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Facile preparation of N-doped TiO, at ambient
temperature and pressure under UV light with
4-nitrophenol as the nitrogen source and its
photocatalytic activities

Satoshi Horikoshi,* Yutaro Shirasaka,® Hiroshi Uchida,? Natsuko Horikoshi® and
Nick Serpone*©

To date syntheses of nitrogen-doped TiO, photocatalysts (TiO,_,N,) have been carried out under high
temperatures and high pressures with either NHz or urea as the nitrogen sources. This article reports for
the first time the facile preparation of N-doped TiO, (P25 titania) in aqueous media at ambient tempera-
ture and pressure under inert conditions (Ar- and N»-purged dispersions) with 4-nitrophenol (or 4-nitro-
benzaldehyde) as the nitrogen source. The resulting N-doped P25 TiO, materials were characterized by
UV/Vis and X-ray photoelectron spectroscopies (XPS) that confirmed the presence of nitrogen within the
photocatalyst; X-ray diffraction (XRD) techniques confirmed the crystalline phases of the doped material.
The photocatalytic activity of N-doped TiO, was assessed through examining the photodegradation of
4-chlorophenol in agueous media and iso-propanol as a volatile pollutant under UV/Vis and visible-light
irradiation. Under visible light irradiation, undoped P25 was inactive contrary to N-doped P25 that suc-
cessfully degraded 95% of the 4-chlorophenol (after 10 h) and 23% of iso-propanol (after 2.5 h).

1. Introduction

Development of new methods and introduction of new techno-
logies toward environmental sustainability poses significant
challenges, particularly in Green Chemistry where noteworthy
research has focused in developing new types of catalysts. Tra-
ditionally, titanium dioxide (TiO,) is a well-recognized photo-
catalyst used in such applications as surface self-cleaning," air
purification,” water purification,> and most critically in the
production of hydrogen through the water splitting process.*
This metal oxide is readily available in nature, is chemically
stable, and is highly photoactive under UV light. Historically,
the successful demonstration by Fujishima and Honda® in
1972 that water could be decomposed photoelectrochemically
with TiO, as one of the photoelectrodes led to a significant
number of studies in the search for the Holy Grail photo-
catalyst that could split water into its constituent elements
with a view to establish a hydrogen economy. The subsequent
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decade of the 1980s witnessed another principal use of this
metal-oxide semiconductor as the premier photocatalyst
toward the degradation of organic pollutants, in particular,
and as the major component in environmental photocatalysis.
Previous studies have reported on the characteristics and
mechanisms of TiO, photocatalysis.®

A major problem that limits the practical applicability of
this metal-oxide photocatalyst is its relatively large bandgap
(ca. 3.2 eV for anatase; 3.0 eV for rutile), which renders this
material inactive when irradiated at wavelengths longer than
387 nm (the absorption edge of anatase TiO,), so that only UV
light of shorter wavelengths can effectively activate this photo-
catalyst. To extend its effectiveness and responsiveness to
visible-light irradiation, the last 15 years have focused on
modifications of this metal oxide by incorporating dopants
into its crystalline lattice.” Some of the reported modifications
involved incorporating either cations® and/or anions’ as
dopants or as co-dopants into the lattice, as well as metal clus-
ters and/or nanoparticle deposits onto the surface of the parti-
culates.’® For instance, fluoride modification of the TiO,
surface was achieved in a NaF/HF solution mixture,"* through
which the fluoride ions displaced and replaced surficial
hydroxyl groups bound to surface Ti" species, causing the
absorption edge of F-doped TiO, to shift from 387 nm to
420 nm. Recent review articles by Etacheri et al.'” and by Asahi
and coworkers'® have discussed at some length the various
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modifications of TiO, to make it responsive to visible light
radiation.

Nitrogen-doped titanias, TiO,_,N,, have been examined
extensively and have been most often prepared with either
ammonia or urea as the principal sources of nitrogen.'? Both
dry processes and wet processes have been employed to
prepare N-doped TiO, and other anion-doped titanias. Dry pro-
cesses have usually involved oxidation of titanium nitride, TiN,
in a flow of oxygen gas at 400 to 550 °C for 1.5 h, or otherwise
subjecting a dry TiO, powder to a NH;/Ar gas flow at 600 °C
for several hours.'*** Alternatively, nitridation of TiO, has also
been achieved by subjecting the sample to a plasma of nitro-
gen gas or nitrogen/hydrogen mixed gases,'®'” or else through
mixing and grinding TiO, powders with either hexamethyl-
enetetramine or urea in a planetary ball mill at 700 rpm for
1 h followed by calcination at 400 °C to remove residual
organic substances.'®'® Wet processes to prepare N-doped
TiO, typically involve sol-gels formed either hydrothermally or
solvothermally using a titanium source (e.g. TiCls, TiCly,
Ti(SO,),) and a nitrogen source (e.g. alkali NHj;, triethanol-
amine, NH,Cl, urea, hydrazine, and guanidine hydro-
chloride)."® Gas phase syntheses of N-doped titanias have also
been achieved by an atmospheric pressure plasma process,
and through the use of a microwave plasma torch at atmos-
pheric pressure.>%?!

The nature of the nitrogen species so incorporated has
been the subject of some debate'>"® because of its strong
dependence on the preparative methods. Nitridation may
involve various types of nitrogeneous species such as N, nitric
oxide (NO), nitrogen dioxide (NO,) at substitutional sites re-
placing O {represented as (N)o} or at interstitial sites (denoted
as (N);) in the anatase/rutile crystalline lattices,>*>* which may
lead to formation of oxygen vacancies (Vo) within the lattice.
Although such species as (N)o, (N);, and (NO), in N-doped tita-
nias have been inferred to impart effective photocatalytic
activity under visible light, analyses of density of states have
not been commensurate to assert such inferences."™

Modifications brought on TiO, red-shift the absorption
edge from 387 nm (anatase) or 400 nm (rutile) into the visible
spectral region and so TiO,_,N, are expected to significantly
increase their activity toward some of the practical applications
noted above. Unfortunately, the methods used to incorporate
the dopant into the lattice remain impractical at the industrial
scale as they require heating TiO, to high temperatures
(ca. 500 °C) under strong reductive conditions when employ-
ing, for example, ammonia as the N source, not to mention
the long heating times especially for the commercial P25 TiO,,
well-known for its high photocatalytic activity under UV radi-
ation; however, the photocatalytic activity of N-doped P25 so
prepared decreased subsequent to the doping process.'?

In this article we report a facile preparation of TiO,_,N,
using P25 titania and an alternative and effective nitrogen
source, namely 4-nitrophenol (and/or nitrophenol-type com-
pounds), which although a notorious toxic industrial dye
waste®! permits nitrogen doping to be carried out by mixing
dilute concentrations of 4-nitrophenol with P25 TiO, in
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aqueous media under oxygen-depleted (Ar-purged or
N,-purged dispersions) conditions, and utilizing only UV light
irradiation for a short time (<1 h). The significance of our wet
preparation of N-doped P25 TiO,, which to our knowledge has
not heretofore been reported, emphasizes the important differ-
ences from previously described wet processes such as the sol-
gel methods™ because the latter do not permit direct doping
in aqueous-media. Also unlike other procedures,'>® the
present method requires only ambient temperature and
pressure. The photocatalytic activity of the resulting N-doped
TiO, was subsequently ascertained through the photodegrada-
tion of another toxic waste, 4-chlorophenol, in aqueous media
and iso-propanol (IPA) as a model of volatile pollutants under
both UV/Vis light and visible-light irradiation.

2. Experimental section
2.1 Preparation of N-doped TiO,

High purity grade 4-nitrophenol was supplied by Wako Pure
Chemical Ltd, whereas the P25 TiO, was supplied by Evonik
(particle size, ca. 20-30 nm by TEM observations; 83% anatase
and 17% rutile by X-ray diffraction; surface area, 53 m> g~
measured by the BET method). Aqueous solutions (0.10 mM,
20 mL) of 4-nitrophenol were placed in a closed 74 mL Pyrex
vessel containing TiO, particles (loading, 100 mg), followed by
sonication for 5 min. Purging the aqueous dispersions with
Ar, N,, or O, (as required) was performed for 10 min using a
syringe needle; experiments were also carried out under air-
equilibrated conditions for comparison. UV/Vis irradiation was
carried out using a Toshiba SHLS-1002A 75 W Hg lamp (irradi-
ance, ca. 1.4 mW cm™>% wavelength range, 310-400 nm;
maximal emission in the UV at 4 = 365 nm; Fig. 1). At the end
of the photodegradation, the TiO, dispersion was centrifuged
(3000 rpm for 20 min) to recover the TiO, powder which, sub-
sequent to washing with deionized water, was then dried in an
electric furnace.

The absorption spectra of the undoped and N-doped TiO,
particles (in powdered form) were recorded on a JASCO V-650
UV-VIS spectrophotometer equipped with an integrating-
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Fig. 1 UV/Vis emission spectra of the Hg lamp: solid black line, no
filter; dashed red line, with UV-light cutoff filters displaying the pre-
dominant 436 nm mercury line.
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sphere assembly. The N4 core levels on the N-dopant were
measured by X-ray photoemission spectroscopy (XPS; PHI 5000
VersaProbe II ULVAC-PHI, Inc) to ascertain nitrogen doping of
the P25 TiO, particles from the Ar-purged or O,-purged photo-
degradation of 4-nitrophenol. The integrity of the crystalline
structure of the TiO, particles that had been treated under
Ar-purged conditions was ascertained using a Rigaku X-ray
diffractometer (RINT 2100) system.

2.2 Photocatalytic degradation of 4-nitrophenol

The photodegradation of 4-nitrophenol through opening of
the benzene ring was monitored using a JASCO V-650 UV/VIS
spectrophotometer; wavelength at 316 nm. Concentrations of
NH," and NO;~ ions formed in the photodegradation were
assayed using a JASCO liquid chromatograph (HPLC) equipped
with a CD-5 conductivity detector, and with a Y-521 cationic
column or an I-524 anionic column.

2.3 Photocatalytic activity of N-doped P25 TiO,,

The photoactivities of the photocatalyst samples were deter-
mined by examining the photodegradation of 4-chlorophenol
in aqueous media (40 mL; 0.050 mM). The solution was
poured into a 74 mL Pyrex vessel containing 100 mg of either
the commercial undoped P25 TiO, or the as-prepared N-doped
TiO, P25 (N-P25), followed by sonication for 5 min; unless
noted otherwise purging the dispersions with O, gas was per-
formed for 10 min. UV/Vis irradiation of the dispersions was
carried out using the Toshiba SHLS-1002A 75 W Hg lamp
(Fig. 1). UV light wavelengths below 310 nm were cut-off by the
Pyrex reactor, while UV light below 400 nm was cutoff with
specifically designed cutoff filters supplied by Sigma Koki Co.
Ltd to assess the photocatalytic activities of P25 TiO, and the
as-prepared N-doped P25 TiO, in the visible spectral range.
Ring-opening of benzene of the 4-chlorophenol was monitored
by the decrease of the band at 280 nm using the JASCO V-650
UV-VIS spectrophotometer.

The photoactivity of the N-P25 particulates was also evalu-
ated by examining the photodecomposition of iso-propanol
(IPA; Wako Pure Chemical Industries, Ltd) as a model of vola-
tile organic pollutants in air. The Pyrex glass batch reactor
(internal diameter: 100 mm; internal height: 60 mm) with a
quartz lid is illustrated in Fig. 2. The N-P25 or P25 particles

UV cut-off filter Ridialy Quartz window

\ / ll

T | | 'l'I
UVIVis or Vis-light

IPA/AIr

GC
l/N-PZS
Fig. 2 Schematic of the experimental setup used for the photo-

decomposition of iso-propanol (IPA) using P25 or N-P25 particles under
air-equilibrated conditions.
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were placed in a petri dish (40 mg), followed by injecting IPA
(initial volume 0.8 uL, concentration was ca. 830 mg L' (note
1 mg L™' = 1 ppm)) in the closed reactor. The system was
allowed to stand in the dark for 30 min to achieve adsorption
equilibration of the IPA onto the N-P25 particulates, after
which the system was UV/Vis or visible-light irradiated using a
Xe lamp (CX-04E) from the top of the quartz window (a Sigma
Koki Co. Ltd UV cutoff filter (1 < 420 nm) was used for the
visible condition). The temporal decrease of IPA concentration
was periodically measured with a Shimadzu gas chromato-
graph (GC-2014; GL Science, Sorbitol column).

3. Results and discussion
3.1 Preparation of N-doped P25 TiO,

UV irradiation of TiO,/4-nitrophenol aqueous dispersions for
1 h under Ar-purged and N,-purged conditions caused these dis-
persions to turn from white to a yellowish tinge (see Fig. 3), con-
trary to those subjected to O,-purged and air-equilibrated
conditions that remained white throughout. The components of
the yellowish dispersions were subsequently filtered or centri-
fuged to identify the nature of the yellowish colour of the TiO,
powders; the remaining aqueous solution phase was colourless.

Generally, the cause for the TiO, colour change from white
to yellow is the result of doping this metal oxide with either
nitrogen and/or sulphur doping consistent with earlier
reports.”®> To confirm that doping had indeed occurred, the
UV/Vis absorption spectra of purified and dried TiO, powders
collected after the photodegradation of 4-nitrophenol were
recorded by diffuse reflectance spectroscopy; the spectra
reported as absorption spectra are illustrated in Fig. 4. The
spectra of the titania sample subjected to Ar purging and
N,-purging, displayed in Fig. 4a and b respectively, show
increased absorption features at wavelengths 400-600 nm, con-
sistent with spectra reported in many earlier studies attributed
to nitrogen doping of this metal oxide.'>"'*?® Treatment of the
yellowish TiO, samples with deionized water followed by
heating to 350 °C in an electric furnace showed no observable
changes in colour. This demonstrates that the color change
from white to yellow was not the result of adsorption of

(b) (c) (d) (e)
2 2@ @

1

Fig. 3 Aqueous TiO, dispersions containing 4-nitrophenol (0.10 mM)
after being subjected to UV irradiation for 1 h (a) control dispersion
(air-equilibrated but not UV irradiated), and after being (b) Ar-purged, (c)
N,-purged, (d) O,-purged, and (e) air-equilibrated.
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Fig. 4 Absorption spectra of dried P25 TiO, powders collected from dis-
persions UV irradiated for 0, 1, 2, 3 and 6 h under (a) Ar-purged, (b)
N2-purged and (c) O,-purged atmospheres, and (d) in air-equilibrated con-
ditions subsequent to the photodegradation of 4-nitrophenol (0.10 mM).

4-nitrophenol to the surface of TiO,, but from nitrogen
doping®® that typically leads to formation of oxygen vacancies
and thus colour centres as described in earlier studies by Kuz-
netsov and Serpone.”” > By contrast, the dispersions subjected
to O,-purging and air-equilibrated conditions showed no
absorption features in the same wavelength range of 400 to
600 nm (see Fig. 4c and d).

Further confirmation of nitrogen doping of the Ar-purged
yellowish P25 TiO, sample was obtained from an examination
of the respective XPS spectra illustrated in Fig. 5, which show a
peak at a binding energy of ca. 396 eV and confirms nitrogen
doping of the TiO, particles. In line with previous
studies,">?*** we attribute this peak to formation of Ti-N
bonds wherein the oxygen is substituted by nitrogen in the
metal-oxide crystalline lattice as per the calculations of Asahi
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Fig. 5 XPS spectra of purified and dry P25 TiO, particles recovered
from the photodegradation of 4-nitrophenol (0.10 mM) in aqueous
media under Ar-purged and O,-purged conditions; vertical bars denote
the noise levels of the spectra, while the solid lines express the averaged
signals.

and coworkers'® who placed the binding energy of substitu-
tional (N;5)o at 395.70 + 0.17 eV. However, as pointed out by
these authors, assignment of the binding energies of N-doped
TiO, remains a matter of some debate. A similar peak at
396 eV was also observed in the N,-purged P25 sample. The
XPS spectrum of the O,-purged P25 showed no peak at 396 eV
within the experimental noise. The asymmetric broad XPS
peak at ca. 400 nm for the Ar-purged P25 sample likely consists
of two overlapping signals that might due to Ny from NH,, and
NO, species at the surface as argued by Asahi and coworkers."?
A similar signal was observed in the XPS spectrum of the O,-
purged sample, albeit of much lower intensity and which we
tentatively attribute to NO, species owing to the oxidative con-
ditions under which the sample was subjected to.

Possible changes in the crystalline structure of P25 TiO,
resulting from nitrogen doping were investigated using the
XRD technique. The original XRD peaks of the anatase phase
of P25 TiO, particles displayed no change in intensity sub-
sequent to nitrogen doping (Fig. 6). The lattice parameters (a/c
axis) of P25 titania and N-doped P25 TiO, were
0.3790 nm/0.9508 nm (P25) and 0.3709 nm/0.9509 nm (N-P25)

for anatase, and 0.4598 nm/0.2959 nm (P25) and

_© o anatase
2 ® rutile

3

©

>

= g

2 =) g

s 5 & g
2 = = o &&=
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10 20 30 40 50 60

20 / Degree CuK«

Fig. 6 X-ray diffraction patterns for untreated P25 TiO, particles (black
dashed curve), and N-doped P25 particles (solid red curve).
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0.4597 nm/0.2959 nm (N-P25) for rutile. The crystallite sizes
from the XRD peaks of anatase(101)/rutile(110) were estimated
as 26 nm/93 nm (P25) and 26 nm/95 nm (N-P25). It is note-
worthy that when using urea as a nitrogen source for N doping
of TiO,, structural changes occur owing to the high tempera-
tures required for the preparation process.>® The advantage of
using the N-doping process reported herein is that there are
no changes to the crystallite phase.

Fig. 7 reports the time course of the TiO,-assisted
UV-induced photodegradation of 4-nitrophenol under inert
(Ar-purged) and oxidative (O,-purged) conditions. Under inert
conditions (Fig. 7a), the degradation of 4-nitrophenol was
delayed by ca. 45 min before the concentration of the phenol
began to decrease, albeit very slowly accounting for only ~13%
of benzene ring opening as confirmed by UV/vis spectroscopy
(4 = 317 nm) after 3 h of UV irradiation. Concomitantly, for-
mation of NO;~ and NH," ions also began to occur after the
45 min delay, resulting in a combined concentration of nitrate
and ammonium ions of 17% formed at the 3 h mark.

By comparison, benzene ring opening proceeded much
more rapidly from the start of UV irradiation in O,-purged TiO,
dispersions, with 4-nitrophenol being fully transformed within
2 h of irradiation (Fig. 7b). A significant difference with the Ar
gas purging conditions was the rapid formation of NO;™ ions in
the presence of O,. After 1 h of UV irradiation, 64% of all the
nitro groups were transformed into NO;~ ions, while only ca.
5% of NH," ions formed after 3 h under O,-purged conditions.

040 ‘“N

=
£ 0.08 4-nitrophenol
S 0.06
E
t 0.04
Q
Q
§ 0.02
Noa_ o
0.00 T T
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E & [y Noa,
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2
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100 150 200

Fig. 7 Formation of NH;* and NOz~ ions, and opening of the phenyl
ring during the UV-assisted photocatalytic degradation of 4-nitrophenol
in the presence of P25 TiO, particulates under (a) Ar-purged and (b) O,-
purged conditions.
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3.2 Nitrogen doping of P25 TiO, under various conditions

Changes in the UV/Vis spectra of purified and dried TiO,
powders observed following the photocatalytic degradation of
4-nitrophenol at three different concentrations (0.1 mM;
1.0 mM; 10.0 mM) in Ar-purged dispersions are displayed in
Fig. 8a. Absorption at wavelengths longer than 400 nm
increased somewhat with increase in concentration of the nitro-
phenol. A similar phenomenon was observed under N,-purged
conditions. On the other hand, although there were no signifi-
cant changes in the spectrum at 0.10 mM under O,-purged con-
ditions, there was a significant change in absorption in the
visible at the higher concentrations (Fig. 8b; see also below).

Fig. 9 illustrates the visual colour changes of the aqueous
dispersions after the photodegradation reaction. The TiO,
powder became significantly yellow after the degradation at
the highest concentration of 4-nitrophenol. Where the concen-
tration of the nitrophenol was 1.0 mM, the change in colour
{bottle (a) to bottle (c)} was significantly less compared to
observations where the dispersions were Ar-purged. However,
at the higher concentration (10.0 mM), the colour of the dis-
persion was rather similar to the colour under Ar-purged con-
ditions. Organic compounds ultimately breakdown into CO,
gas in TiO,-photocatalyzed reactions and thus require dis-
solved oxygen whose concentration tends to decrease as the
degradation proceeds. In the degradation of 10.0 mM of
4-nitrophenol, the dissolved oxygen is likely depleted during
the early stages of the degradation, and at some point the
atmospheric conditions will then be similar to those under
inert conditions (Ar-purged and N,-purged).

Absorbance / a.u.

0mM
"300 350 400 450 500 550 600 650 700

0.0

Wavelength / nm

(b) O

Absorbance / a.u.

OIG 1 1 ) T T T 1 1
300 350 400 450 500 550 600 650 700
Wavelength / nm

Fig. 8 Absorbance spectra of purified and dried TiO, powders from (a)
Ar-purged and (b) O,-purged dispersions after the photodegradation of
4-nitrophenol at three different concentrations (0.10 mM, 1.0 mM, and
10.0 mM) under UV irradiation for 0 and after 1 h.
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Fig. 9 Aqueous dispersions containing TiO, and 4-nitrophenol after
the photodegradation for 1 h at various concentration in the nitro-
phenol: (a) control (nho UV irradiation; 0.10 mM), (b) 0.10 mM, (c) 1.0 mM
and (d) 10.0 mM under O,-purged conditions.

3.3 On the origin of the N dopant in N-doped titania

The source of nitrogen in the N-doped P25 titania sample is
the nitro group in 4-nitrophenol. To test this hypothesis, the
photodegradation of phenol (no nitro group) was carried out
under Ar- and N,-purged conditions, conditions otherwise
similar to those used for the nitrophenol. Neither the color
nor the absorption spectrum of TiO, changed after the degra-
dation of phenol. Furthermore, photodegradation of other
nitro or amine compounds soluble in aqueous media such as
nitroethane (CH3CH,NO,, 0.10 mM) and urea (NH,CONH,,
0.10 mM) were also tested under Ar-purged conditions. Again,
neither the colour nor the absorption spectrum of TiO, dis-
played any changes, clearly indicating that under the con-
ditions used herein not all nitro or amine-type compounds can
dope TiO, with nitrogen.

The degradation of 4-aminophenol (NH,C¢H;0H; 0.10 mM)
was also tested as a possible source of N dopant to prepare
N-doped P25 under otherwise identical conditions; no changes
in colour or absorption spectrum were observed. By contrast,
when degrading 4-nitrobenzaldehyde (NO,CsH,CHO; 0.10 mM)
or 24-dinitrophenol (N,OsCsH;OH; 0.10 mM) under the Ar-
purged conditions, the resulting TiO, powders adopted a yellow
colour and the absorption spectrum displayed significant absorp-
tion at wavelengths longer than 400 nm, in line with those
observed for the 4-nitrophenol. From these observations, we infer
that both a phenyl ring and a nitro group are required com-
ponents to N-doped titania under our experimental conditions.

To the extent that the products from the photodegradation
of 4-nitrophenol might be the source of the N dopant, we tested
both NH," and NO;~ ions as the possible sources. Accordingly,
both an NH,CIl solution (0.10 mM) and NH,NO; solution
(0.10 mM) were used as the possible sources when mixed with
P25 TiO, in O,-purged and Ar-purged dispersions. Results also
showed no change in colour of the titania, and no absorption in
the visible spectra range after 1 h of UV irradiation. In summary
then, to dope TiO, with nitrogen, some reactant with a nitro-
phenyl-type backbone is necessary and the photodegradation
needs to be carried out under O,-free conditions.

3.4 Proposed mechanism of nitrogen doping

Mechanistic details of photocatalytic degradation processes
involving TiO, particles have been described at some length in
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many review articles®™” (and references therein). In the
present context, the overall reaction that leads to N doping of
the P25 titania sample can simply be described by eqn (1):

TiO, + v + 4-NO,PhOH — TiO,_,N, (1)

Although the available data are limited, it is nonetheless
worth speculating briefly on some relevant steps that lead to the
degradation of the nitrophenol through which the N-doped
TiO, is formed. Absorption of UV light of energy greater than
the bandgap (ca. 3.2 €V; 1 > ca. 387 nm) generates electron/hole
pairs (eqn (2)), followed by various steps in which the holes
(h'yg) are ultimately trapped by OH™ ions (or by H,O) at the par-
ticle surface to yield "OH radicals (and H'; eqn (3a)). These are
the major oxidizing radicals in the oxidative degradation of
4-nitrophenol (eqn (3b)) that lead to phenyl ring opening fol-
lowed by denitration and formation of NH," and NO;~ ions,
and ultimately to CO,. Concomitantly, valence band holes can,
in principle, oxidize directly the nitrophenol to yield similar
products, although this path (eqn (3c)) is likely less important.

UV irradiation

TiO, + Av — TiO, (e ¢ + h'yg) (2)
Valence band hole path (O,-purged and air-equilibrated
dispersions)
Major path
h'vs + OHs™ (H>0)s — "OHs (+H") (3a)
"OH + 4-NO,PhOH — phenyl ring opening
— COy, NH, *,NO; ™~ (3b)

Minor path

h*yg 4+ 4-NO,PhOH — intermediates — CO,,NH, ", NO;~

(3¢)
Conduction band path (O,-purged and air-equilibrated
dispersions)

Major path

e g+ 0, — 07" (4a)

0, " +H'" — HOO’ (4b)

HOO® + 4-NO,PhOH — phenyl ring opening (40)

c

— CO,,NH,; " < NO;~
Minor path

e ¢g + 4-NO,PhOH — intermediates — CO,, NH, ", NO; "~
(4d)

In Ar- and N,-purged dispersions subsequent to eqn (2)
Major path

e cg + h"yg — recombination (5a)

This journal is © The Royal Society of Chemistry and Owner Societies 2016



Photochemical & Photobiological Sciences

Minor path

e ¢g + 4-NO,PhOH — intermediates — CO,,NH," > NO;~

(5b)
h*yg + OHg ™ (H,0)g — "OHs (+H™) (5¢)

'OH + 4-NO,PhOH — intermediates — CO,, NH;" > NO;~
(5d)

In O,-purged and air-equilibrated dispersions, the dioxygen
molecules react with conduction band electrons (e”¢p; eqn
(4a)) to yield superoxide radical anions (O, "), which on proto-
nation generate the hydroperoxyl radicals ("OOH; eqn (4b)),
and with the "OH radicals (eqn (3b)) subsequently react with
4-nitrophenol (eqn (4c)) leading to phenyl ring opening and
formation of CO,, together with NH," and NO;~ ions with the
latter in significant excess under these conditions. Direct
attachment of the conduction band electrons onto the phenyl
ring of the nitrophenol under these conditions is yet another
possible path, albeit a minor one (eqn (4d)).

By contrast, in Ar-purged and N,-purged dispersions, the
major path is electron/hole recombination (eqn (5a)), while a
minor path involves direct attack of the 4-nitrophenol by elec-
tron attachment onto the phenyl ring (eqn (5b)), followed by
formation of intermediates and finally CO, and the ionic
species, but with significantly lower yields. We further hypoth-
esize that during the process occurring under inert conditions,
'OH radicals are also formed to some extent (eqn (5c)) and
oxidize the nitrophenol to its ultimate degradation (eqn (5d)).

3.5 Photocatalytic activities of the as-prepared N-doped P25
TiO,

Most studies that examine the photocatalytic activities of
metal-oxide photocatalsts, in general, and TiO,, in particular,
use the photodegradation of common dyes (e.g. methylene
blue and rhodamine-B) because it is a facile and rapid spectro-
scopic method. However, such a method is to be discouraged
because the dyes also absorb significantly in both the UV and
visible spectral regions so that photosensitization of the metal
oxide by the excited dyes can also occur concurrently with the
TiO,-assisted photodegradation.’®** Accordingly, we assessed
the photocatalytic activity of the as-prepared N-doped P25
photocatalyst, and for comparison also undoped P25 titania,
by investigating the photodegradation of 4-chlorophenol
(0.050 mM) in aqueous media under both UV/Vis and visible
light irradiation and under otherwise similar conditions.
Results from the UV/Vis irradiation displayed in Fig. 10a reveal
that both undoped TiO, and N-doped titania degrade the
chlorophenol by nearly identical (within experimental error)
zero-order kinetics in less than 3 h. By comparison, under
visible light irradiation (Fig. 10b) the undoped TiO, is comple-
tely inactive, while the N-doped TiO, degrades the chlorophe-
nol by zero-order kinetics, albeit more slowly necessitating
10 h of irradiation for 95% degradation. Thus, it is possible to
degrade organic pollutants in aqueous media using N-doped
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Fig. 10 Time course of the decrease of concentration during the
decomposition of 4-chlorophenol (4-CIPhOH; 0.050 mM) in aqueous
dispersions in the presence of commercial P25 titania or N-doped P25
TiO, under O,-purged conditions: (a) UV/Vis light irradiation, (b) visible
light irradiation.

TiO, prepared under ambient temperature and pressure with
only visible light irradiation of the N-doped metal oxide.

After the 10 h of visible light irradiation under the con-
ditions used (see Fig. 11), the yellow colour of N-doped TiO,
decreased in intensity that was subsequently confirmed by the
absorption spectra reported in Fig. 11, which compares the
absorption spectrum of the N-doped P25 before and after the
photodegradation of 4-chlorophenol under O,-purged con-
ditions. It is worth pointing out that the spectral features seen
at wavelengths longer than 400 nm (Fig. 4a, b, 8 and 11) are
typical of visible-light-active TiO,s doped with anions and/or
cations, and originate from the formation of oxygen vacancies
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Fig. 11 Absorption spectra of undoped P25 TiO, powders, and
N-doped P25 TiO, powders before (0 h) and after 10 h into the photo-
degradation of 4-chlorophenol in O,-purged aqueous media under
visible light irradiation.
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resulting ultimately in the formation of colour centres (e.g.,
F and/or Ti3+).29,30,44—46

The broad absorption envelope from 400 nm to ca. 550 nm
in Fig. 11 decreased in intensity after the 10 h period. A poss-
ible explanation would suppose that some of the N dopant
atoms were exchanged with the dissolved oxygen during the
photocatalytic reaction. Future studies will be undertaken to
account for this inference through an examination of the effect
of aging by repeated degradation of the chlorophenol, together
with XPS experiments with Ar'-ion sputtering to confirm the
location of the N dopant either within the lattice and/or at the
surface or sub-surface.

The photoactivity of N-P25 under both UV/Vis and visible
light irradiation was further compared with that of undoped
P25 using the degradation of iso-propanol (IPA) as our model
system for air pollutants (Fig. 12). Approximately 44% of IPA
adsorbed to the P25 TiO, surface compared to the initial IPA
concentration (830 mg L™"); surface adsorption of IPA to N-P25
amounted to ca. 43%. There was no significant difference
when comparing the adsorption between commercial P25 and
the as-prepared N-P25.

The extent of degradation of IPA was 36% and 24% in the
presence of P25 and N-P25 systems, respectively, under UV/Vis
irradiation for 150 min, which yielded 166 mg L™" and 100 mg
L™" of acetone for P25 and N-P25, respectively (Fig. 12a). Evi-
dently, under UV/Vis irradiation the photoactivity of the N-P25
system was lower than that of the undoped P25 system. By con-
trast, under visible-light irradiation conditions (Fig. 12b), the
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Fig. 12 Temporal decrease of the concentration of IPA and increase in
the amount of acetone produced by photocatalytic degradation of IPA
in the presence of P25 and N-doped P25 powders under (a) UV/Vis and
(b) visible-light irradiation conditions. Data for N-P25: closed circles and
triangles; data for P25: open circles and triangles.
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photodecomposition rates of IPA were 0% (P25) and ca. 23%
(N-P25) after 150 min; the latter yielded ca. 60 mg L™' of
acetone.

The above results thus demonstrate a successful visible-
light-driven degradation of both aqueous pollutants (4-chloro-
phenol) and volatile organic compounds (iso-propanol) when
using N-P25.

4. Concluding remarks

The present study has demonstrated, for the first time, that
nitrogen doping of a metal-oxide semiconductor photo-
catalyst, such as P25 TiO,, can be achieved under ambient
temperature and pressure through the photodecomposition of
a 4-nitrophenyl-type compound (4-nitrophenol or 4-nitrobenz-
aldehyde) in oxygen-free aqueous media to yield the visible-
light-active N-doped TiO,, a process that can easily be applied
at the industrial scale. The resulting TiO,_,N, system can be
used to degrade harmful organic pollutants (aqueous 4-chloro-
phenol, and the volatile iso-propanol) utilizing only visible-
light irradiation, under which P25 TiO, is completely inactive.

Acknowledgements

We are grateful to the Japan Society for the Promotion of
Science (JSPS) for financial support through a Grant-in-aid for
Scientific Research to S. H. (No. C-25420820). We would also
like to thank Sophia University for a grant from the Sophia
University-wide Collaborative Research Fund and Advanced
Materials (ADAM) at the Research Institute for Sustainable
Humanosphere, Kyoto University to S. H. One of us (N. S.) is
grateful to Prof. Albini of the University of Pavia (Italy) for his
continued hospitality in his PhotoGreen Laboratory.

Notes and references

1 K. Nakata and A. Fujishima, TiO, photocatalysis: Design
and applications, J. Photochem. Photobiol., C, 2012, 13, 169-
189.

2 J. Zhan and X. Yang, Photocatalytic oxidation for indoor air
purification: a literature review, Build. Environ., 2003, 38,
645-654.

3 C. Mccullagh, J. M. C. Robertson, D. W. Bahnemann and
P. K. J. Robertson, The application of TiO, photocatalysis
for disinfection of water contaminated with pathogenic
micro-organisms: a review, Res. Chem. Intermed., 2007, 33,
359-375.

4 T. N. Obee and R. T. Brown, TiO, Photocatalysis for Indoor
Air Applications: Effects of Humidity and Trace Contami-
nant Levels on the Oxidation Rates of Formaldehyde,
Toluene, and 1,3-Butadiene, Environ. Sci. Technol., 1995, 29,
1223-1231.

5 A. Fujishima and K. Honda, Electrochemical Photolysis of
Water at a Semiconductor Electrode, Nature, 1972, 238, 37-38.

This journal is © The Royal Society of Chemistry and Owner Societies 2016



Photochemical & Photobiological Sciences

6

10

11

12

13

14

15

16

(@) N. Serpone, D. Lawless, R. Terzian and D. Meisel, Redox
Mechanisms in Heterogeneous Photocatalysis. The Case of
Holes vs. OH Radical Oxidation and Free vs. Surface-Bound
OH Radical Oxidation Processes, in Electrochemistry in Col-
loids and Dispersions, ed. R. McKay and ]. Texter, VCH Pub-
lishers, New York, 1992, pp. 399-416; (b) K. Hashimoto,
H. Irie and A. Fujishima, TiO, Photocatalysis: A Historical
Overview and Future Prospects, Jpn. J. Appl. Phys., Part 1,
2005, 44, 8269-8285; (¢) L. Liu and Y. Li, Understanding
the Reaction Mechanism of Photocatalytic Reduction of
CO, with H,O on TiO,-Based Photocatalysts: A Review,
Aerosol Air Qual. Res., 2014, 14, 453-469; (d) H. Xu,
S. Ouyang, L. Liu, P. Reunchan, N. Umezawa and J. Ye,
Recent advances in TiO,-based photocatalysis, J. Mater.
Chem. A, 2014, 2, 12642-12661.

N. Serpone, A. V. Emeline, S. Horikoshi, V. N. Kuznetsov
and V. K. Ryabchuk, On the genesis of heterogeneous
photocatalysis: a brief historical perspective in the period
1910 to the mid-1980s, Photochem. Photobiol. Sci., 2012, 11,
1121-1150.

S.-M. Chang and W.-S. Liu, The roles of surface-doped
metal ions (V, Mn, Fe, Cu, Ce, and W) in the interfacial be-
havior of TiO, photocatalysts, Appl. Catal., B, 2014, 156/157,
466-475.

N. Serpone, A. V. Emeline, V. N. Kuznetsov and
V. K. Ryabchuk, Second Generation Visible-Light-Active
Photocatalysts: Preparation, Optical Properties, and Conse-
quences of Dopants on the Band Gap Energy of TiO,, in
Environmentally Benign Photocatalysts, ed. M. Anpo and
P. V. Kamat, Springer, 2010, ch. 3, pp. 35-111.

A. Tanaka, K. Hashimoto and H. Kominami, Visible-Light-
Induced Hydrogen and Oxygen Formation over Pt/Au/WO;
Photocatalyst Utilizing Two Types of Photoabsorption Due
to Surface Plasmon Resonance and Band-Gap Excitation,
J. Am. Chem. Soc., 2014, 136, 586-589.

C. Minero, G. Mariella, V. Maurino and E. Pelizzetti, Photo-
catalytic Transformation of Organic Compounds in the
Presence of Inorganic Anions. 1. Hydroxyl-Mediated and
Direct Electron-Transfer Reactions of Phenol on a Titanium
Dioxide-Fluoride System, Langmuir, 2000, 16, 2632-2641.
V. Etacheri, C. Di Valentin, J. Schneider, D. Bahnemann
and S. C. Pillai, Visible-light activation of TiO, photocata-
lysts: Advances in theory and experiments, J. Photochem.
Photobiol., C, 2015, 25, 1-29.

R. Asahi, T. Morikawa, H. Irie and T. Ohwaki, Nitrogen-
Doped Titanium Dioxide as Visible-Light-Sensitive Photo-
catalyst: Designs, Developments, and Prospects, Chem.
Rev., 2014, 114, 9824-9852.

R. Asahi, T. Morikawa, T. Ohwaki, K. Aoki and Y. Taga,
Visible-Light Photocatalysis in Nitrogen-Doped Titanium
Oxides, Science, 2001, 293, 269-271.

T. Morikawa, R. Asahi, T. Ohwaki, K. Aoki and Y. Taga,
Band-Gap Narrowing of Titanium Dioxide by Nitrogen
Doping, jpn. J. Appl. Phys., Part 2, 2001, 40, L561-L562.

(@) L. Mohan, C. Anandan and N. Rajendran, Effect of
plasma nitriding on structure and biocompatibility of self-

This journal is © The Royal Society of Chemistry and Owner Societies 2016

17

18

19

20

21

22

23

24

25

26

27

Paper

organised TiO, nanotubes on Ti-6Al-7Nb, RSC Adv., 2015,
5, 41763-41771; (b) M. Maeda, T. Yamada and
T. Watanabe, Photocatalytic Properties of Plasma-Nitrided
TiO, Films, J. Electrochem. Soc., 2007, 154, P29-P31;
(¢) J. D. Houmes and H.-C. zur Loye, Plasma Nitridation of
Metal Oxides, Chem. Mater., 1996, 8, 2551-2553.

K. Matsubara, M. Danno, M. Inoue, Y. Honda and T. Abe,
Characterization of nitrogen-doped TiO, powder prepared
by newly developed plasma-treatment system, Chem. Eng.
J., 2012, 181, 754-760.

S. Yin, Q. W. Zhang, F. Saito and T. Saito, Preparation of
Visible Light-Activated Titania Photocatalyst by Mechano-
chemical Method, Chem. Lett., 2003, 32, 358-359.

S. Yin, H. Yamaki, M. Komatsu, Q. W. Zhang, ]J. S. Wang,
Q. Tang, F. Saito and T. Saito, Preparation of nitrogen-
doped titania with high visible light induced photocatalytic
activity by mechanochemical reaction of titania and hexa-
methylene-tetramine, J. Mater. Chem., 2003, 13, 2996-3001.
C. Chen, H. Bai, S.-M. Chang, C. Chang and W. Den, Prepa-
ration of N-doped TiO, photocatalyst by atmospheric
pressure plasma process for VOCs decomposition under
UV and visible light sources, J. Nanopart. Res., 2007, 9, 365-
375.

Y. C. Hong, J. H. Kim, C. U. Bang and H. S. Uhm,
Gas-phase synthesis of nitrogen-doped TiO, nanorods by
microwave plasma torch at atmospheric pressure, Phys.
Plasmas, 2005, 12, 114501.

C. Di Valentin, G. Pacchioni, A. Selloni, S. Livraghi and
E. Giamello, Characterization of Paramagnetic Species in
N-Doped TiO, Powders by EPR Spectroscopy and DFT
Calculations, J. Phys. Chem. B, 2005, 109, 11414-11419.

R. Asahi and T. Morikawa, Nitrogen complex species and
its chemical nature in TiO, for visible-light sensitized
photocatalysis, Chem. Phys., 2007, 339, 57-63.

B. Bhushan, A. Chauhan, S. K. Samanta and R. K. Jain,
Kinetics of Biodegradation of p-Nitrophenol by Different
Bacteria, Biochem. Biophys. Res. Commun., 2000, 274,
626-630.

(@) Q. Xiang, J. Yu and M. Jaroniec, Nitrogen and sulfur co-
doped TiO, nanosheets with exposed {001} facets: syn-
thesis, characterization and visible-light photocatalytic
activity, Phys. Chem. Chem. Phys., 2011, 13, 4853-4861;
(b) N. Todorova, T. Vaimakis, D. Petrakis, S. Hishita,
N. Boukos, T. Giannakopoulou, M. Giannouri, S. Antiohos,
D. Papageorgiou, E. Chaniotakis and C. Trapalis, N- and N,
S-doped TiO, photocatalysts and their activity in NOx oxi-
dation, Catal. Today, 2013, 209, 41-46.

S. Horikoshi, Y. Minatodani, H. Sakai, M. Abe and
N. Serpone, Characteristics of microwaves on second gen-
eration nitrogen-doped TiO, nanoparticles and their effect
on photoassisted processes, J. Photochem. Photobiol., A,
2011, 217, 191-200.

V. N. Kuznetsov, A. V. Emeline, N. 1. Glazkova,
R. V. Mikhaylov and N. Serpone, Real-Time in Situ Monitor-
ing of Optical Absorption Changes in Visible-Light-Active
TiO, under Light TIrradiation and Temperature-

Photochem. Photobiol. Sci., 2016, 15, 1061-1070 | 1069



Paper

28

29

30

31

32

33

34

35

36

Programmed Annealing, J. Phys. Chem. C, 2014, 118,
27583-27593.

V. N. Kuznetsov, A. V. Emeline, A. V. Rudakova,
M. S. Aleksandrov, N. I. Glazkova, L. A. Lovtcius,
G. V. Kataeva, R. V. Mikhaylov, V. K. Ryabchuk and
N. Serpone, Visible-NIR Light Absorption of Titania Ther-
mochemically Fabricated from Titanium and its Alloys; UV-
and Visible-Light-Induced Photochromism of Yellow
Titania, J. Phys. Chem. C, 2013, 117, 25852-25864.

V. N. Kuznetsov and N. Serpone, On the Origin of the
Spectral Bands in the Visible Absorption Spectra of Visible-
Light-Active TiO, Specimens Analysis and Assignments,
J. Phys. Chem. C, 2009, 113, 15110-15123.

A. V. Emeline, V. N. Kuznetsov, V. K. Ryabchuk and
N. Serpone, Visible-Light-Active Titania Photocatalysts:
The Case of N-Doped TiO,s—Properties and Some
Fundamental Issues, Int. J. Photoenergy, 2008, 2008,
258394.

V. N. Kuznetsov and N. Serpone, Photoinduced Coloration
and Photobleaching of Titanium Dioxide in TiO,/Polymer
Compositions upon UV- and Visible-Light Excitation of
Color Centers’ Absorption Bands: Direct Experimental Evi-
dence Negating Band-Gap Narrowing in Anion-/Cation-
Doped TiO,s, J. Phys. Chem. C, 2007, 111, 15277-15288.

V. N. Kuznetsov and N. Serpone, Visible Light Absorption
by Various Titanium Dioxide Specimens, J. Phys. Chem. B,
2006, 110, 25203-25209.

H. Irie, Y. Watanabe and K. Hashimoto, Nitrogen-Concen-
tration Dependence on Photocatalytic Activity of TiO,_,N,
Powders, J. Phys. Chem. B, 2003, 107, 5483-5486.

A. L. Linsebigler, G. Lu and ]. T. Yates, Photocatalysis on
TiO, Surfaces: Principles, Mechanisms, and Selected
Results, Chem. Rev., 1995, 95, 735-758.

(@) M. M. Haque, D. Bahnemann and M. Muneer, Photo-
catalytic Degradation of Organic Pollutants: Mechanisms
and Kinetics, in Organic Pollutants Ten Years After the Stock-
holm Convention - Environmental and Analytical Update, ed.
T. Puzyn and A. Mostrang-Szlichtyng, InTech Europe,
Rijeka, Croatia, 2012, ch. 12, pp. 293-326; (b) See also:
http:/cdn.intechopen.com/pdfs/29378/InTech-Photocatalytic_
degradation_of_organic_pollutants_mechanisms_and_
kinetics.pdf (accessed March 2016).

A. Ajmal, 1. Majeed, R. N. Malik, H. Idriss and
M. A. Nadeem, Principles and mechanisms of photo-
catalytic dye degradation on TiO,-based photocatalysts:
a comparative overview, RSC Adv., 2014, 4, 37003-37026.

1070 | Photochem. Photobiol. Sci., 2016, 15, 1061-1070

37

38

39

40

41

42

43

44

45

46

Photochemical & Photobiological Sciences

J. Schneider, M. Matsuka, M. Takeuchi, J. Zhang,
Y. Horiuchi, M. Anpo and D. W. Bahnemann, Understand-
ing TiO, Photo-catalysis: Mechanisms and Materials,
Chem. Rev., 2014, 114, 9919-9986.

C. Chen, W. Zhao, P. Lei, J. Zhao and N. Serpone, Photo-
sensitized Degradation of Dyes in Polyoxometalate Solu-
tions Versus TiO, Dispersions under Visible-Light
Irradiation: Mechanistic Implications, Chem. - Eur. J.,
2004, 10, 1956-1965.

C. Chen, W. Zhao, J. Li, J. Zhao, H. Hidaka and N. Serpone,
Formation and Identification of Intermediates in the
Visible-Light-Assisted Photodegradation of Sulforhoda-
mine-B Dye in Aqueous TiO, Dispersion, Environ. Sci.
Technol., 2002, 36, 3604-3611.

C. Chen, X. Li, W. Ma, ]J. Zhao, H. Hidaka and N. Serpone,
Effect of Transition Metal Ions on the TiO,-Assisted Photo-
degradation of Dyes under Visible Irradiation: A Probe for
the Interfacial Electron Transfer Process and Reaction
Mechanism, J. Phys. Chem. B, 2002, 106, 318-324.

T. Zhang, T. Oyama, S. Horikoshi, H. Hidaka, J. Zhao and
N. Serpone, Photocatalyzed N-demethylation and degra-
dation of methylene blue in titania dispersions exposed to
concentrated sunlight, Sol. Energy Mater. Sol. Cells, 2002,
73, 287-303.

T. Zhang, T. Oyama, A. Aoshima, H. Hidaka, J. Zhao and
N. Serpone, Photooxidative N-demethylation of methylene
blue in aqueous TiO, dispersions under UV irradiation,
J. Photochem. Photobiol., A, 2001, 140, 163-172.

G. Liu, X. Z. Li, J. Zhao, H. Hidaka and N. Serpone, Photo-
oxidation Pathway of Sulforhodamine-B. Dependence on
the Adsorption Mode on TiO, Exposed to Visible Light
Radiation, Environ. Sci. Technol., 2000, 34, 3982-3990.

A. V. Emeline, G. N. Kuzmin and N. Serpone, Wavelength-
dependent photostimulated adsorption of molecular O,
and H, on second generation titania photocatalysts: The
case of the visible-light-active N-doped TiO, system, Chem.
Phys. Lett., 2008, 454, 279-283.

A. V. Emeline, N. V. Sheremetyeva, N. V. Khomchenko,
V. K. Ryabchuk and N. Serpone, Photoinduced Formation
of Defects and Nitrogen Stabilization of Color Centers in
N-Doped Titanium Dioxide, J. Phys. Chem. C, 2007, 111,
11456-11462.

N. Serpone, Is the Band Gap of Pristine TiO, Narrowed by
Anion- and Cation-Doping of Titanium Dioxide in Second-
Generation Photocatalysts?, J. Phys. Chem. B, 2006, 110,
24287-24293.

This journal is © The Royal Society of Chemistry and Owner Societies 2016





