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ABSTRACT: Herein, we report a colloidal wet-chemical
approach enabling control on dopant concentration and
location in a nanocrystal host lattice. Growth-doping and
nucleation-doping, driven by primary and tertiary amines,
respectively, were identified as predominant doping mecha-
nisms responsible for the introduction of nitrogen impurities
in interstitial and substitutional sites in highly branched rutile
TiO, nanostructures. High-resolution X-ray photoelectron
spectroscopy was used to distinguish the two nitrogen
occupational lattice sites and, in combination with UV—vis
absorption spectroscopy, to investigate the impact of the

N_,-TiO,

nitrogen impurities on the optoelectronic properties. The implementation of the nitrogen-doped titania nanostructures in
photoelectrodes for water oxidation suggests that these atomically defined building blocks can function as a platform to
investigate the impact of the nitrogen occupational sites on the photocatalytic properties. By deliberately choosing precursors and
reaction conditions, instead of relying on the most common high temperature annealing of preformed metal oxide in ammonia,
we emphasize the importance of understanding the chemistry behind doping to achieve an unprecedented level of control on

effective dopant introduction and, therefore, property tunability.

B INTRODUCTION

New and distinctive optoelectronic properties emerge when
dopants are introduced in inorganic nanocrystals instead of
their bulk counterparts.'~** Not only dopant concentration but
also their location in the host lattice (i.e., substitutional vs
interstitial, surface vs bulk) has been shown to impact
significantly the deriving properties; yet positioning dopants
in specific lattice sites still remains a synthetic challenge.'”"
For example, localized surface plasmon resonances in metal
oxides arise from n-type doping, which requires actual
substitution of the host cation with the dopant cation in a
higher valence state (i.e, In*" with Sn*" in tin-doped indium
oxide, Zn?* with AP* in aluminum-doped zinc oxide).”” " In
these systems, doping concentration modulates the plasmon
resonance frequency, while the spatial distribution in the
nanocrystal volume (surface segregated vs homogeneously
distributed) influences the quality factor of their plasmon
In a second example, concentration-dependent
positioning of silver impurities in interstitial or substitutional
lattice sites has been shown to infer n-type or p-type character
to cadmium selenide nanocrystals, respectively.3 As a last
example, in upconverting nanocrystals, the spatial distribution

8
resonance.
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and local relative concentration of dopants is essential to
engineer their optical properties and enhance their upconvert-
ing efficiency.' ">

Among different heteroatoms, nitrogen dopants have been
widely used to modify the electronic structure and to extend
the absorption of metal oxide photocatalysts to the visible
range.">™'® Narrowing the band gap of earth-abundant wide-
band gap metal oxide photocatalysts to increase their visible
light absorption is critical to advancing their applications in
solar-to-fuel energy conversion. In the case of nitrogen-doped
metal oxides, and oxynitrides more generally, only the actual
substitution of O®~ by N*~ with high N concentrations results
in the desired band gap narrowing by elevating the valence
band edge.'®'® Furthermore, the position of nitrogen dopants
with respect to the surface has been shown to impact the
photoconversion efficiency as well as the water oxidation
reaction decomposition pathway.w’20 Recently, first-principles
calculations have identified a series of ternary and quaternary

Received: December 22, 2014
Revised: ~ March 4, 2015
Published: March 4, 2015

DOI: 10.1021/jp512775s
J. Phys. Chem. C 2015, 119, 7443—7452



The Journal of Physical Chemistry C

oxynitrides (e.g, Ti;O3N,, La,TiO,N,, and Li;MoO,N) that
are particularly promising as visible-light-driven photocatalysts
because of their predicted band gap (around 2 eV) and band
edge positions which are suitable for water splitting.16 To move
toward these complex multielement materials, it is important to
establish meaningful insights into the chemistry governing their
composition and atomic spatial distribution.

In the present work, we focus on site-selective nitrogen
incorporation into titania nanostructures. The vast amount of
literature on nitrogen-doped titanium dioxide (N-TiO,)
provided us a knowledge base for unambiguous verification of
our synthetic approach through established spectroscopic
methods.”' > By starting from this relatively simple and
well-studied system, we were able to get insights into the
mechanism of substitutional versus interstitial nitrogen
incorporation. This gained knowledge is expected to inform
the development of next generation, likely ternary and
quaternary, oxides and oxynitrides. Furthermore, we note that
this material system, and engineering of its defects, remains of
considerable interest to the scientific community.'”?*73*
Surprisingly, to date, the most common approach to synthesize
N-TiO, thin films and powders still consists of high-
temperature (>600 °C) annealing of preformed TiO, in
ammonia atmosphere.'**>>*! Using this doping approach, low
nitrogen content is usually achieved (<2%) and poor control on
the nitrogen atom location in the lattice can be exerted.
Moreover, particularly in the case of nanocrystalline TiO,,
sintering and grain growth can result from performing high
temperature annealing for several hours. A few attempts of
postsynthetic room temperature amination reactions using
short chain amines have been pursued; however, mainly
interstitial nitrogen has been introduced and no conclusive
proof of the presence of nitrogen across the crystal volume has
been provided. >’

Herein, we demonstrate a solution-based approach to the
synthesis of N-TiO, nanostructures based on colloidal
chemistry where the nitrogen concentration and the dopant
host lattice environment are controlled. By revealing the
different role played by primary versus tertiary amines in the
nitrogen doping mechanism, we developed a means to
manipulate the dopant environment between interstitial (N,,)
and substitutional (N;) while accessing nitrogen concen-
trations ranging from 2 to 17 at. %. High resolution X-ray
photoelectron spectroscopy (XPS), scanning and transmission
electron microscopy (SEM, TEM), nuclear magnetic resonance
spectroscopy (NMR), wide-angle X-ray diffraction (XRD), and
UV—visible absorption spectroscopy (UV—vis) confirmed the
effective and controlled incorporation of N, or N, in our
TiO, nanostructures. By establishing how to intentionally tune
the position of N dopants in the TiO, nanocrystal host lattice,
we create a platform that provides opportunities for under-
standing and tuning the optoelectronic and photocatalytic
properties of this material, thus highlighting the importance of
atomic-level chemical manipulation of doping and alloying to
build meaningful structure/property relationships.

B EXPERIMENTAL SECTION

Materials. TiCl, (99.9%), sodium amide (NaNH,, >90%),
oleylamine (OAm, technical grade, 70%), trioctylamine (TOA,
98%), oleic acid (OLA, technical grade, 90%), 1-octadecene
(ODE, tech. grade, 90%), squalene (SQA, >98%), trihexyl-
amine (THA, 96%), hexane, toluene, chloroform, methanol,
acetonitrile (ACN, >99.9%), trimethyloxonium tetrafluorobo-
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rate (Me;OBF,, 95%), potassium hydroxide (KOH, >85%),
deuterium chloride solution (35% wt. DCI in D,0, 99% D),
and deuterium oxide (D,0, 99.9% D) were all purchased from
Sigma-Aldrich and used as received. Dodecylamine (DDA,
98%) was purchased from Fluka. Standard rutile titanium
dioxide (TiO,, 99.9%) was purchased from Alfa Aesar and used
after grinding with a mortar and pestle and dispersing in
reagent alcohol. TiCl, and NaNH, were stored in a nitrogen
filled glovebox.

Synthesis of N-TiO, Nanostructures. All syntheses were
carried out under air-free conditions using a standard Schlenk
line setup. Two stock reactant solutions of TiCl, (220 uL, ~2
mmol in 1 mL of ODE) and NaNH, (80 mg, ~2—6 mmol in 1
mL of ODE) were prepared in a nitrogen glovebox using
previously degassed ODE. As a general synthetic procedure, 16
mL of a squalene/amine mixture (where the amine
concentration was varied from 02 M to 0.6 M to pure
amine) and 30 uL of OLA (~0.1 mmol) were loaded into a SO
mL three-necked flask and degassed first at room temperature
for 15 min and then 120 °C for 1 h. At this point, the TiCl,
solution followed immediately by the NaNH, solution were
injected and the temperature was raised to reflux near 300 °C at
a ramp rate of 10 °C/min. After 5 h at reflux, the reaction was
halted by removing the heating mantle. The N-TiO, samples
were washed three times using chloroform and excess
methanol. Finally, they were rinsed additional times using a
1:1 v:v ratio of hexanes and toluene to remove any residual
organometallic complexes. The N-TiO, nanocrystals were
stored as suspensions in hexane prior to characterization. To
study the effect of the amine type on the nanostructure growth
and doping mechanism, oleylamine and dodecylamine were
chosen as primary amines while trioctylamine and trihexyl-
amine as tertiary amines.

Characterization. Transmission electron microscopy im-
ages were recorded on an Analytical JEOL-2100F FETEM
using a beam energy of 200 kV, equipped with a Gatan camera.
Samples were drop casted on a lacey holed carbon TEM grid
(Ted Pella, Inc.) prior to imaging.

Scanning electron microscopy images were acquired on a
Zeiss Gemini Ultra-55 Analytical Scanning Electron Micro-
scope using a beam energy of S kV and an in-lens detector.
Samples were drop casted on a silicon substrate prior to
imaging.

Wide-angle X-ray diffraction was performed on a Bruker
Gadds-8 diffractometer with a Cu Ka source operating at 40 kV
and 40 mA. Samples were drop-casted on glass microscope
slides prior to measurement. Rietveld analysis was performed
by using a whole-profile Rietveld-based fitting program.** The
XRD patterns were modeled by a mixture of anatase (space
group I41/amd; cell parameters: a = b = 3.7835430 A and ¢ =
9.614647 A; a = p =y = 90°), brookite (space group Pbca; cell
parameters: a = 9.166 A, b= 5411 A, and c=S5.149 A;a=f =
7 = 90°), and rutile (space group P42/mnm; cell parameters: a
=b=4.59365 A and ¢ = 2.95874 A; a = = y = 90°) crystalline
structures. The analysis allowed determination of the weight
fraction of each crystalline phase in the mixture along with the
cell parameters.

X-ray photoelectron spectroscopy was performed using a
monochromatized Al Ka source (h = 1486.6 eV), operated at
225 W, on a Kratos Axis Ultra DLD with a pass energy for
narrow scan spectra of 20 eV, corresponding to an instrument
resolution of approximately 600 meV. Survey spectra were
collected with a pass energy of 80 eV. Unless otherwise noted,
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Figure 1. (a, d) Top-view SEM and (b, ¢, e, f) low magnification TEM images of N-TiO, NU samples synthesized in OAm (a—c) and in TOA (d—
f). (g) SAED pattern of a single N-TiO, NU branch. (h, i) HRTEM images of N-TiO, NUs grown in pure TOA (h) and OAm (i).

measurements were performed at a takeoff angle of 0° relative
to the surface normal. Spectral fitting was performed using Casa
XPS analysis software. Spectral positions were corrected by
shifting the primary C 1s core level position to 284.8 eV, and
curves were fit with quasi-Voigt lines following Shirley
background subtraction. Samples were deposited on conductive
Si substrates. To minimize the possibility of the amine ligands
contributing to the nitrogen signal, all XPS samples were
chemically stripped of their surface ligands using the well-
established Meerwein salt procedure followed by thermal
annealing at 500 °C for 1 h under an inert atmosphere.*’ As
shown in Figures S6—S8 (Supporting Information), no
morphological and compositional changes were observed after
treatment. We define N,,, = [N/(N + O)] X 100 and N,,,/N,,
= [N/ Ny + Nipe)] X 100. We set (N + O) = 2Ti based on
stoichiometric consideration. A rigorous quantification of
oxygen by XPS is hindered by the adsorbed water and
oxygen-bearing groups in carbon contaminants contributing to
the signal. The analysis of Ti is accurate instead, thus justifying
the choice of calculating N, based on the Ti content in the
samples.

Samples for combustion analysis were prepared with purified
N-TiO, nanostructures, as described above, that had been dried
overnight to remove all solvent. Samples were measured on a
PerkinElmer 2400 Series II combustion analyzer equipped for
determination of % C, % H, and % N.

"H spectra NMR spectra were obtained using a Bruker
AVANCEIII 500 instrument, and peaks were referenced to the
residual H,O peak. To capture the evolving gas from the
reaction mixture, the nitrogen carrier gas was collected
downstream through a fritted glass bubbler containing 5 mL
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of deuterium chloride solution 35% in D,0O (Aldrich). NH; was
captured as soluble NH,_ ,D,Cl and detected by NMR
spectroscopy.

Attenuated total reflectance Fourier transform infrared
spectroscopy (ATR-FTIR) was performed using a Bruker
Platinum ATR accessory with a diamond ATR crystal installed
in a Bruker Vertex 70. Samples were dropcast on the diamond
crystal to ensure effective optical coupling. Spectra were
collected from reaction aliquots and measured directly after
in air with a 4 cm™ resolution, GloBar MIR source, a
broadband KBr beamsplitter, and a liquid nitrogen cooled
MCT detector. Background measurements were obtained from
the bare diamond plate.

Ultraviolet—visible absorption spectroscopy diffuse reflec-
tance spectra were recorded on a Shimadzu SolidSpec-3700
spectrometer with a D, (deuterium) lamp for the ultraviolet
range and a WI (halogen) lamp for the visible and near-
infrared. Measurements were performed with an integrating
sphere. Samples were deposited on glass microscope slides.
Kubelka—Munk transformations were made on diffuse
reflectance spectra using the UVProbe software.

For the photoelectrochemical measurements, electrodes were
prepared by drop casting N-TiO, nanostructures dispersed in
solution on FTO-coated glass substrates (~1 X 1 cm?). Next,
the films were stripped of their ligands by gently soaking in a
Me,;OBF, solution (40 mM in acetonitrile) for 10 min followed
by rinsing in a 1:1 chloroform to acetonitrile solution inside a
glovebox, as reported by Rosen et al.** After annealing of the
film under a nitrogen atmosphere inside a tube furnace at 500
°C for 1 h, the as-prepared electrodes were connected to a
copper wire using conductive silver epoxy (SPI supplies).
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Afterward, the entire substrate, except for the front side with
the N-TiO, nanostructures, was covered by nonconductive
hysol epoxy (Loctite) to electrically isolate the leads from
electrolyte and prevent dissolution of the silver paste in
solution. Photoelectrochemical (PEC) measurements were
conducted using a CHI 604D Potentiostat/Galvanostat in a
three-electrode configuration: N-TiO, nanocrystal film as the
working electrode, a Pt wire as the counter electrode, and an
Ag/AgClin 3 M KCl as the reference electrode. The electrolyte
was 1 M KOH solution. The current flowing into the
photoanode was defined as positive. In a typical experiment,
the potential was linearly swept from —0.7 to 0.7 V vs Ag/AgCl
at a scan rate of 20 mV/s. Other sweeping ranges, directions,
and rates were also tested. The light source was an AM 1.5 solar
simulator (Solar Light Co, Inc. model XPS 300) with the
illumination intensity adjusted to 100 mW/ cm?. A set of seven
photoelectrodes was tested for each studied structure. The
standard error on the photocurrent drop after inserting a cutoff
filter blocking the UV light below 400 nm was within 20% of
the reported values. Film processing optimization and catalyst
deposition to increase photocurrent density were out of the
scope of the present work but are currently under investigation.

B RESULTS AND DISCUSSION

In a typical synthesis, a titanium tetrachloride solution (TiCl,)
was injected in a degassed mixture of primary or tertiary amine
in squalene and oleic acid at 120 °C, followed by the injection
of a sodium amide solution (NaNH,). The temperature of the
reaction mixture was raised to reflux near 300 °C by slow
ramping (~10 °C/min), and then, the reaction mixture was
held at this temperature for S h. The size, shape, and
crystallinity of the as-synthesized N-TiO, nanostructures were
assessed by SEM and TEM (Figure 1 and Figures S1 and S2,
Supporting Information). The nanostructures exhibited an
urchin-like hyperbranched morphology with an overall size of
200 nm; they will be referred to as nanourchins (NUs) in the
rest of the manuscript. The branching diameter and the degree
of branching varied with the amine type. Specifically, an overall
higher degree of branching and branches with smaller diameters
(~10—20 nm) were obtained with primary amines, namely,
oleylamine (OAm) and dodecylamine (DDA) (Figure la—c
and Figure Sle, Supporting Information). Ternary amines,
namely, trioctylamine (TOA) and trihexylamine (THA),
generated NUs with a lower degree of branching and branches
with bigger diameters (Figure 1d—f and Figure S1f, Supporting
Information, branch diameter ~20—40 nm). High-resolution
TEM (HRTEM) images of typical N-TiO, NUs, synthesized in
OAm and TOA, and the selected-area-diffraction pattern
(SAED) collected on a single branch (Figure 1g—i) revealed
that a high degree of crystallinity is present across the entire
length of each branch. The lattice fringes in Figure 1h and i
yielded d-spacings of 3.1 and 2.3 A which correspond closely to
the TiO, rutile (110) [d;,o = 3.25 A] and (101) [d,o; = 2.49 A]
d-spacing. Twin boundaries were identified at the branching
points of the N-TiO, NUs, Ipossibly indicating a crystal splitting
mechanism (Figure 1h,i).*'=* The formation of such hyper-
branched spherulitic-type morphologies is usually attributed to
fast growth kinetics driven by extremely high supersaturation
conditions and to the presence of ions in the growing
solution.”’ ™ In agreement with crystal splitting, we observed
a rapid growth rate of the N-TiO, NUs that indeed prevented
us from capturing the system in the early evolution stages close
to nucleation (Figure S2, Supporting Information). The high
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reactivity of TiCl,, especially in the presence of a strong base
and nucleophile such as NaNH,, most likely accounts for the
fast kinetics. As for the morphological changes observed by
varying the amine type, a possible explanation arises from the
need to minimize surface energy during the nanocrystal growth.
Each time a crystal splits, a new surface is created. Therefore,
ligands that better passivate the crystal surface will energetically
favor a structure with a higher degree of branching. More
branches form, more monomers are consumed during the
nucleation step, fewer monomers remain for their growth, and
hence smaller diameters are obtained. As a result of their lower
steric hindrance, primary amines pack more densely, thus
stabilizing the nanocrystal surfaces more efficiently than tertiary
amines. This reasoning explains the observation that thinner
branches and a higher branching degree occur in the presence
of OAm and DDA.

Through quantitative Rietveld analysis, XRD measurements
confirmed the presence of rutile as the majority phase in the N-
TiO, NUs (Figure 2 and Figure S3 and Table S1, Supporting
Information), consistent with the HRTEM and electron
diffraction data.
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Figure 2. Representative XRD pattern of N-TiO, NUs synthesized in
OAm along with the reference pattern of bulk rutile at the bottom
(PDF 04-008-7848). The experimental curve (open circles) is
compared to the corresponding Rietveld-based fit (solid red line),
indicating the presence of a pure rutile phase.

The refined structural parameters pointed at a non-
monotonic expansion of the rutile unit cell up to 0.6% at
varied amine concentration (Table S1 and Figure S3,
Supporting Information). This variation is close to what was
reported in a recent comprehensive structural study on
nitrogen-doped anatase TiO, nanostructures.*® However,
even in this case, the authors comment about the influence
of the nitrogen source and other charge compensating defects
(ie., oxygen vacancies and Ti’*) on the lattice expansion.**™*
Moreover, similar lattice deformations have often been assessed
in nanosized metal oxide as a result of nonstoichiometry and/or
strain effects.**° Thus, at this stage, drawing any meaningful
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Figure 3. N 1s high-resolution XPS spectra of N-TiO, NUs synthesized in a reaction mixture containing (a) OAm and (b) TOA with varied
concentration (from 0.2 M in squalene to amine as the solvent). The XPS spectra are fitted with two components corresponding to N, (396 €V,
blue line) and N, (400 eV, red line). The Ny./N,y percentage ratio is indicated in each panel; the arrows point at the increase of the Ny
component and the decrease of the N;,, component with the increase of amine concentration.

conclusion from the observed changes in the lattice parameters
at different amine content would be only speculative without
additional compelling evidence indicating nitrogen presence.
XPS analysis served a critical tool to assess the nitrogen
presence and to investigate its chemical state in the N-TiO,
NUs (Figure 3 and Figures S1 and S4—S6 and Table S2,
Supporting Information). It is noted that, although XPS is a
surface sensitive technique, a significant fraction of the total
volume of the N-TiO, NUs was still sampled as the branch
diameters ranged between 10 and 20 nm and the particles were
randomly oriented on the substrate (see the Supporting
Information). In fact, combustion analysis, used as a
complementary bulk technique, yielded values of N, that
were in agreement with the XPS values within a few percent of
error. Prior to XPS measurements, as described in more detail
in the Experimental Section, ligand removal was accomplished
by reactive chemical stripping and sample annealing was
performed to exclude any spectral contribution of the amine
ligands.*® The thermal annealing conditions were chosen to
ensure sample morphology and composition to be preserved
(Figures S6—S8, Supporting Information). Figure 3 shows the
high-resolution XPS spectra of the N 1s for six different
samples synthesized in reaction mixtures containing pro-
gressively increasing concentrations of OAm and TOA. In all
the spectra, two peaks, one centered near 396 eV and the other
at 400 eV, were identified. According to numerous previous
experimental and theoretical reports, the identity of the N
environment associated with the N 1s peak around 396 eV is
widely regarded as substitutional nitrogen located at an oxygen
lattice site.*' ™' In TiN, the N Is peak is positioned at 397.1
eV; slight variations in the Ti—N binding energy around this
value are explained by the variation of the chemical environ-
ment and oxidation state as well as changes in the Fermi level of
semiconducting N,;-Ti0,.2%*° Therefore, we positively assign
the peak at 396 eV to N, The N 1s peak located at 400 eV
has been variously ascribed to different interstitial nitrogen
species such as NO?~, N,, and NH,.”' ! It is out of the scope
of the present work to determine the exact chemical nature of
the interstitial nitrogen species; however, consistent with
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numerous previous reports, the N 1s peak at 400 eV can be
positively attributed to interstitial nitrogen species Nj,. In
addition to nitrogen, signatures of charge compensating defects,
namely, oxygen vacancies and Ti*" centers, were observed by
XPS and UV—vis absorption spectroscopy (Figures S4, SS, and
S9, Supporting Information ). > 31474951

As a general trend, higher N, and N,,/N,, ratio were
measured in the presence of TOA. As the OAm concentration
in the reaction mixture increased from 0.2 M in squalene to
pure amine, N, raised from 2 to 6 at. % and the N,,/N,, ratio
from 10 to 27% (Table S2, Supporting Information). When the
primary OAm was substituted by the tertiary TOA, significantly
higher N, and Ny;/N,, ratio were measured, with N, and
N/ Nyt reaching values as high as 17 at. % and 77% (Table
S2, Supporting Information), respectively. In order to assess the
role of the amine type on the nitrogen lattice site selectivity, we
tested another primary and another tertiary amine, specifically
DDA and THA. The choice of these two amines was mainly
dictated by their boiling point, that had to be compatible with
reaction temperatures close to 300 °C. Below this temperature,
the nitrogen content measured in the presence of primary
amines fell lower than 1 at. %. Because of the low signal-to-
noise ratio in the XPS signal associated with such a low atomic
concentration, any quantitative analysis of the N, /N, ratio in
this case was prohibited, thus making higher reaction
temperatures a requirement. Ny, /N, ratios of 10 and 64%
were measured in the presence of DDA and THA, respectively,
thus providing additional proof of tertiary amines leading to a
higher Ny/N,, ratio (Figure S1, Supporting Information).

Surface segregation of the nitrogen species was excluded by
performing angle-resolved XPS (ARXPS) measurements
(Figure S10, Supporting Information). While rigorous
quantification of ARXPS is complicated for nanoparticle
systems and the dependence of photoemission spectra on
takeoff angles may be reduced with increasing roughness,>”>
qualitative assessment of the compositional uniformity within
the nanoparticles can be positively assessed by this method.
The angle-dependent concentration and ratio between substitu-
tional and interstitial sites of N dopants observed by these

DOI: 10.1021/jp512775s
J. Phys. Chem. C 2015, 119, 7443—7452



The Journal of Physical Chemistry C

measurements were constant, thus providing supporting
evidence for the presence of nitrogen throughout the volume
of the nanocrystals.

XPS revealed our ability to control the nitrogen position at
interstitial or substitutional sites of the TiO, lattice by changing
the amine type, as lower N, and N,;,/N,, were measured with
primary amines (i.e, OAm) versus tertiary amines (i.e, TOA).
NMR and FTIR studies provided insights into the reaction
mechanism by elucidating the key role played by the amines in
this context.

Two different reaction pathways (A and B) were suggested
by the NMR and FTIR data (Figures S11 and S12 and Scheme
S1, Supporting Information). Mechanism A prevails in the
presence of primary amines. Herein, the primary amines act as
proton donors for NaNH,, that is a strong base; thus, ammonia
is generated in situ. The growth of the TiO, lattice occurs by
aminolysis of chlorotitanium carboxy complexes, in accordance
with previous literature reports.”* As mentioned in the
Introduction, one of the most common routes to introduce
nitrogen defects in oxides is by high temperature annealing of
presynthesized metal oxides in ammonia flow. Also, oxynitride
glass crystallization from metal-oxo gels by thermal annealing in
ammonia has been reported.®® If we assume a similar chemistry
to proceed in our case, the NH; generated in situ is then
responsible for the introduction of nitrogen in the TiO,
nanostructures during their growth. Because oxygen replace-
ment by nitrogen takes place at much higher temperatures
(above 600 °C even in the nanosize regime)**®” than the
growth temperature of the N-TiO, NUs, mainly interstitial
nitrogen species are expected as a result of TiO, nanostructures
growing in the presence of NH;. This is consistent with what is
shown by the XPS results in the presence of primary amines.

Tertiary amines do not act as proton donors. While some
ammonia is still being generated in situ by the reaction of
NaNH, with oleic acid (in trace amount), mechanism B relies
mainly on the formation of TiCl,_,(NH,), complexes from the
reaction between TiCl, and NaNH,, the latter being an
excellent nucleophile in addition to a strong base.’® These
TiCl,_.(NH,), complexes can undergo a self-condensation
reaction or condense with the chlorotitanium carboxylate
derivatives to form an extended O—Ti—N network. The latter
then crystallizes in the N-TiO, NUs with the nitrogen
impurities occupying mainly substitutional sites.**"%* This
sol—gel polycondensation chemistry has been largely demon-
strated in the case of metal oxide nanocrystals; more recently,
an analogous nonoxide sol—gel chemistry has been tested for
the synthesis of TiN and Ta;N;.** %> The size dependence of
the crystallization temperature can explain the lower crystal-
lization temperature of our work compared with the bulk
counterparts, similarly to what has been gostulated for metal
oxide and other classes of nanocrystals.***}

Consistent with many reports about nanocrystal doping, we
refer to mechanism A as “growth-doping”, because N atoms are
introduced during the growth of the TiO, nanostructures by
the ammonia generated in situ, and to mechanism B as
“nucleation-doping”, because of the formation of Ti—N bonds
during earlier stages of the synthesis.é’é“_é8 To summarize, we
suggest the “nucleation-doping” and the “growth-doping” to
prevail in the presence of tertiary and primary amines,
respectively.

The validity of our mechanistic understanding was further
confirmed by the kinetic evolution of the nitrogen content that
was monitored by XPS. Figure 4 shows N, in aliquots

7448

12 4
1 [ ]
10 -
—~ 8_‘
< TOA 1 o
F61 o 9
4
OAm 1
21 % = & . |
0 50 100 150 200 250 300

Reaction Time (min)

Figure 4. N, versus reaction time from XPS measurements carried
out on aliquots collected during N-TiO, NU synthesis in pure TOA
(red) and OAm (black).

collected at different times from samples synthesized using
OAm and TOA as the solvent. First, it should be noticed that in
TOA N is much higher at the earliest evolution stages
compared to OAm (%6 at. % versus 2 at. % after 30 min).
Second, the nitrogen incorporation rate is time-dependent in
TOA, while it appears to be constant over time in the presence
of OAm. The steeper increase of N, with TOA indicates that
more nitrogen is introduced in the lattice during the nucleation
stage, consistently with the proposed nucleation doping
mechanism. As for the time dependence of the N incorporation
rate, we hypothesize the following. In the case of OAm, the
ammonia generated in situ is expected to evolve quickly from
the system. Therefore, the steady state for the doping
incorporation reaction is reached during the early stages of
the growth. Specifically, we found the nitrogen concentration to
plateau after the first 30 min. In the case of TOA, the
TiCl,_,(NH,), monomers form in the reaction mixture. As the
solution starts to be depleted of the titanium—carboxylate
complexes, that are the TiO, lattice nutrients, the condensation
of the TiCl,_,(NH,), (see Scheme S1, Supporting Informa-
tion) becomes kinetically more competitive, thus resulting in
more N dopants being incorporated as the reaction progresses.
A similar kinetic evolution has been observed for other doped
nanocrystal systems as well.

To investigate the effect of nitrogen doping concentration
and lattice occupational site on the optoelectronic properties of
the N-TiO, NUs, the optical band gap was estimated by UV—
vis diffuse reflectance spectroscopy and the presence of
additional electronic states above the valence band was
investigated by XPS (Figure S and Figures S13-S16,
Supporting Information). With the purpose to highlight the
main differences between substitutionally and interstitially
doped samples, Figure S5a shows the UV-—vis absorption
spectra corresponding to two of the N-TiO, samples with the
lowest (N, rich) and highest (N,,rich) substitutional nitro-
gen concentration. Specifically, the Nj,-rich sample corre-
sponds to a NU sample synthesized in 0.2 M OAm and
possesses a N,/ N, ratio equals to 10%; the N,-rich sample
was synthesized in TOA and contains a N,/ N, ratio equal to
74%. While for both samples a shoulder in the visible region
between 400 and 500 nm was observed, the N-rich sample
differed from the Nj,-rich sample by exhibiting an absorption
tail extended to longer wavelengths in the visible range and a
red-shifted absorption edge. The Tauc plot analysis (Figure
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Figure 5. Optoelectronic properties of N-TiO, NUs. UV—vis
absorption spectra (a) and VB XPS spectra (b) of N-TiO, NUs
containing Ny, = S at. % and Nyp/Nj = 10% (Njrich) and Ny, = 17
at. % and Ng,/Ni, = 74% (Ngg-rich). Red lines in panel b are linear
regressions used to indicate the valence band edge position at 2.9 eV
for N,,-rich and 2.85 eV for N, rich.

$13, Supporting Information) yielded to band gaps of 2.7 and
2.5 eV for the Ny -rich and N, -rich samples, respectively, both
reduced when compared to the 2.9 eV indirect band gap
measured for pure rutile TiO, (Figure S14, Supporting
Information). These optical features were in accordance with
the yellow color of the N-TiO, NU dispersions (Figure S1S,
Supporting Information) and were similar to those reported in
previous work on rutile N-TiO, synthesized by sputtering or
annealing in ammonia ﬂow.17’23’69’%Il ¢

As for the nature of the TiO, rutile band gap, some
ambiguity can be found in the literature, probably due to the
fact that it has energetically close lying indirect and direct
transitions.”" In this work, the quadratic dependence of the
absorption coefficient on the excitation energy is consistent
with an indirect band gap, in agreement with the data reported
by others for N-doped rutile TiO,.”’

The XPS VB spectra of all samples (Figure Sb and Figure
S16, Supporting Information) showed a tail in the range 0—1
eV above the VB edge with increasing spectral contribution as
N, and Ny, /Ny, increase. Additionally, the characteristic two
peaks in the VB structure of rutile TiO, (at S and 7.5 eV) 78
still present in the Nj,,-rich samples, became less pronounced in
the Nyg-rich samples. Many studies have addressed the
question of the character, localized or delocalized, of the
electronic states associated with the N impurities, but no
general consensus has been reached yet.' 71 869 While some
authors claim that the band gap of the solid is reduced due to a
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rigid valence band shift upon doping, others attribute the
observed absorption of visible light by N-TiO, to the excitation
of electrons from shallow electronic states just above the TiO,
VB.!718286 15 some cases, a slight increase of the og)tical gap
has even been observed for the rutile polymorphs.”> In our
work, the tailing of the VB structure at lower binding energies
observed by the VB XPS measurements indicates that
additional electronic states above the VB edge accompany the
incorporation of the nitrogen dopants in the N-TiO, NUs,
consistent with the hybridization of less tightly bound N 2p
levels with O 2p levels causing a reduction in bandgap.*’ We do
not comment about the absolute positions of the VB edge in
Figure Sb and Figure S$16 (Supporting Information), as they are
referenced to the Fermi level, set at binding energy equal to
zero, which shifts with doping as well. The complex
dependence of the Fermi energy with the defect type and
charge state (N°7, Ti%*, oxygen vacancies) requires further
studies to establish a precise correlation between the VB edge
absolute position and the nitrogen content. As for the loss of
the extended structure within the VB with the N;/N,,
increase, it is in agreement with the progressive increase of
the local lattice disorder associated with high defect densities, as
reported in previous work.*”*

Despite the ongoing debate regarding the exact nature of the
absorption edge red shift in N-modified TiO,, it is of general
agreement that extending light absorption to the visible range
by doping has limited benefit for the photocatalytic activity if
only highly localized states are generated. To demonstrate the
feasibility of integrating the N-TiO, NUs in a photo-
electrochemical device so as to correlate the change of the
electronic band structure associated with the introduction of N
dopants to the photocatalytic activity, we assembled photo-
electrodes from our N-TiO, NU dispersions. We then tested
the N-TiO, NU films as photoanodes for water oxidation in
technologically relevant conditions and in the absence of
sacrificial agents.

The current density—voltage (J—V) characteristics measured
for typical Ny,-rich and N-rich samples are reported in Figure
S17 (Supporting Information). While the total photocurrent
densities under simulated solar illumination and under UV-only
irradiation (Table S3, Supporting Information) were similar for
both samples, the photocurrent drop with a 400 nm cutoff filter
inserted was much lower for the N -rich TiO, photoelectrode
compared to N-rich TiO, (50 and 88%, respectively). Further
investigations are needed and will be pursued in future work to
truly unravel the underlying electronic structure modifications
and the associated mechanism responsible for the different
photocatalytic behavior of the N,-rich N-TiO, and the N,
rich N-TiO, NUs. However, the results obtained so far suggest
that the band gap reduction observed in the case of the N-
TiO, NUs is accompanied by delocalized valence band states
that enabled generation and transport of active charge carriers
to the surface under the visible light illumination.

B CONCLUSIONS

In summary, we have developed a wet-chemistry synthetic
approach to manipulate the occupational lattice sites of
nitrogen dopants and their content in highly branched rutile
TiO, nanostructures. The N, /N, ratio was varied from 10 to
77% while the total nitrogen atomic content N, spanned from
2 to 17 at. %, with higher concentration accompanying higher
Ngu/Nio: ratios. Even for such a high nitrogen content, the
TiO, NUs persisted in a heavily doping regime, as no titanium
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oxynitride phase was observed. The unprecedented structural
and compositional tunability shown in this work was enabled
by a fundamental understanding of the chemistry behind
doping. We showed that a nucleation-doping mechanism,
triggered by tertiary amines, and a growth-doping mechanism,
which dominates when primary amines are used instead, drive
the introduction of nitrogen impurities in substitutional or
interstitial sites, respectively. By briefly discussing our results
when testing the N-TiO, NUs as photoanodes for water
oxidation, we demonstrate the potential of the N-TiO, NUs to
build a meaningful correlation between the dopant concen-
tration and occupational lattice sites and practical solar water
oxidation function. Although there have been numerous
attempts in the literature to compare interstitial and substitu-
tional nitrogen-doped TiO,, we believe the discrepancy among
the reported results to be due to the necessity of resorting to
different preparation methods to cover a wide compositional
range. Despite our initial focus on N-doped TiO,, our
chemistry-driven doping approach is potentially applicable
across a wider range of doped systems and is expected to
provide a route to understanding and controlling structure/
function relationships, which are often prevented by a generally
poor angstrom-scale material control.

B ASSOCIATED CONTENT
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