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e impact of interstitial and
substitutional nitrogen doping in TiO2 on
photoelectrochemical applications†
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Application of photocatalysts that strongly absorb within the visible range is a common strategy to

improve the efficiency of photoelectrochemical (PEC) systems; this may translate to high

photocurrents, but it is not always the case. Here, we show that nitrogen doping enhances visible

light absorption of TiO2; however, it does not necessarily result in improved PEC performance.

Depending on the applied external potential, N-doping can improve, or degrade, PEC performance

either under water oxidation conditions or via hole scavenging (Na2S/Na2SO3). In this work, we

developed a holistic approach to evaluate the true impact of N doping in TiO2 on PEC

performance. Interstitial and substitutional N doping are experimentally explored for the first time

through a simple and novel PEC approach which complemented X-ray photoelectron analyses.

Using this approach, we show that interstitial N doping of anatase TiO2 dominates up to 400 �C
and substitutional doping up to ca. 600 �C, without rutile formation. This reveals that the

bottleneck for doping higher N-concentrations in TiO2 is the direct transformation to

thermodynamically favorable N-rich phases, such as TiN/Ti2N at 700 �C, inhibiting the formation of

rutile phase. Transmission electron microscopy revealed that N doping proceeds mainly from the

inner to the outer tube walls via nitridation and follows a preferential pathway from interstitial to

substitutional doping. Direct PEC experimental evidence on visible light activation of N doped TiO2,

and the location of interband states, showed acceptor levels of 1.0 eV for substitutional and 0.7 eV

for interstitial doping above the TiO2 valence band maximum. In addition, due to O vacancies and

Ti3+ species, donor levels below the conduction band minimum were also created. These levels act

as trapping/recombination centers for charge carriers and, therefore, the gain in the visible range

due to N doping does not translate to an improved PEC performance by these structural defects.

Ultimately, we show that whilst there is a benefit of visible light absorption through N doping in

TiO2, the PEC performance of the samples only surpasses pristine TiO2 at relatively high biasing

(>0.3 V vs. Ag/AgCl).
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1. Introduction

Over the past few decades, titanium dioxide (TiO2) solar
energy harvesting devices have been widely applied in dye
sensitized solar cells, sensors, photoelectrochemical (PEC)
water splitting and the photocatalytic degradation of
pollutants.1–6 However, the large bandgap energy of TiO2

(anatase, E � 3.3 eV) limits its utilization in solar energy
devices as it can be only excited in the UV region which
accounts for 4% of the solar irradiation that reaches the
Earth's surface. Hence, to improve TiO2 photoelectrode
performance for solar applications, absorption in the visible
light spectrum must be encompassed. This can be achieved
by the structural doping and the formation of a hetero-
junction between TiO2 with smaller bandgap
This journal is © The Royal Society of Chemistry 2021
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semiconductors (e.g. CdSe).7–10 Metal (cationic) and non-
metal (anionic) doping of TiO2 has been shown to improve
its electronic and optical properties beyond what is attain-
able by pure TiO2.11–16 Nevertheless, doping can only be
effective for better performance if the obtained electronic
structure of the semiconductor is adequate for a particular
photocatalytic reaction.

Nitrogen doping of TiO2 is a promising alternative to
improve its visible light absorption for photocatalytic applica-
tions.7,17,18 The most common approaches to prepare N doped
TiO2 are magnetron sputtering,19,20 annealing in a N2 or NH3

ux,21,22 washing with nitrogen precursors23 and ion implanta-
tion.24 It has been suggested that the N atoms substitute oxygen
atoms in the TiO2 lattice and new N 2p states are introduced
that can be either shallow or deep level states.25 Both states can
extend the spectral range for light absorption to longer wave-
lengths.26 For N substitution, N 2p states hybridize with O 2p
states causing the valence band (VB) to shi upwards; however,
some reports also suggest substitutional N doping results in
discrete interband states above the VB rather in the formation
of a continuous VB,27,28 Other reports suggest that N doping can
also be interstitial.29,30 XPS can be used to determine whether N
doping is interstitial or substitutional in the TiO2 structure;
however, it cannot infer the exact location of N 2p levels in the
bandgap, which is crucial information for photo-
electrochemical (PEC) reactions.

N doped TiO2 has been applied in PEC reactions, particularly
in oxidation reactions where hole scavenging from the photo-
anode surface decreases electron–hole recombination and
improves photocurrents.31–35 PEC water splitting using N doped
TiO2 has been studied in conventional supporting electrolytes
(i.e. NaOH, Na2SO4 etc.); however, due to the sluggish water
oxidation kinetics in these electrolytes, the competition
between hole scavenging and hole diffusion to the photoanode
makes it difficult to understand its PEC performance.25,36–38 One
way to efficiently scavenge the photogenerated holes and
suppresses surface recombination is to utilize a sacricial redox
couple in the electrolyte.39–42 This PEC reaction will not be the
water oxidation reaction (overall water splitting) but involves
the oxidation of the redox species at the photoanode (n-type)
surface. Another way to improve PEC performance is to apply
higher external biasing. Particularly, for N doped photo-
electrodes, high biasing is applied to show an improved
performance in J–V curves which hinders the negative effect of
doping in many reports.25,37,43 As a result, the relationship
between the structural and electronic properties of N doped
TiO2 and their photoelectrochemical properties remains
unclear leading to poorly interpretated results.

Herein, we determine the mechanism of N doping in TiO2

nanotubes prepared by nitridation, including the limit of N
content in the TiO2 NTs structure. We then, developed a new
methodology to distinguish interstitial and substitutional
doping, via PEC measurements, to fully understand the elec-
tronic structure of N doped TiO2 nanotubes in PEC reactions.
We present a holistic approach that enabled us to evaluate the
true PEC performance of N doped TiO2.
This journal is © The Royal Society of Chemistry 2021
2. Experimental section
2.1 Synthesis of N doped TiO2 NT

Titaniumdisks (98.6%purity, 30mmdiameter, 1mmthick)werepolished
and cleaned ultrasonically in acetone and water for 30 min each. Anod-
ization was performed at room temperature in a custom Teon cell with
a two-electrode conguration (Ti disk anode and a polished Cu disk
cathode (30 mm diameter)) separated by 1 cm and immersed in an
ultrasonic bath. The electrolyte was composed of ethylene glycol (ETG,
99.5%), ammonium uoride (0.5 wt%, 98%, Synth) and deionized water
(10 wt%).9 An external biasing of 30 Vwas applied across the electrodes for
1 hwith an initial ramping of 10 V s�1 for 30 s. The current vs. time curves
weremonitored by the Ideial, Dalton Vidor soware incorporated with the
power supply. The anodized disks were then cleaned with deionized water
before being subjected to thermal nitridation at temperatures ranging from
400 �C to 800 �C for 3h in an ammonia : argon (1 : 9 vol/vol) gasux. The
gasux rateandheatingandcooling rateof the furnacewere varied.Unless
stated otherwise, nitridationwas conducted at 400, 500, 600, 700 or 800 �C
(heating ramp of 10 �Cmin�1) using an ammonia ux of 100mLmin�1.
The respective samples were named: TN-400, TN-500, TN-600, TN-700 and
TN-800. A control sample of TiO2 NTwas heat treated at 400 �C in air and
labelled pure TiO2.

2.2 Characterization

Field Emission Gun Scanning Electron Microscopy (FEG-SEM)
JEOL 7000F FEG-SEM was conducted at 10 kV. A JEOL FEG
JEM-2100F transmission electron microscope (TEM), operated
at an accelerating voltage of 200 kV and equipped with an
energy-dispersive X-ray spectrometer (Noran Seven), was used
for classical TEM imaging and High-Resolution Electron
Microscopy (HR-TEM). X-Ray Diffraction (XRD) in Bragg Bren-
tano geometry was performed in a D500 Siemens diffractometer
(2q range: 15–60�, step size: 0.05�, 5 s per step, Cu Ka radiation
(l ¼ 1.54 Å)). The crystallite size, calculated from the Scherer
equation, and the relative peak intensity ratios (I(101)/I(200)) of
anatase TiO2 are displayed in Table S1.† Grazing angle inci-
dence X-ray diffraction (GIXRD) was recorded by Bruker D8
Advanced (2q range: 15–60�, step size: 0.02�, 1.5 s per step,
incident angle: 0.5�, Cu Ka radiation (l ¼ 1.54 Å)). The UV-Vis
absorption spectra were recorded in a CARY 5000 spectropho-
tometer in diffuse reectance mode and data was converted to
Kubelka–Munk function for Tauc plots. Surface chemical
composition was studied by X-ray photoelectron spectroscopy
(XPS) performed in a Kratos AXIS ULTRA DLD with Al Ka radi-
ation (1486.6 eV) as the monochromated X-ray source. Survey
spectra and regions in high resolution were recorded with pass
energies of 80 eV and 20 eV, respectively. Data deconvolution
was carried out in CasaXPS and the advantageous C 1s peak at
284.8 eV was chosen for spectra calibration.

2.3 Photoelectrochemical studies

Photoelectrochemical measurements were carried out using an
Autolab (PGSTAT 100N) potentiostat. The experiments were
performed in a quartz cell using a standard three-electrode
conguration employing TiO2 nanotubes as the working elec-
trode, a Pt mesh as the counter electrode and Ag/AgCl as the
J. Mater. Chem. A, 2021, 9, 12214–12224 | 12215

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ta11494d


Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
A

pr
il 

20
21

. D
ow

nl
oa

de
d 

on
 1

0/
30

/2
02

5 
9:

09
:0

1 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
reference electrode in an aqueous solution of Na2S (0.24 M) and
Na2SO3 (0.35 M) and, for comparison, a KOH solution (1 M) was
also used. Prior to the measurements the electrolytes were
purged with Ar gas for 30 min. The working electrode was
irradiated with a 300 W Xenon lamp solar simulator (Oriel)
calibrated to AM 1.5G (100 mW cm�2) intensity. The linear
sweep voltammetry (LSV) curves were recorded in both dark and
1 Sun illumination at a sweep rate of 10 mV s�1. Nyquist plots
were performed at the frequency window of 100 kHz to 100 mHz
for signal amplitude of 10 mV under illumination applying
open circuit potential. The interband states position was
studied in chronoamperometry by keeping the working elec-
trode in the dark and under illumination for 10 s each at varying
wavelengths with 20 nm increments starting at 600 nm and
decreasing to 280 nm using Cornerstone Oriel monochromator.
Long time stability tests were performed by chro-
noamperometry in two electrodes conguration using TiO2 as
the photoanode and Pt as the cathode at 0 V under AM 1.5G
illumination. The evolved gases were determined by gas chro-
matography (Agilent 7890A GC) using a gastight syringe of 100
mL volume. The faradaic efficiency (FE%) was calculated by:

FE% ¼ gas evolution ðmol s�1Þ detected by GC

gas evolution ðmol s�1Þ based on photocurrent

� 100%

Gas evolution
�
mol s�1

�
based on photocurrent

¼ area ðCÞ under the ðI � tÞ curve

nF

where n ¼ 2 for H2 evolution and n ¼ 4 for O2 evolution and F is
the faradaic constant.
Fig. 1 TEM and HRTEM images of (a) and (b) TN-400 (c) and (d) TN-500,
micrographs represent the selected area of each sample. TN-400 and T
formation of N rich phases along with cracks and agglomerations in tub

12216 | J. Mater. Chem. A, 2021, 9, 12214–12224
Incident photon-to-electron conversion efficiency (IPCE)
measurements were performed in Keithley 2400 SourceMeter in
two electrodes cell, using a Xenon lamp (300 W) and a corner-
stone monochromator (Newport) and calculated using the
relation:

IPCE ð%Þ ¼ J ðmA cm�2Þ � 1240

P ðmW cm�2Þ � l ðnmÞ � 100%

where “P” is the incident light power measured by a photodiode
of known responsivity.
3. Results and discussion
3.1 Evolution of thermal nitridation process in TiO2 NTs

The synthesized TiO2 NTs presented smooth walls, open tops
and closed bottoms as observed by SEM and TEM images
(Fig. S1†). The average tube length, diameter and wall thickness
were 2.1 � 0.05 mm, 130 � 10 nm and 12 � 2 nm, respectively.
The NTs were subjected to nitridation at different temperatures
and analyzed by SEM (Fig. S2†). For TN-400 and TN-500, no
signicant morphological changes were observed whereas, for
TN-600 and TN-700 NTs, cracks and agglomeration were
detected. For TN-800, the NTs completely collapsed forming
a solid bulk like structure. HR-TEM analyses were performed to
gain further insights on the NTs morphology and microstruc-
ture along their length (Fig. 1). For TN-400 and TN-500, a d-
spacing of 0.24 nm was found which corresponded to the (103)
plane of anatase TiO2 (Fig. 1a). The tube walls of TN-600 and TN-
700 were visibly rougher than the TN-400, TN500 and pure TiO2

NT samples (Fig. S1c†), and new crystalline structures appeared.
TN-600 presented both TiO2 and TiN, identied by the d-spac-
ings of 0.24 and 0.21 nm attributed to (103) of anatase TiO2 and
(e) and (f) TN-600 and (g) and (h) TN-700; the inset high magnification
N-500 are mainly anatase whilst TN-600 and TN-700 presented the
ular structure.

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 HRTEM images taken from the top of TN-600 (a) and (b) and TN-700 (c) and (d); insets are the high magnification micrographs rep-
resenting the selected area of each sample. The TN-600 sample exhibited d-spacings associated with a TiN phase from its innermost tube walls
changing to a TiO2 phase for the outer walls, this highlighted that the nitridation process was initiated from the inside of the tube and the nitrogen
atoms migrate outwards. The TN-700 sample displays the same characteristics with a higher N content for the internal walls relative to the
external walls.
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(200) of TiN, respectively (Fig. 1b). In TN-700, the planes related
to TiO2 were no longer observed; instead, a mixture of N rich
phases were found, characterized by the (111) plane of TiN and
the d-spacing of 0.17 nm attributed to (211) plane for Ti2N
(Fig. 1c). These results clearly indicated that the nitridation
temperature strongly affects the morphology and microstruc-
ture of TiO2 NTs and demonstrated that the anatase crystal
structure is thermally stable up to 600 �C. Above this tempera-
ture, nitridation results in the formation of nitrogen rich pha-
ses, i.e. TiN and Ti2N.

During nitridation, the N content is abundant and continu-
ously available and its diffusion, particularly near the inner
walls of the NTs, can help us understand the nitridation
mechanism for N doping in TiO2 NTs. Therefore, HR-TEM was
acquired from the top of TN-600 and TN-700 samples (Fig. 2). In
TN-600, the inner wall showed a thin layer (ca. 3 nm thick) with
a d-spacing of 0.21 nm corresponding to the (200) plane of TiN.
Radiating outwards from the inner walls, the nanotubes pre-
sented a d-spacing of 0.2 nm relating to the (200) plane of
anatase TiO2. For TN-700, the thickness of TiN almost doubles
(ca. 5.8 nm thick) when compared to TN-600 and a d-spacing of
0.13 nm attributed to Ti2N was observed. These analyses clearly
suggested that N atoms diffused from the inner to the outer NT
walls starting from N doping followed by the formation of TiN
and provided important evidence towards elucidating the
mechanism of N-doping in TiO2 NTs via the nitridation process.
Fig. 3 Grazing angle XRD patterns of TiO2 nanotubes nitrided at
different temperatures for 3 h (flux rate of 100 mL min�1) recorded at
a very small grazing angle of 0.5� to remove substrate contribution.
The dashed line inset shows the TiO2 (101) plane and is the dominant
peak for the pure TiO2 sample as well as the TN-400, TN-500 and TN-
600 samples. The solid line inset emphasizes the onset formation of
the TiN phase in TN-600 (�43�). Both TiN and TiN2 feature in the TN-
700 and TN-800 samples with a negligible, if any, contribution by TiO2

itself.
3.2 Determination of limiting factors in high N doping of
TiO2

In the PXRD of samples with nitridation temperatures between
400 and 600 �C, the main crystallographic phase was anatase,
when compared to pure TiO2, a very small shi in the peak
position of the (101) plane towards lower angles was observed
This journal is © The Royal Society of Chemistry 2021
(Fig. 3, inset). No signicant change in crystallite size was
measured between the nitrided samples (ca. 21.5 nm); however,
they were all smaller than pure TiO2 (ca. 24 nm). In addition, for
J. Mater. Chem. A, 2021, 9, 12214–12224 | 12217
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xed nitridation temperature, the ramp rate did not affect the
crystal structure (Table S1†). The relative peak intensity ratios of
anatase (I(101)/I(200)) in the nitrided samples also showed little
deviation and they were all higher compared to the intensity
ratio for TiO2 NTs. It is known that N doping increases the
dimension of the unit cell of TiO2 as the ionic radii of N is
slightly greater than O which can also increase the micro strain.
This creates defects at different terminations of the (101) and
(200) planes and may contribute to increasing the relative
intensity of the anatase peak ratios for the nitrided samples
when compared to pure TiO2.19,36,44–46

Furthermore, stacking of the pure TiO2, TN-400, TN-500 and
TN-600 diffractograms, shows a small, broad diffraction peak
for the TN-600 sample (ca. 2q � 43�) which corresponded to TiN
(inset of Fig. 3 and S3†), corroborating the formation of a thin
layer of TiN observed in HRTEM (Fig. 1 and 2). It is well-
established that TiO2 NTs undergo a transition from anatase
to rutile between 600 and 700 �C in air.47 Interestingly, in this
work, the rutile formation is totally inhibited and at 700 �C the
anatase phase completely disappears followed by the appear-
ance of TiN and smaller peaks of TiN2 which further intensies
for TN-800. TN-700, which was mainly TiN (semi-metallic in
nature), sustained its tubular form. The formation of TiN rather
than the solid–solid phase transition to rutile is related to the
limited amount of nitrogen that TiO2 can sustain.20 Once N
saturates the oxide matrix, the anatase phase transforms
directly to N rich phases, such as TiN and/or TiN2. Here, nitri-
dation temperature dened the N doping limit but other tech-
niques, such as magnetron sputtering, follow the same
trend.19,20 The Gibbs free energy of formation of TiN is lower
than anatase to rutile formation energy and their trans-
formation energy difference is very small.21,48 It is known that
anatase cannot support large crystallite sizes and rutile forma-
tion requires a contraction of the unit cell, mainly along the c-
axis, to make it dense.49 N doping expands the unit cell and
harsh nitridation results in a crystallite size that is too large for
anatase to support.44 TiN formation which is less negative in
Gibbs free energy and is then thermodynamically favorable is
the main hurdle to high N concentration doping in TiO2.
3.3 Identifying the pathway to interstitial and
substitutional N doping and the effect on PEC properties

Deconvoluted XPS spectra were performed as a function of
different nitridation temperatures to understand the chemical
composition of the samples (Fig. 4 and Table S2†). The Ti 2p
core level of TN-400 and TN-500 present one doublet corre-
sponding to Ti4+ of TiO2 but, for TN-600, an additional Ti 2p3/2
at 456.5 eV appears corresponding to Ti3+ species.50,51 For TN-
700 and TN-800, Ti 2p3/2 peaks at 455.6 eV corresponded to
Ti2N.52 Hoang et al. have detected Ti3+ species in N–TiO2 via
Electron paramagnetic resonance (EPR) spectroscopy.43 These
species form donor levels below the CB of TiO2.43,53 TN-400
exhibits a single N 1s peak at the BE of �399.5 eV and this
peak is also present in TN500 which conrms interstitial
doping. The additional N 1s peak at �396.1 eV for TN-500 is
associated to the substitutional N doping.24,43,51,54 The N 1s
12218 | J. Mater. Chem. A, 2021, 9, 12214–12224
spectra of TN-600 was much different than TN-400 and TN-500,
as an additional peak at 396.9 eV was present due to the
formation of TiN (also seen in XRD and HRTEM). Additionally,
the peak related to N substitution increased in intensity,
compared to the interstitial peak, demonstrating higher N
doping for TN-600 when compared with TN-500. These results
also demonstrated that the interstitial doping was favorable at
relatively low temperatures, such as 400 �C. Further increasing
the temperature results in a mixture of both types of doping
followed by a dominant substitutional N-doping in TN-600. For
TN-700 and TN-800, the peaks at ca. 396.3 and 397.1 eV corre-
spond to TiN and Ti2N, respectively, with their respective
satellite peaks appearing at ca. 398.3 eV.52,55 The N 1s spectra
were acquired frommultiple areas of the same sample to ensure
the reproducibility (Fig. S4†). In the O 1s spectra, the peak at
530.1 eV, from O in the TiO2 anatase lattice, and at 531.5 eV,
corresponding to surface adsorbed hydroxide species, were
observed for all samples. As the nitridation temperature
increased, the hydroxide content also increased which was
attributed to larger surface defects. EDS elemental mapping of
TN-700 showed that the top of the tubes were shown to be
largely populated by Ti atoms, i.e. N/O atoms were removed
from the top surface due to harsh reducing ability of NH3 at
higher nitridation temperatures (Fig. S5†).

UV-Vis diffused reectance spectroscopy measurements were
performed for all the samples to investigate the implications of
nitridation on the NTs optical properties (Fig. S6, bandgaps are
displayed in the Table S1†). Pure TiO2, TN-400, TN-500 and TN-600
showed similar bandgaps (ca. 3.3 eV), as the anatase structure was
the main phase present in these samples. However, lower energy
bands were observed for TN-400, TN-500 and TN-600, which were
related to N doping of TiO2 and formation of reduced Ti species
such as Ti3+.32,38,51 For TN-700 and TN-800 amuch larger absorption
peak appears at lower energies, which is clearly related to the
complete formation of titanium nitride species.56 To compare the
optical absorption of the prepared TiO2 nanotubes, commercially
available P25 was nitrided at different temperatures. The UV-Vis
diffused reectance spectra of these samples are displayed in
Fig. S7.† Compared to as-received P25, the nitrided P25 did not
show any signicant difference in absorption edge (bandgap: ca. 3.3
eV) and low intensity absorption modes were observed within the
visible range, which was the same behavior observed for TiO2

nanotubes (Fig. S6†). In line with the literature, the absorption
transitions below the bandgap energy were also observed (inset
Fig. S7†) which correspond to Ti3+ species.28These results suggested
the nitridation process has the same inuence on the optical
properties of TiO2, whether it is a lm or powder.

The LSV chopped curves (under AM 1.5G, 1 Sun illumina-
tion) were compared and indicated that pure TiO2 presents an
improved performance and better ll factor (exhibiting lower
resistance) when compared to nitrided samples (Fig. 5 and S8†).
Particularly, at lower applied potentials, the decrease in the
photocurrent from N doped samples is noteworthy; however, at
higher positive potentials, N doping presents improved photo-
currents. This can be understood from their better light
absorption, as well as the larger band bending at the interface
due to a higher electric eld that prevents charge recombination
This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Deconvoluted high resolution XPS spectra of N doped TiO2 of N 2p, Ti 2p and O 1s regions. TN-400 exhibited interstitial doping and
substitutional doping started from 500 �C and intensified for TN-600. Increase in nitridation temperature (starting from 600 �C) resulted in the
formation of N rich phases.
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and improves hole migration to the electrode surface.39,40 In
addition, transient photocurrent overshoots, that are both
anodic and cathodic, are observed for N doped samples,
indicative of charge recombination.35,39,40 Pure TiO2 does not
show these transient overshoots at any applied potential. Upon
increasing nitridation temperature, the photocurrent kept
decreasing up to 600 �C. Samples TN-400 and TN-500, with
larger interstitial doping, were far better than TN-600 which
exhibited substitutional doping. Interestingly, the absence of
a photoresponse from the TN-700 and TN-800 samples indi-
cated they had lost their semiconducting properties altogether.

The purely interstitially doped TN-400 sample was selected
to study the interfacial charge transfer resistance as it possessed
the best photocurrent of the nitrided samples (Fig. 5). The larger
arc diameter of TN-400 in the Nyquist plots (Fig. 5b), relative to
This journal is © The Royal Society of Chemistry 2021
pure TiO2, indicated that TN-400 suffers from higher charge
transfer resistance, i.e. N-doping negatively inuences the
charge transportation properties of TiO2. Using an efficient hole
scavenging redox couple in the electrolyte should give better
hole transfer characteristics at the solid–liquid interface;
however, the interfacial resistance was still remarkably higher
for TN-400. This suggested that the formed energetic hole
trapping states are lled by photogenerated holes before being
scavenged via redox species. For instance, in conventional
electrolytes for overall water splitting, recombination of charge
carriers and hole transportation appears to be two competitive
processes and the reaction remains slow. Therefore, one should
expect that the presence of Na2S/Na2SO3 in the electrolyte may
help in improving hole scavenging and lead to a better photo-
current; however, we observed the opposite, particularly at
J. Mater. Chem. A, 2021, 9, 12214–12224 | 12219
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Fig. 5 (a) Chopped LSV curves of N doped TiO2 prepared at variable nitridation temperatures and (b) Nyquist plots of pure TiO2 and TN-400. The
measurements were performed in Na2S (0.24 M) and Na2SO3 (0.35 M). (c) Chopped LSV curves of pure TiO2 and TN-400 in KOH (1 M) with
a cutoff voltage of (�0.3 V) and (d) in the inset selected potential windows from (c) are highlighted demonstrating improved photocurrent from
TN-400 at higher positive potentials as compared to pure TiO2 and dominancy of pure TiO2 at lower positive potentials.
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lower potentials (<0.3 V vs. Ag/AgCl). Thus, in comparison to
pure TiO2, the main issue in N doping of TiO2 is the higher
charge transfer resistance related to N related crystal defects in
TiO2 which increase with nitridation temperature. In addition,
nitridation also results in the formation of N rich phases (semi-
metallic) that may act as electron capture sites.

For comparison, chopped LSV curves were performed in
KOH (1 M) for both pure TiO2 and TN-400 (Fig. 5d). The overall
photocurrent clearly decreased compared to the hole scav-
enging solution experiments (Fig. 5a). An improved photocur-
rent was obtained from N doped samples at higher potentials
(>0.3 V vs. Ag/AgCl) but pure TiO2 was still superior at lower
potentials (<0.3 V vs. Ag/AgCl). There are two phenomena that
might impede the enhanced performance: (1) interband states
that trap the photogenerated holes and require higher biasing
potential for improved hole transfer; and, (2) the photo-
generated electron capture by the donor states (instead of their
migration to the back contact). The improvement at higher
potentials for N doped samples was attributed to better visible
light absorption as, at higher external biasing, the band
bending is energetic enough to decrease hole trapping and aid
hole transfer to oxidize the species in the interfacial vicinity for
overall water splitting:

KOH + H2O / K(aq)
+ + OH(aq)

�

TiO2 + 4hn / 4hVB
+ + 4eCB

�

12220 | J. Mater. Chem. A, 2021, 9, 12214–12224
4OH� + hVB
+ / 2H2O + O2 (photoanode surface)

4H2O + 4eCB
� / 4OH� + 2H2 (cathode surface)

Thus, depending on the choice of applied external potential,
one can choose whether N doped TiO2 presents improved perfor-
mance or not. Clearly, for better performance, one needs higher
positive potentials; however, their application will compromise
solar based energy conversion. Since TN-400 has presented better
PEC performance, compared to all other nitrided samples, it was
subjected to a stability test and determination of the faradaic effi-
ciency for water oxidation (1 M KOH). The evolved gases from the
photoanode compartment were quantied by GC. Within the rst
5 min, the photocurrent dropped from its maximum value of�180
mA to�50 mA, aer 3 h it dropped to�20 mA and nally at the end,
aer 24 h, the photocurrent was 10 mA (Fig. S9†). The observed
gaseous products during the chronoamperometry were O2 and N2;
where the former kept increasing with time and the latter mainly
increased for the rst 3 h. The experimental O2 evolution was lower
than the expected (inset of Fig. S9†); particularly for rst 3 h of the
photoreaction which was related to the self-oxidation of TN-400
rationalized by the appearance of N2 in GC. The effect of this
could be clearly seen in the faradaic efficiency which decreased
from�62% to�30% in the rst 3 h. Upon increasing the reaction
time, the photocurrent kept decreasing; though with a slower rate
as compared to its initial decay; resulting in an increase of the
faradaic efficiency, yet far from 100%. These results clearly
This journal is © The Royal Society of Chemistry 2021
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indicated TN-400 was not stable against photocorrosion for water
oxidation. Therefore, we performed gas quantications and
stability tests in the presence of sacricial reagent (Na2S/Na2SO3)
for an irradiation interval of 3 h (Fig. S10a†) and compared against
pure TiO2. The photoactivity of pure TiO2 was superior and TN-400
presented an initial photocurrent overshoot (Fig. S10b†) which was
not observed for pure TiO2, agreeing with the LSV curves (Fig. 5a
and S8†). In the photoanode compartment, no gas evolution was
observed (O2/N2) which clearly demonstrated that the photoanode
self-oxidation was suppressed and photogenerated holes were
efficiently scavenged by S2�/SO3

2� species according to the
following reactions:57

TiO2 + 2hn / 2hVB
+ + 2eCB

�

2S2� + 2hVB
+ / S2

2�

SO3
2� + 2hVB

+ + 2OH� / SO4
2� + H2O

2SO3
2� + 2hVB

+ / S2O6
2�

SO3
2� + S2� + 2hVB

+ / S2O3
2�

In the counter electrode (Pt) compartment H2 gas was
detected, however, other reduction reactions may also occur
such as:41,57
Fig. 6 Chronoamperometry curves from (a) pure TiO2, (b) TN-400, (c
different wavelengths varied at a regular (light/dark) interval of 10 s at wa
and some selected wavelengths are given in the inset. The measuremen

This journal is © The Royal Society of Chemistry 2021
2H2O + 2eCB
� / H2 + 2OH�

S2
2� + 2eCB

� / 2S2�

S2O3
2� + 2eCB

� / S2� + SO3
2�

I–t curves (Fig. S10a†) clearly showed the photoelectrodes were
mainly stable. Thus, the presence of Na2S/Na2SO3 in the electrolyte
helped suppress the photocorrosion due to efficient hole scav-
enging. The IPCE spectra of these samples are compared in
Fig. S11.† The spectral proles agree with the literature.36,58,59 TN-
400 presented a clear photo-response in the visible region (inset
of Fig. S11†); however, the IPCE dropped in the UV-range
compared to pure TiO2. This showed that N doping induced
interband states that act as recombination centers and can trap
photogenerated holes generated by UV light, thus affecting the
overall PEC performance of N doped TiO2.59
3.4 Measuring semiconductor bandgap energy and
identication of interstitial and substitutional N doping via
simple PEC measurement

The position of interband states that are created due to N
doping was veried by novel PEC measurements performed in
chronoamperometry mode. The samples were le in the dark
and under illumination for 10 s chopping for each, and the
wavelength was decreased from 600 nm to 280 nm in 20 nm
) TN-500 and (d) TN-600 under chopping monochromated light of
velength increment of 20 nm. The first transition, bandgap excitations
ts were performed in Na2S (0.24 M) and Na2SO3 (0.35 M).

J. Mater. Chem. A, 2021, 9, 12214–12224 | 12221
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Fig. 7 Schematic representation of N doping via increasing nitridation temperature and respective bandgaps and the presence of interband
states related to interstitial and substitutional doping.

Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
A

pr
il 

20
21

. D
ow

nl
oa

de
d 

on
 1

0/
30

/2
02

5 
9:

09
:0

1 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
increments. As expected, no photocurrent was observed for pure
TiO2 in the visible light region. The rst photocurrent occurred
at �380 nm (�3.3 eV) which shows that these photons are
energetic enough to excite electrons from the VB to CB of TiO2,
the bandgap energy of TiO2. Indeed, this is a simple, yet novel,
approach to identify bandgaps of semiconductors if linear
regression in UV-Vis is unfeasible.

All N-doped TiO2 samples presented photocurrents at higher
wavelengths. For TN-400, the rst transition occurred at
�480 nm (�2.6 eV), whereas for TN-500 it occurred at �540 nm
(�2.3 eV). From XPS analyses, TN-400 exhibited interstitial
doping, TN-500 had both interstitial and substitutional doping,
and TN-600 was substitutional doped (Fig. 4). These results
directly conrmed that visible light activation of TiO2 was due
to N-doping. In the UV-Vis spectra (Fig. S6†), the bandgap
remained mainly unchanged for N-doped TiO2 (Table S1†). This
suggests that the visible light activation of TiO2 is based on
some localized states in the bandgap. Batzill et al. and Irie et al.
suggested that in N doped TiO2 there is a formation of inter-
band states above the VB.27,28 The rst transition for interstitial
and substitutional doping started from ca. 480 nm (�2.6 eV)
and 540 nm (�2.3 eV), respectively. These results suggested that
the related energy levels for N interstitial and N substitutional
doped TiO2 are located at ca. �0.7 and �1.0 eV above the VB of
TiO2 (bandgap energy: 3.3 eV), respectively. Despite absorbing
visible light, the photocurrent of N-doped TiO2 nanotubes
under polychromatic illumination was less than that of pure
TiO2 (at potentials <0.3 V vs. Ag/AgCl). Furthermore, electro-
chemical impedance spectroscopy showed higher charge
transfer resistance for N-doped TiO2 (Fig. 5). N doped TiO2
12222 | J. Mater. Chem. A, 2021, 9, 12214–12224
exhibits N3� 2p character, instead of O2� 2p for pure TiO2,
and N 2p is potentially less positive; thereby, slower PEC
oxidation kinetics can be expected.36 Furthermore, if N3�

replaces O2� the charge balance will necessitate the removal of
three O ions from the TiO2 lattice to replace them with two N
ions.24,27 Thus, TiO2 will consist of O vacancies and reduced
species (e.g. Ti3+ (Fig. 4)) which form donor states below the CB
of TiO2.53 Therefore, the overall effect of N doping in the elec-
tronic structure of TiO2 is to generate donor levels (due to the O
vacancies and Ti3+ species) below CB and acceptor states above
the VB (due to N substitutional/interstitial defects). Finally,
these levels improve the visible light absorption of TiO2 but they
are also responsible for overall photocurrent decreases.

Fig. 7 represents a holistic view of N doped TiO2 formation
mechanism and the effect of interstitial/substitutional N
doping on the electronic structure of TiO2, by correlating the
structural-electronic characterization (Fig. 1–4) with the novel
electrochemical characterization proposed in this work (Fig. 5
and 6).
4. Conclusion

TiO2 NTs were successfully doped interstitially/substitutionally
with N via a nitridation process. N doping into the anatase
TiO2 matrix proceeded from interstitial to substitutional doping
with increasing nitridation temperature. Once the thermody-
namic conditions to form nitrogen rich phases were satised,
the anatase phase directly transformed to TiN and Ti2N. The
lower Gibbs free energy of these phases, and anatase unit cell
expansion, prevented higher concentrations of N doping in the
This journal is © The Royal Society of Chemistry 2021

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ta11494d


Paper Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
A

pr
il 

20
21

. D
ow

nl
oa

de
d 

on
 1

0/
30

/2
02

5 
9:

09
:0

1 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
TiO2. HR-TEM conrmed that the formation of TiN starts from
the inner walls and radiates outward with increasing nitridation
temperature. The process generated O vacancies/Ti3+ species
and N substitutional/interstitial defects that create donor states
below the CB and acceptor states above the VB, respectively. The
chronoamperometry measurements, under monochromatic
light, presented direct experimental evidence of visible light
activation of N doped TiO2. The interband states between 0.7
and 1.0 eV above the VB of TiO2 are responsible for the visible
light transitions. This simple and novel measurement can be
employed to nd the bandgap of semiconductors and can also
be used as an evidence to distinguish interstitial and substitu-
tional doping. PEC measurements showed that the photocur-
rent of N doped TiO2 samples were worse than the pure TiO2 at
lower applied potentials (<0.3 V vs. Ag/AgCl) this was attributed
to the structural defects that result in increasing charge transfer
resistance. Hole scavenging electrolyte (Na2S/Na2SO3) remained
ineffective to avoid hole trapping at lower applied potentials.
PEC response, which is a characteristic of a semiconductor, was
totally lost when the TiN and Ti2N crystal phases were formed as
they are semi-metallic. In photostability tests for water oxida-
tion (1 M KOH), N doped TiO2 suffered a quick self-oxidation.
However, in Na2S/Na2SO3, the N doped TiO2 nanotubes have
shown stable PEC performance. Thus, the sacricial reagent
efficiently scavenged the photogenerated holes which sup-
pressed self-oxidation of the photoelectrode. We conclude
that N doping of TiO2 is ineffective for PEC applications as the
gain in visible range absorption does not counteract the losses
in trapping states and recombination centers.
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