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Co-Doping TiQ Nanoparticles with Phosphorus
and Nitrogen- A way to Enhance the Visible Light
Driven Charge Separation
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Abstract: Codoping TiQ@ with nonmetals is one of the strategies Doping is a promising approach to reduce the alisorp

that is used to make these materials sensitive igible light. In
this work, we obtained phosphorus and nitrogen coddpEO,
nanoparticles by sol-gel method using3sPO,;, NH,OH and Ti
(IV) isopropoxide as precursors. As prepared samplereve
calcined at different temperatures, and the obtashsamples were
characterized by using different techniques. XRD aysik reveals
the retarded phase transition by increased thernsthbility and
decreased particle size due to codoping. UV-Vis abson
spectra of the co-doped samples show redshift irirtebsorption
edge due to doping of nitrogen and phosphorus. FroxiS
measurements, it is clear that nitrogen enters intterstitial sites
of titania and phosphorus exists in a pentavalentidation state
by replacing part of lattice Ti" by the formation of Ti-O-P bonds.
Low temperature (77K) EPR studies with in situ visiblégh
irradiation (>400nm) on the samples heated at diffat
temperatures exhibit signals due to N', NO and thadicals
formed due to photogenerated holes trapped at défe sites in
these samples. Effect of heating temperature on theSPR
signals has been studied in detail. EPR data revehésenhanced
charge separation as evidenced by the increasede hsignal
intensity and this enhanced charge separation plaggportant
role in the photocatalytic activity of these samgle

Keywords: Codoping TiOXRD, UV-Vis, N, NO, (77K) EPR,
Ti-O-P bonds, HPO,, NH,OH and Ti (IV), redshift

[ INTRODUCTION

Visible light active photocatalytic materialsfesdtively
utilize sunlight and promises widespread applicetio
related to degradation of toxic chemicals with lemergy
consumption. In this aspect, there has been groimtegest
in the development of visible light active photdgét
materials for environmental remediation purposd¢afium

threshold of titanium dioxide (T and bring it from the
UV to the visible region [6]. An intense researchiaty has
been recently devoted to the preparation and
characterization of titanium dioxide (TiPmaterials singly
doped and codoped with nonmetal impurities [7-I3}e
goal is to produce an active photocatalyst, whigh work
under visible light, rather than UV irradiation, gbat
sunlight can be more efficiently used in photoctay One
of the most promising and widely investigated systdan
this respect is phosphorus doped titanium dioxigich
shows a significant catalytic activity in variousactions
performed under visible light irradiation. It isp@ted that
the phosphate — modification of titania can resnltthe
improvement of its thermal stability and photocytial
activity, offering an excellent photocatalytic aity in
visible light [14-16]. Further, since the pioneeridiscovery
by Asahi et al [17], masses of works of N-doped ;Tti@ve
appeared. Various synthesis methods have beentedpor
such as direct amination of TiOsolvo thermal approach
and sol-gel process [18,19] and the origin of tiséble light
photocatalytic activity of N-doped TiGand the influence of
N dopant concentration on the photocatalytic afstivre
studied [20,21].Very recenty, codoping TBiQvith non-
metals is found to be an effective method to imprdive
visible light activity of TiQ-based photocatalysts . In this
report, we present our investigations on phospheamng
nitrogen codoped Ti© nanoparticles prepared by sol-gel
method and the effect of calcination temperaturetom
physiochemical properties of dopants, which plays a

dioxide (Ti0,) continues to be one of the most promisingMportant role in photocatalytic properties of 7iO

and investigated materials in the fields of photalyzis and
solar energy conversion [1-5]. The metal oxide msffe
chemical versatility displaying both semiconductiagd
catalytic activity coupled to excellent chemicadltstity. An
intrinsic property of TiQ as well as its greatest
disadvantage is that, as a wide band gap semictord{&2
eV for anatase) it requires energy greater tharB2%V to
excite electrons from the valence band to the cotimiu
band. Therefore, its implementation in visible tigkensitive
solar energy applications, and photocatalytic @pgibns as

commonly envisioned is limited. In this aspect, mos

successful strategy to narrow the band gap 05,180 that it
absorbs visible light is to introduce doping eletséan to its
crystal lattice.
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. EXPERIMENTAL METHODS

2.1. Preparation of the catalyst

Titanium (V) isopropoxide, phosphoric acid and
ammonium hydroxide were used as precursors for, TiO
phosphorus and nitrogen respectively. All the cloafsi
were of reagent grade and used as received. Phospéiod
nitrogen co-doped Ti® (P,N-Ti0,) nanoparticles were
prepared by sol-gel method. For P,N-7iOa mixture of
ethyl alcohol, DDwater, NKDH and HPO, was cooled to
ice cold temperature (<C) and Ti(IV)isopropoxide was
added drop by drop to the above mixture at ice cold
temperature under vigorous stirring. After addinglV)
isopropoxide, the mixture was kept for continuotiigisg at
room temperature for the complete hydrolysis ofI\)i(
isopropoxide. The gels obtained in this way weredafpr
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powders were then dried at room temperature. The as
prepared xerogel samples were calcined at 400, G0Q,
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and 700°C for 4 h at the rate of Z&/min. Compared to undoped sample (data not shown), which
29 Materials Characterization shows rutilzation at 608C, XRD 'a'nalysis.of P,N- Ti©

o ) i reveals the retarded phase transition by incredsednal
The crystallinity and particle size of all theepared giapility and decreased particle size due to cadppFigure
samples were investigated by the X-ray diffractpatterns 5 gpows the SEM image of P,N- TiGample heated at 700
collected in the range 20-8q20) using a Rigaku X-ray oc \hich depicts the uniform distribution of nandires
diffractometer (XRD) operating with CucKradiation at 40 \ith an average particle size of 22 nm, which is in
kV and 100 mA . The UV-Vis reflectance absorptipeaira  4greement with the particle size obtained from XdRiEa.
were obtained at room temperature in air within thege
250-800 nm for the dry-pressed disk samples usia§@ 3-2.  UV-Vis diffuse reflectance spectra
as the reference sample on a Shimadzu UV-2550 QV-viThe optical properties of all the prepared sasgiave
spectrophotometer equipped with an integrating mphebeen investigated by measuring the UV-Vis reflectan
assembly. X-ray photoelectron spectroscopy (XP3)bsorption spectra of the samples. Figure 3 shdwes t
characterizations were performed using a. Kystem reflectance absorption
(Thermo scientific) with monochromatic Al dKexcitation '
and a charge neutralizer. Scanning electron miomsc
(SEM) images were obtained from a JEOL JSM7000H fie
emission scanning electron microscope. EPR speatra
obtained at X-band using a Bruker EMX spectromete
equipped with a Bruker T cavity. The microwave
frequency was measured with a Hewlett-Packard 5246
electronic counter. The instrument settings arevshio the
figure legend.

1. RESULTSAND DISCUSSION

3.1 Crystal structure analysis

XRD analysis was performed to investigate thecstral
phases and crystallite sizes of the samples. Tlgstatr AHE A POPT R
structure of TiQ depends on the temperature of heaShlEhl SEI___15.0kV 0 WD 10.0mm __100nm
treatment. Figure 1 shows the XRD patterns of Pi®, T Figure 2. SEM micrograph of P,N-TiO, sample heated at
sample heated at different temperatures. All theeoked 700 °C.
peaks can be fully indexed of anatase crystallinasp of
TiO,. The average particle size of all the samplesfirdnt
temperatures was estimated by profile fitting (gskRD
analysis software jade R5) the (101) peak of apaté&th
increasing temperature, the increase in the inerend
sharpness of the diffraction peaks indicates tlozeamsed
crystallinity and particle

spectra of P,N-TiQ samples heated at different
temperatures. As shown in figure, the absence sdration
shoulder around 450 nm, which is characteristic of
substitutional nitrogen in the oxygen site indisatbat the
doped nitrogen in these samples may be in thestitiaf
sites. The absorption edge of P,N-Ti€ample exhibits red
shift (Figure 3 inset) with increase in temperatwvbich is

due to doping of phosphorus and nitrogen into ititan
A . sites. The observed red shift in the present wsria igood
A - Anatase agreement with earlier reports [14-16].
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Figure 1. XRD patternsof P, N-TiO, samples heated at
different temper atures. Wavelength (nm)
Size of the samples. The particle size of P,N-;l§@mple at

Figure 3. UV-visible diffuse r eflectance spectra of P,N-
400 °C is 5.7nm, which increases to 20.1nm at 700 g N

TiO, samples heated at different temperatures.
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3.3. XPS Studies. 0.38 for P*), we suggest that phosphorus substitutes into

XPS measurements have been carried out to uaddrtte  Ti+ s?tes in . pentavalent oxidation state®JPby the
chemical state of the doped species in P,N;B@mnples. formation of T-O-P bonds.

The XPS spectrum shows the peaks due to N, P,dian
which indicates the incorporation of P and N irtte TG,
crystal lattice. Figure 4. shows the N 1s XPS gpettof
P,N-TiO, sampleheated at 400°C exhibiting a peak at
around 401.07 eV, which is due to interstitial odgen
doping. XPS peak of N 1s has been under debata lfomg
time. The N 1s peak observed in our sample isénrémge
of previously reported nitrogen doped titanias P&
which is higher than that of TN appeared around 397.5 eV
[26], and lower than that of hyponitrite type ngem around
404 eV [27]. The observed N1s peak around 401.0vhay
be ascribed to the interstitial nitrogen [28-31].

Intensity (a.u.)

Intensity (a.u.)

- TiD

530 535
Binding Energy (eV)

Figure 6. Peak fitting for the XPS spectrum of P,N-TiO,
sample heated at 600 °C in the binding energy range of O

1s.

The formation of Ti-O-P bonds in the crystal lattimay be
the reason for the observed red shift in the UVspisctrum.
The O 1s peak for the P,N-Ti®ample heated at 66CG and
its peak fitting are shown in Figure 6. The obsdrpeak is
fitted by two peaks pertaining to 9@ and PO bonds,
which
phosphorus into 11 sites.

further supports the substitution doping of

392 396 400 404 408 3.4. Electron Paramagnetic Resonance:
Binding Energy (eV) EPR is an exceptional tool to study the raditased due

Figure4. N 1s X-ray photoelectron spectrum and its

to trapped photogenerated charge carriers eveprgtlow

peak fitting of P,N-TiO, sample heated at 400 °C concentrations. Using low temperature EPR, the uyom
and the kinetics of the photogenerated electron lawid

L

Intensity (a.u)

species and their interactions can be studied §35At
room tempertature, EPR spectrum of P,N-Tg&mples do
M.C\_ not exhibit any signals indicating that the nitroga these
samples is in diamagnetic state \NFigure 7a shows the
77K EPR spectra of P,N-TiOsample heated at different
temperatures. The sample heated at “D@xhibit signals
due to NO radicals (g = 1.999; A = 31.5 G) [37,38H the
intensity of this NO signal goes on decreasing with
increasing calcinations temperature. EPR spectr#®,bf
TiO, samples at 77K with visible light (>400 nm) irration
are shown in Figure 7b. In addition to NO signhk EPR
spectrum of the samples heated upto #D@vith irradiation
exhibit the signals due to’Kg = 2.005; A = 32 G) formed
[37,38] by the conversion of diamagnetic™ Nnto
130 135 paramagnetic N [37-39] and the signal due to trapped

Binding Energy (eV) photogenerated holes represented by signal A, whiclue

_ to [Ti* O Ti** O] radical with a set of g values around
Figure5. P 2p X-ray photodlectron spectrum of PN- 4 =5 0065 g= 20113 and g= 2.0039 formed due to

TiO, sample heated at 600 °C.

photogenerated holes trapped at the lattice oxyagems

As shown in Figure 5, the P 2Ppeak is observed at 133.7located in the surface/subsurface layer [14,36,40e
eV. Based on earlier reports by Zheng et.al. [2B8 et. intensity of NO and Nsignals decreases with increasing
al. [34] and our earlier report [14] on phosphodeaped temperature, where as the intensity of*{TO?” Ti** O]
TiO,, and also on the ionic radii concern (0.67 fof &ind signal increases up to 68D. In the sample heated at
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700°C, the NO and Nsignals are almost

NO, g=1.999
A=315G

w— 400 °C
w500 °C
600 °C
— 700 °C

2.00

g-values

N’ g=2.005
b A=315G

P.N-Ti 4000C

P.N-Ti 500 C

) PN-Ti 700 C
signal-B
I L. 1 7 I x L] * 1
2.08 2.04 2.00 1.96 1.92
g values

Figure 7. EPR spectra at 77K for P,N-TiO, sample
heated at different temperatures (a) without irradiation
and (b) visible light (A > 400 nm) irradiation. Instrument
settings: microwave frequency, 9.5400 GHz; microwave
power, 3.16 mW; modulation amplitude, 2 G at 100 kHz.

disappeared with the appearance of new signal septed
by signal B, which is due to [Ti0* Ti** O] radical with a
set of g values around, g 2.0347, g= 2.0141 and g=
2.0031 formed due to holes trapped at differengexysites
compared to signal A. All the observed signals are
agreement with previous studies [14,35,36,40] amebd
photogenerated radicals would be useful for visilidgat
activated photocatalytic applications.

V. CONCLUSIONS

By using sol-gel method, phosphorus and nitrogedoped
TiO, nanoparticles were prepared and investigated
various techniques. From the observed results,dk=iar that
phosphorus and nitrogen are doped into the Titkattace.

XRD analysis reveals the decreased particle sizé ad*
increased thermal stability due to codoping. UV-Visg

absorption spectra of the co-doped samples shoshifeth

their absorption edge due to doping of nitrogen an#’

phosphorus. From XPS measurements, it is clear that
nitrogen enters into interstitial sites, and phasph exists

in a pentavalent oxidation state by replacing pérattice

Ti** by the formation of Ti-O-P bonds. Low temperature
(77K) EPR studies with in situ visible-irradiatignd00nm)

on the samples heated at different temperaturesbiexh
signals due to N, NO and the radicals formed due t
photogenerated holes. EPR data reveals the enhahaege
separation as evidenced by the increased hole Isigna
intensity and this enhanced charge separation rzgjg @an
important role in the photocatalytic activity of ete
samples.
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