Such a high N* doping level suggests that Nb>* co-doping facilitates the

introduction of N ions into anatase TiOs.

Figure 2a shows the optical absorption spectra of (N, Nb) co-doped TiO- nanoparticles. Their
light absorption range covers the entire visible light regime from 400 nm to 800 nm, which is
much broader, relative to the results previously reported for (N, Nb) co-doped TiO2 particles.[*®-
1517201 For the N-equal and N-rich co-doped TiO with higher N* doping levels, the respective
light absorption even extends into the near infrared regime. The strongest light absorption is
observed in our N-equal TiO, with almost identical Nb>* and N3 doping concentrations (5.3 at.%
Nb>*+5.6 at.% N*). This is in good agreement with their color change (Figure 1b). In addition,
the Tauc plots of Figure 2b show that the bandgap of these co-doped TiO2 materials becomes
significantly narrower with increasing N*. The bandgap values are ~2.9 eV and ~2.6 eV for N-
poor and N-rich samples, respectively. The N-equal TiO is even better with a bandgap
reduction to ~2.2 eV, demonstrating the importance of fine-tuning chemical scheme to give

charge-compensated defects in balanced concentrations.

The photocatalytic activity of these VLCs is investigated by measuring the decomposition of
Rhodamine B (RhB) under visible light irradiation, using a 500W Xe lamp with a cutoff
wavelength of 400 nm. Experimental details are presented in SI-3. Compared with the
commercial Degussa P25-TiOz, the photocatalytic activity of all three (N, Nb) co-doped anatase

Ti02 samples is superior and the N-equal co-doped TiO: is outstanding (Figure 2c). As seen,
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the N-equal co-doped TiO, requires less than 20 minutes to accomplish nearly complete
decomposition of RhB. It is noticed that the N-poor, N-equal and N-rich co-doped TiO>
nanocrystals have similar average particle sizes, the analogous crystal facets exposed on the
surface, almost equivalent specific surface area (S1-9), but show a clear difference in VLC effect.
Hence, it is concluded that N* and Nb®>* ionic co-doping, which has been experimentally
realized by the solvothermal reaction route, is critical to stabilize the N-doping and/or
accommodate more N* ions in the host TiO.. High co-dopant loading is significant to improve
photocatalytic activity, but the charge-compensated defects in balanced Nb>* and N*
concentrations are a decisive factor influencing the outstanding visible-light-catalytic

performance in this material.

To elucidate how the (N, Nb) co-doping strategy modifies the electronic structure and leads to
the enhanced VLC performance, first principles calculations were performed. Figure 3a-c
shows some of the candidate chemical structures that were modelled using DFT calculations
for the (N, Nb) co-doped TiO, compound. The starting configurations were generated by
substituting equivalent Nb and N into various Ti and O sites with dopant concentrations (~6.25
at.%) close to the optimal experimental values (~5.3 at.% Nb°*+5.6 at.% N*), and then allowing
the ions to relax to low energy configurations using the Perdew-Burke-Ernzerhof (PBE)
functional. Table 1 reports the total energies, indicating that it is energetically favorable to
position substitutional N-Nb in a nearest neighbor configuration (Structure I). Indeed, the
energy cost for positioning N-Nb further apart is ~ 0.1 eV (Structure Il and 1), setting the
corresponding temperature scale in the thermodynamic limit as 4E/ks = 1160 K where kg is the
Boltzmann constant. For this reason, the formation of structures such as Il and Il are
improbable under the experimental synthesis conditions of this work and the local crystal

chemistry favors the formation of directly-bonded N-Nb configurations, i.e. defect-pairs.
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To model the electronic effects of the resultant defect-pairs, the density of states (DOS) was
calculated using the modified-Becke-Johnson (mBJ) potential which is a parameter-free ab
initio method for the bandgap prediction.[*>% The total DOSs for un-doped and (N, Nb) co-
doped anatase TiO> with various doped structures (I-111) are shown in Figure 3d. The calculated
bandgap lies within 10% of the experimental values, for example, producing 2.98 eV for un-
doped anatase TiO2 (experimental value 3.1-3.2 eV).I3 All of the structures that contain Nb
and N have a reduced bandgap compared to the pure anatase structure, with values close to 2.4
eV (Table 1). This corroborates the main optical bandgap (~2.2 eV) observed in the experiment
(Figure 2b). The first principles calculations hence again indicate some cooperative electronic
effect of the Nb and N species. Figure 3e shows the element-specific partial DOSs for the
nearest-neighbor N-NDb structure | demonstrating that the Nb levels are high in the conduction
band whereas the N forms a shallow acceptor level that almost overlaps the valence band
maxima. The combination of these properties ensures thermal occupation under typical
experimental conditions, providing an effective way to engineer the band-edge. Moreover, the
Fermi energy offset from the valence band (taken as the E=0) is not modified compared to pure
anatase TiO;, illustrating the advantages of the passivated co-doping involved with the N3-
Nb°* defect-pairs. This enhances photocatalytic performances by preventing unwanted

recombination pathways for photo-generated charge carriers.[?8l

To directly show that the N*-Nb>* defect-pairs also enhance the harvesting of visible light, we
calculated the optical absorption predicted for the resulting electronic structure. Figure 3f shows
the absorption coefficient for the nearest-neighbor N*-Nb®* defect-pair structure | based on the
joint-density-of-states method.[*% Both absorption tensor components (xx and zz) indicate finite
absorption into the visible regions, tailing off rapidly near the indirect bandgap energy (516
nm). By contrast, we also report the electronic-structure calculations for interstitial nitrogen

species (SI-10) as some researchers think that they might play a crucial role in nitrogen mono-
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doped TiO..*l However, the calculated results for such interstitial nitrogen species in the
neighborhood of Nb®>* ions show that light absorption is only achieved below 440 nm (~2.82
eV), which represents a significant drop in light-harvesting performance. Clearly, the electronic
structure originating from the N3-Nb°* defect-pairs in closely-neighboring substitutional
positions is key to producing enhanced visible absorption which is necessary for high

photocatalytic performance.

In summary, this work introduces the concept of defect-pairs to make anatase TiO> a strikingly
superior VLC. This is because the formation of highly concentrated defect-pairs, in this case
N*-Nb**, will greatly reduce the bandgap, enhance visible light absorption and diminish photo-
excited charge carrier recombination. The realization of high nitrogen concentrations benefits
from the defect design and the formation of N*-Nb®" defect-pair structure. Solvethermal
reaction provides an effective approach to further promote the achievement of such high level
of co-dopants. Given that the improvements in the TiO>-based VLC performence have been
very limited despite massive efforts over the past three decades, this work provides a
breakthrough in the design of TiO»-based VLCs. The new mechanism and associated strategy
we have developed here not only elevate TiO- to the ranks of the best available VLCs, thus
benefiting all practical applications, but also provide new insights to improve existing and
newly developing VLCs for a clean environment (e.g. waste water/chemical treatment) and
renewable energy (e.g. water splitting for hydrogen generation).

Experimental Section

The detailed information about the synthesis and analysis of (N, Nb) co-doped anatase TiO>
nanocrystals, the characterization of photocatalytic performance, density functional theory

calculations and other related materials are available in the Supporting Information.

Supporting Information
Supporting Information (SI) is available from the Wiley Online Library or from the author.
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Figure 1. XRD patterns (a), photographs (b), a HRTEM lattice image along a <100> direction
(c) and XPS data (d-f) of N-poor (5.4 at.% Nb>"+3.7 at.% N*), N-equal (5.3 at.% Nb>*+5.6 at.%
N%) and N-rich (5.6 at.% Nb°'+7.5 at.% N*) co-doped TiO, nanocrystals which were
synthesized by the solvothermal reaction.
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Figure 2. UV-Vis absorption spectra (a) and associated Tauc plots (b) of three typical N-poor
(5.4 at.% Nb°"+3.7 at.% N*), N-equal (5.3 at.% Nb°*+5.6 at.% N*) and N-rich (5.6 at.%
Nb°*+7.5 at.% N*) co-doped TiO2 nanocrystals. (c) presents the photocatalytic degradation of
Rhodamine B under visible light irradiation (A>400 nm) using these nanocrystals as visible light
catalysts, where the commercial Degussa P25-TiO> is also measured for a reference.
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Figure 3. (a-c) Candidate defect-pair chemical structures (I-111) considered for DFT
calculations of substitutional Nb and N in anatase TiO2. The dotted circles indicate the
symmetry-equivalent position of the nitrogen positioned in the supercell. (d) The total density
of states calculated using the mBJ potential in the three structures compared to un-doped anatase
TiO,, with E=0 corresponding the Fermi energy. (e) The partial density of states for the lowest
energy defect-pair structure (1) showing the shallow nitrogen acceptor lever in the gap and the
Nb 3d states high in the conduction band. (f) Calculated optical absorption coefficient from
Structure | for two components (xx, zz) of the anisotropic optical tensor, showing absorption
into the visible light region (400-700 nm) depicted by the overlaid spectrum.

Table 1. Density functional theory calculations for candidate defect-pair chemical structures
(I-111). The total energy has been computed using the GGA-PBE functional, whereas the
bandgap values were obtained using the mBJ potential.

Samples Nb-N distance [A] Energy [eV] Bandgap [eV]
Structure | 1.929 0 2.43
Structure I 4.289 0.116 2.40
Structure Il 6.001 0.124 2.36
Pure Anatase - - 2.98
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